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C H E M I S T R Y

A multifunctional surfactant catalyst inspired  
by hydrolases
Mitchell D. Nothling1, Zeyun Xiao2, Nicholas S. Hill3, Mitchell T. Blyth3, Ayana Bhaskaran3,  
Marc-Antoine Sani4, Andrea Espinosa-Gomez1, Kevin Ngov1, Jonathan White4, Tim Buscher5, 
Frances Separovic4, Megan L. O’Mara3, Michelle L. Coote6, Luke A. Connal3*

The remarkable power of enzymes to undertake catalysis frequently stems from their grouping of multiple, 
complementary chemical units within close proximity around the enzyme active site. Motivated by this, we report 
here a bioinspired surfactant catalyst that incorporates a variety of chemical functionalities common to hydrolytic 
enzymes. The textbook hydrolase active site, the catalytic triad, is modeled by positioning the three groups of the 
triad (-OH, -imidazole, and -CO2H) on a single, trifunctional surfactant molecule. To support this, we recreate the 
hydrogen bond donating arrangement of the oxyanion hole by imparting surfactant functionality to a guanidinium 
headgroup. Self-assembly of these amphiphiles in solution drives the collection of functional headgroups into 
close proximity around a hydrophobic nano-environment, affording hydrolysis of a model ester at rates that 
challenge -chymotrypsin. Structural assessment via NMR and XRD, paired with MD simulation and QM calculation, 
reveals marked similarities of the co-micelle catalyst to native enzymes.

INTRODUCTION
The impressive catalytic power of enzymes, as well as their remarkable 
stereo-, regio- and substrate specificity, has underpinned the evolution 
of life on Earth. Much research has been directed at elucidating the 
structure and function of enzymes, and it is now well accepted that 
many enzymes use a complex suite of covalent, electrostatic, hydrogen 
bonding (H-bonding), and directional interactions to undertake 
catalysis (1–7). Notably, it is the well-defined combination of multiple 
chemical interactions within the enzyme protein structure that gives 
rise to their unrivalled rate enhancement (8). In the study of enzyme 
function and in the development of new catalysts, a major target 
for researchers has been the design of simpler, small-molecule 
enzyme models that incorporate one or more of these interactions. 
An understanding that enzymes, as Knowles (9) suggests, are “not 
different, just better” has driven the exploration of such model 
materials, although the realization of substantial reaction rate en-
hancements remains extremely challenging. The field of enzyme 
mimicry based on active-site structure has been widely examined, 
with pioneering work by Breslow (10), Cram (11, 12), and Rebek 
(13) and their co-workers introducing the idea of synthetic binding 
pockets that may attract and partition substrates similarly to native 
enzymes (14).

Hydrolytic enzymes (hydrolases) as an enzyme family have 
received significant focus due to their ubiquity in living systems and 
their increasing industrial relevance (15, 16). In particular, the serine 
proteases are an important hydrolase class that have been the target of 
enzyme-mimicking efforts, with the digestive protease -chymotrypsin 
an illustrative example of controlling multiple chemical interactions 

(10, 17–19). At the core of the protein structure lies a relatively 
small functional area, the active site, which mediates their important 
reactions. The active site of chymotrypsin-like hydrolases is often 
composed of a hydrophobic binding pocket that contains three 
spatially close amino acid residues, histidine, aspartate, and serine, 
known as the catalytic triad (20, 21). In addition, the important 
functional role of the active-site residues is frequently supported by 
nearby complementary residues that participate in H-bonding with 
reaction intermediates and transition states to reduce the activation 
energy of the catalytic reaction. In many serine proteases, two nearby 
peptide N─H moieties undertake this role in a region known as the 
oxyanion hole (22). The combination of a hydrophobic pocket, the 
catalytic triad residues, and the oxyanion hole in the hydrolases 
collectively affords hydrolysis of select substrates at rates approaching 
the diffusion limit (23). A long-standing challenge for researchers is 
to imitate the unique structural features of hydrolases in a synthetic 
catalyst system. Progress in synthetic polymer chemistry has afforded 
abiotic macromolecules that can self-assemble to afford unique 
internal environments and functionalities, similar to native enzymes 
(24–26). In particular, the collapse or folding of polymeric chains—
termed foldamers—into single-chain nanoparticles represents a 
powerful approach to mimic the tertiary structure of biopolymers 
(27, 28). However, the influence of synergizing multiple chemical 
and physical interactions into an effective catalyst design remains 
mostly an open question (26).

The challenge we have targeted is to combine these multiple 
enzyme properties—the active-site chemistry, hydrophobic envi-
ronment, and transition-state stabilization—into a single enzyme- 
inspired catalytic system. We do this by using the ubiquitous method 
of self-assembling amphiphiles to recreate the macromolecular 
architecture of enzymes by forming micelles. Micellar catalysis has 
been an active research area, including work that aims to mimic the 
hydrophobic binding pocket of enzymes with the internal, low- 
polarity environment of micelles (29–32). Early work by Kunitake et al. 
(33, 34), Ihara et al. (35), and Tonellato (36, 37) illustrated the benefit 
of functionalized surfactant headgroups for undertaking both 
inter- and intramolecular cooperative catalysis. However, to the best 
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of our knowledge, no previous study has combined the three groups of 
the catalytic triad into the headgroup of a surfactant—and further-
more including transition-state stabilization groups into a co- micellar 
system. Herein, we report a bioinspired catalyst that contains an 
imidazole, a hydroxyl, and a carboxylate group in close proximity 
on a single molecule to give an artificial catalytic triad (ACT) (Fig. 1). 
The simple, high-yielding, and modular synthesis allows fine ad-
justment to the relative positioning of the catalytic functional 
groups, yielding a surfactant-type molecule with a catalytic triad 
functionalized headgroup that can form a co-micelle capsule in 
solution. Furthermore, inspired by the active site of native enzymes, 
which is supported by an oxyanion hole, these ACT surfactants 
have then been coassembled with a guanidine headgroup 16-carbon 
surfactant. Such a cosurfactant is capable of donating strong, bifurcated 
H-bonding and is critical to assist the ACT in catalysis by undertaking 
supporting interactions with the catalyst-substrate complex. This 
approach is a simple and scalable synthesis for the creation of a 
multifunctional, synthetic self-assembled catalytic system inspired 
by the properties of serine proteases.

RESULTS AND DISCUSSION
We found inspiration in the power of micellar self-assembly to drive 
the collection of multiple functionalities into a confined environment, 
analogous to the protein folding of enzymes. In this way, the assembly 

of surfactants, which contain the functional units associated with 
hydrolase activity (i.e., hydroxyl, imidazole, carboxylate, and H-bond 
donors) as headgroup, could direct these units into close proximity 
to undertake bioinspired catalysis. We reasoned that a loss in ideal 
functional group placement and rigidity in a micellar system may 
be compensated by an increased number of active sites and flexibility 
in catalyst placement. Therefore, our first target was the preparation 
of a functionalized surfactant containing the three groups of the 
catalytic triad (Fig. 1A).

To achieve this, we used the readily available amino acid l-serine to 
provide a primary hydroxyl (as the serine residue does in the natural 
enzyme; Fig. 1C) and a carboxylate group to act as an activator. 
Attaching 2-formyl imidazole to the primary amine of l-serine via 
reductive animation is then used to introduce the third component 
of the catalytic triad, the basic imidazole unit. This straightforward 
synthesis quantitatively results in a bioinspired trifunctional mole-
cule (an ACT) with each of the three groups of the catalytic triad 
positioned in close proximity on the same structure. Addition of 
surfactant functionality is then achieved via the addition of n-
hexadeca-1-al to the secondary amine of the ACT by way of a sec-
ond reductive amination, resulting in a 16-carbon ACT surfactant 
(ACT-C16) (38). This two-step strategy represents a powerful route 
toward highly functional, enzyme-inspired molecules from readily 
available starting materials, and its modularity enables fine adjustment 
to the relative positioning of functional groups.

Fig. 1. A hydrolase-inspired cosurfactant catalyst. (A) Straightforward preparation of a novel surfactant incorporating an ACT of hydroxyl, carboxylate, and imidazole 
units as headgroup. (B) Self-assembly of the ACT surfactant with cosurfactants [hexadecyl guanidinium hydrochloride (Guan-C16) and cetyltrimethylammonium bromide 
(CTAB)] yields a functionalized micelle with an internal hydrophobic core as a mimic of native hydrolase binding pockets. (C) The active site of a common hydrolase, 
-chymotrypsin, highlighting a similar hydrophobic pocket and a catalytic triad of active residues to that of the ACT-surfactant system (74). (D) The ACT-surfactant 
coassembly displays an enhanced esterolytic effect for a model substrate when directly compared with the native enzyme -chymotrypsin. (Data points are the mean of 
at least three independent experiments, and error bars represent SEM.)
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With the active site–inspired ACT-C16 in hand, we sought to 
further extend our design to incorporate a cosurfactant with H-bonding 
capability as mimicry of the oxyanion hole. We selected guanidine 
for this role, whose dual N─H bonds are capable of bifurcated 
H-bond formation, and which has been shown to participate in a 
variety of nucleophilic and general base catalysis roles, including in 
native proteins (Fig. 1B) (39–41). In addition, a guanidine-based 
surfactant has been shown to increase self-assembly properties due 
to enhanced H-bond formation between the guanidine headgroups, 
an advantageous trait to potentially complement the ACT surfactant 
during catalysis (42). The guanidine-containing surfactant hexadecyl 
guanidinium chloride (Guan-C16) was prepared according to prior 
literature under mild conditions in quantitative yields, with purifi-
cation by a single recrystallization step (43).

Assessment of the self-assembly of Guan-C16 in borate buffer 
[0.1 M (pH 9.0), 25°C] by the pyrene fluorescence technique revealed 
a critical micelle concentration (CMC) of 0.28 mM, with the material 
precipitating at higher concentrations (fig. S1). In contrast, the 
assessment of the CMC of ACT-C16 proved inconclusive because of 
a low aqueous solubility at room temperature. To address the low 
solubility of both bioinspired surfactants, we added the common 
cationic surfactant cetyltrimethylammonium bromide (CTAB) to a 
buffered mixture of ACT-C16 and Guan-C16 (ACT-C16:Guan-C16:CTAB 
= 0.002:0.3:0.8 mM), resulting in a clear solution. These concentra-
tions were selected to (i) ensure micelle formation by targeting a 
value just above the CMC of both CTAB and Guan-C16 and (ii) provide 
a low, catalytic amount of ACT, such that substrate turnover and 
saturation kinetics could be targeted during catalytic assessment. 
The complete dissolution of both bioinspired surfactants on the 
addition of CTAB provides support for their inclusion into a three- 
component co-micelle system.

Hydrolysis of a model ester substrate [p-nitrophenol benzoate 
(PNB)] was used to examine the catalytic effect of the three-component 
surfactant system, which releases the chromogenic product 
p- nitrophenol (Fig. 1D). Enhanced PNB hydrolysis was observed 
across a broad range of initial substrate concentrations (10 to 250 M, 
equating to a catalyst loading of 0.1 to 22 mole percent), with an 
ACT substrate turnover rate of 1.90 s−1 calculated under Michaelis- 
Menten kinetics (table S1). Compared with the uncatalyzed reaction 
without any surfactant addition, this represents an approximately 
16,000-fold rate enhancement. Excluding any of the three surfactants 
from the co-micellar assembly resulted in a significantly reduced 
catalytic effect, particularly when excluding CTAB, which appears 
pivotal in maintaining solubility of Guan-C16 and ACT surfactants. 
An equivalent concentration of CTAB was added to all assays to 
ensure a consistent comparison between catalysts, as CTAB can con-
tribute to background ester hydrolysis. Subsequent assessment of the 
native protease -chymotrypsin under the same reaction conditions 
revealed a sevenfold lower substrate turnover rate, highlighting the 
power of our bioinspired approach under the model conditions. 
However, the observed Michaelis constant KM for the enzyme 
(0.3 mM) is also lower than that for the bioinspired micelle system 
(1.47 mM). This result may indicate either a lower binding affinity 
of the micellar catalyst with the ester substrate or an additional con-
tribution of the cosurfactants toward hydrolysis, separate from that 
undertaken by the ACT. Under the assay conditions, the latter 
hypothesis would seem more likely, increasing the apparent saturation 
concentration of the ACT due to the known general base catalysis 
performed by both CTAB and guanidinium (discussed below). In 

addition, saturation of the co-micellar construct with the hydrophobic 
substrate may alter the physical characteristics of the catalytic 
system, affecting the observed catalysis at higher substrate loading 
and reducing esterolytic efficiency. It must also be noted that the 
natural substrate of -chymotrypsin (proteins, specifically hydro-
phobic peptide bonds) is decidedly different from the p-nitrophenyl 
model substrate used here, and the basic pH of our assay procedure 
places the native enzyme at a disadvantage during a direct comparison 
(44, 45). However, because of convenience for monitoring the 
hydrolysis spectrophotometrically and the short reaction times, this 
comparison is frequently made in the literature and provides an 
insight into the important role of supporting environmental effects 
for optimizing active-site chemistry. The benzoate ester was examined 
here as a more stable and challenging model substrate compared 
with the more commonly explored p-nitrophenyl acetate, and the 
high observed turnover value supports the power of a bioinspired 
cosurfactant system (46).

Active-site mimicry
With the impressive catalytic power of the three-component bio-
inspired micellar system established, we were drawn to examine the 
structure and mechanism of the ACT and guanidine surfactants in 
more detail. First, an examination of the ACT was made to assess 
the presence of interfunctional group interactions and a mechanism 
of substrate attack in comparison to the native catalytic triad of 
- chymotrypsin. To investigate the participation of the three functional 
groups of the ACT in catalysis, several control surfactants were 
prepared and assayed, each excluding a functional group of the ACT 
(fig. S2). Significantly, a 12-fold reduction in catalytic effect was 
observed for each of the control structures containing only two 
functional groups of the ACT when combined with CTAB. This result 
provides evidence for the concerted action of all three groups during 
ACT catalysis. However, it must be noted that for the control struc-
ture containing imidazole and carboxylate groups (but excluding 
hydroxyl), an approximately 10% increase in esterolysis was observed 
above the CTAB background. This finding is consistent with results 
reported previously where the imidazole unit of histidine can 
undertake general base hydrolysis of activated substrates (47–49).

To determine the functional group separation in the ACT, a single 
crystal of an ACT-C8 surfactant was grown in water and elucidated 
via x-ray diffraction (XRD). The solid-phase structure of ACT-C8 
provides information on the functional group interactions (including 
separation distances), which may affect the solution-phase chemistry 
of the ACT surfactant. The resolved structure was compared with 
the well-studied catalytic triad of -chymotrypsin (Fig. 2, A and B). 
Similar to the native enzyme, the three functional groups (hydroxyl, 
imidazolyl, and carboxyl) of the ACT are observed to be spatially 
close. Intramolecular H-bonding was observed between the carboxyl 
and imidazolyl groups in the ACT, a phenomenon typical of the 
enzyme active site. The distance between the carboxyl (O) and 
imidazolyl (N) of the ACT is 2.72 Å, which is relatively short and is 
approaching the separation of these groups in the native enzyme 
(2.64 Å) (50). In the native enzyme, however, H-bonding between 
the Ser-OH and His-N groups is also observed, whereas this was not 
detected in the solid-state structure of ACT-C8. This is due to the 
ACT hydroxyl group forming an intermolecular H-bond with the 
carboxyl group of a nearby ACT molecule. The interaction between 
the carboxyl and imidizolyl groups in the ACT occurs between the 
anti lone pair of the carboxyl-O and the imidazolyl-N as opposed to 
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the syn pair interaction that is observed in the enzyme active site 
(51). The exposed syn lone pair of the carboxyl group now has 
increased basicity due to this interaction, which may provide an 
alternative method for substrate attack by the ACT via general base 
catalysis. Further mechanistic alternatives that implicate the imidazole 
group in nucleophilic attack have also been suggested earlier by 
Bruice et al. (52), Johnson (53), and Jencks (54). Such a mechanism 
involves substrate carbonyl attack by the imidazolyl-N, followed 
by acyl transfer to water, although the studied systems lack the 
additional -OH and -COOH functional groups present in the ACT.

To provide further insight into the potential catalytic mechanism 
of the ACT surfactant, we performed quantum mechanical (QM) 
calculations of the model esterolytic reaction on the ACT headgroup. 
The rate-determining step of this process was determined to be the 
formation of a charged quaternary intermediate, where the ACT 
becomes covalently attached to the carbonyl carbon of PNB following 
an initial nucleophilic attack (fig. S3). The formation of a similar 
enzyme-substrate quaternary transition state also constitutes the rate- 
determining step during enzymatic catalysis (55). To determine the 
ACT functional group that undertakes substrate attack, we modeled 
the Gibbs free energy of activation of the addition reaction for the 
three strongest nucleophilic groups present on the ACT (i.e., the 
hydroxyl, the tertiary amine, and the imidazole) (Fig. 2C). Under 
the assay conditions, the lowest energy transition state was observed 
for the ACT-substrate complex formed via attack by the hydroxyl 

group (+67.2 kJ mol−1), again similar to the mechanism of the native 
enzyme. Furthermore, for this transition state to be established, the 
imidazole group must be located nearby to accept the hydroxyl-H 
upon the addition to the carbonyl of PNB. Frequency analysis of 
this transition state confirms a bimodal frequency, corresponding 
to the O→C addition with a concomitant H→N transfer. All calcu-
lations performed on geometries that did not have the hydroxyl and 
imidazole groups next to each other failed to find a transition-state 
structure, offering support for a concerted action between the 
hydroxyl and imidazolyl groups to affect catalysis.

Hydrophobic pocket
A key design feature of the ACT-surfactant system is the development 
of an internal hydrophobic region via micelle self-assembly. In 
addition, the formation of micelles may serve additional roles in 
catalysis, including drawing multiple functional groups together 
and tuning their reactivity, as well as attracting and partitioning 
lipophilic substrates (29). Inspired by previous reports of enhanced 
hydrolytic catalysis in a low-polarity environment, we sought to 
investigate the effect of micelle aggregation on the interaction and 
catalytic activity of the ACT (56, 57).

The functional group interactions of the ACT appear to be tuned 
by the inclusion of the ACT surfactant into a co-micelle system with 
CTAB when analyzed by one-dimensional (1D) and 2D 1H nuclear 
magnetic resonance (NMR) (Fig. 3, A and B). Analysis of ACT-C8 

Fig. 2. An ACT. (A) The catalytic triad of active-site residues in -chymotrypsin, highlighting the close proximity of each unit, facilitated by H-bonding (50). (B) A similarly 
close proximity of functional groups in the ACT surfactant is observed via single-crystal XRD, emphasizing the power of positioning active groups on a single, trifunctional 
molecule. (C) Assessment of the substrate carbonyl attack by the ACT surfactant (identified as rate-determining) via QM computation reveals a preferred pathway 
common to native enzymes, whereby the high-energy transition state is established by the nucleophilic ACT hydroxyl group.
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both with and without the addition of deuterated CTAB (d-CTAB) 
(0.8 mM) highlights a significant change in 1H chemical shift in the 
presence of d-CTAB micelles, indicating insertion of the ACT sur-
factant into the micelle. The most significant shift was observed 
for the imidazole ring protons (Hb; see Fig. 3A for annotations), 
0.15 parts per million (ppm) upfield compared with the CTAB-free 
system, which may be due to an orientation of these protons into a 
more hydrophobic environment, such as the core of the d-CTAB 
micelle. This is supported by total correlation spectroscopy (TOCSY) 
and nuclear Overhauser effect spectroscopy (NOESY) spectra, which 
confirm strong through-space interactions between Hb and the acyl 
chain protons (Hm) of the surfactant tail (Fig. 3B). Weak through-
space interactions were also observed between Hb and the imidazolyl- 
adjacent methylene protons (Ha) and between Hb and the closest 
acyl protons (Hd), which is expected considering the proximity 
imposed by the compound chemical structure. With the lack of 
interaction between Hb and the hydroxyl-adjacent methylenes (Hc), 
it is likely that the imidazole ring is buried into the micelle while the 
hydroxyl group is facing away toward the aqueous solution. This is 
further supported by the weaker through-space interactions between 
Hc and Hd or Hm. The NOESY/TOCSY results indicate some 

interaction between all three ACT functional groups as well as 
between the ACT groups and the surfactant alkyl chain.

The incorporation of ACT surfactant into the CTAB micelle was 
also suggested by molecular dynamics (MD) simulation. Upon in-
corporation into the micelle, MD simulation highlighted a marked 
decrease in the number of water molecules surrounding each of the 
key functional groups the ACT-C8 surfactant (Fig. 3C). This effect 
was enhanced for the ACT-C16 surfactant, whose longer alkyl chain 
resulted in a deeper incorporation into the micellar assembly. In the 
absence of CTAB, the ACT surfactants were not observed to form 
persistent aggregates over 100 ns of simulation, suggesting that the 
ACT is only incorporated into a hydrophobic environment in the 
presence of cosurfactants (fig. S4). Also observed were changes to 
the interactions between functional groups of the ACT surfactants 
upon incorporation into the micelle (figs. S11 and S12). The intra-
molecular distance between functional groups of the ACT was altered 
following micelle assembly, establishing closer interactions between 
the imidazole ring and the carboxylate and hydroxyl moieties of the 
ACT, consistent with experimental NOESY data (vide supra). In 
addition, micelle incorporation resulted in a substantial shift in the 
separation distribution between the hydroxyl group and the imidazole 

Fig. 3. Mimicking the hydrophobic pocket. (A) Analysis of the eight-carbon ACT surfactant via 1H NMR reveals changes to the ACT proton environment in the presence 
(blue line) and the absence (red line) of d-CTAB micelles. (B) Five hundred–millisecond 1H NOESY (gray) and 100-ms TOCSY (red) 2D spectra of ACT-C8 in the presence 
of d-CTAB micelles. Strong through-space interactions between Hb and Hm and the absence of interaction between Hb and He/Hc indicate a preferential orientation of 
the imidazole ring toward the hydrophobic core of the micelle. (C) Solvation number of key ACT-C8 functional groups predicted by MD simulation, in the absence of 
cosurfactants (ACT-C8), upon the addition of CTAB (+CTAB), and upon the addition of both surfactants (+CTAB and Guan-C16). The average number of water molecules 
surrounding each functional group decreased reliably upon the addition of surfactant and cosurfactant, indicating an increasingly hydrophobic environment. (D) Michaelis- 
Menten kinetics profile of PNB esterolysis catalyzed by the ACT-C8 surfactant, ACT (nonsurfactant), or CTAB only. An increased catalytic effect was observed when 
incorporating amphiphilic character into the ACT structure by enhancing interaction with CTAB micelles. [Assay conditions: 25°C; 0.1 M borate buffer (pH 9.0), [catalyst] = 
2.24 M; [CTAB] = 0.8 mM; [substrate] = 10 to 250 M.] (Data points are the mean of at least three independent experiments, and error bars represent SEM.)
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ring toward shorter-range interactions. Combined with the available 
solvation and NMR data, this suggests a significant contribution by 
the micelle self-assembly process to tune the electrostatic interactions 
and local nano-environment of the ACT functional groups.

To examine the impact of ACT-surfactant self-assembly on 
catalysis, we also assayed the ACT headgroup (without an alkyl 
chain) for PNB esterolysis (Fig. 3D). The ACT molecule displays 
excellent water solubility in isolation, and it is likely that this material 
would be poorly incorporated into a micellar assembly. A significant 
reduction in catalysis was observed for the ACT molecule compared 
with the ACT-C8 surfactant, when assessed in combination with 
CTAB. This result provides insight into the environmental effects, 
which help to facilitate catalysis, whereby positioning of the ACT 
close to the hydrophobic PNB substrate is achieved through the 
addition of surfactant functionality to the ACT and subsequent 
self-assembly. Without surfactant functionality, the ACT unit is 
likely to be distributed broadly in solution, limiting the kinetics of 
substrate interaction and catalysis. In addition, a reduced catalytic 

effect was observed when moving from a longer alkyl chain surfactant 
ACT-C16 to the shorter alkyl chain ACT-C8, further emphasizing 
the effect of catalyst environment. These assay findings offer support 
to both the computational and NMR results, highlighting the impact 
of localizing the ACT into a micelle environment for tuning func-
tional group interactions and enhancing catalysis.

H-bond cosurfactant
While the active site and hydrophobic pocket are essential functional 
components in enzymatic reactions, stabilization of transition states 
via H-bonding is a key stage common in biocatalysis. We proposed 
that the localization of a strongly H-bond donating group (i.e., 
guanidinium) nearby to the ACT headgroup within a micelle assembly 
may assist catalysis, similar to the role of the oxyanion hole in 
- chymotrypsin. Excluding the Gu-C16 from the cosurfactant system 
resulted in an approximately fourfold decrease in catalytic activity, 
highlighting the strong contribution of Gu-C16 to effect catalysis 
(Fig. 4D). Examination of the cosurfactant system containing only 

Fig. 4. Enhancing catalysis by incorporating a guanidine-based surfactant. (A) Cross section of a representative micelle observed via MD simulation, highlighting 
both catalyst and substrate incorporated into the hydrophobic core following aggregation of CTAB and Guan-C16 cosurfactants. The catalytic groups of ACT-C16 
(lime green) are largely buried in the micelle environment. CTAB and Guan-C16 molecules are shown in tan and cyan van der Waals representation, respectively, with 
hydrogen atoms omitted for clarity. PNB is shown in yellow. Nitrogen atoms are shown in dark blue, and oxygen atoms are shown red. (B) Solvation number of the ACT-C16 
polar functional groups predicted by MD simulation, in the absence of cosurfactants (ACT-C16), upon the addition of CTAB (+CTAB), and upon the addition of both surfactants 
(+CTAB and Guan-C16). The average number of water molecules surrounding each functional group was markedly decreased upon the addition of both cosurfactants, 
indicating enhanced incorporation of ACT-C16 into the hydrophobic micelle core. (C) QM simulation of the model esterolysis reaction revealed a decrease in Gibbs activa-
tion energy of 11.9 kJ mol−1 when Guan-C16 is incorporated into the cosurfactant system. This corresponds to an approximately two orders of magnitude increase in the 
rate of substrate addition to ACT-C16 (rate-determining step). (D) Michaelis-Menten kinetics profile of PNB esterolysis catalyzed by ACT-C16 in a cosurfactant system with 
CTAB and Guan-C16. Incorporation of all three cosurfactants into the catalyst assembly resulted in enhanced catalysis compared with the single- or two-component 
systems. (Data points are the mean of at least three independent experiments, and error bars represent SEM.)
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Gu-C16 and CTAB revealed a higher catalytic effect than for the 
ACT-C16/CTAB system. This may be due to the higher concentra-
tion of Gu-C16 used in the assay compared with ACT-C16 (0.3 mM 
versus 0.002 mM, respectively) and indicates that the guanidinium 
surfactant by itself is also capable of facilitating hydrolysis, poten-
tially via combined general base catalysis and induced micellar 
catalysis at the charged assembly interface. The strong, bifurcated 
H-bond donation of guanidinium could also serve to activate the 
carbonyl to attack by alternative nucleophilic species in solution; 
such has been reported in ring-opening polymerizations (40, 58). 
Despite this, the highest rate enhancement was observed for the 
three-component system, which gives support for the concerted 
action of the guanidinium and ACT headgroups in catalysis. Although 
other Lewis acid structures may perform similar tasks, we believe 
that the guanidinium headgroup offers benefits, such as facile syn-
thesis, double H-bond donation, and a high pKa.

To further probe the cooperation between the ACT and guanidinium 
surfactants, we conducted computational modeling on the co-micelle 
assembly and catalytic mechanism. Assessment via MD simulation 
revealed the aggregation of Guan-C16 with CTAB, ACT surfactant, 
and PNB substrate into a co-micellar assembly, whose size, mor-
phology, and composition are consistent with previous literature 
(Fig. 4A and figs. S4 to S6) (59). The average aggregation number of 
the micelles was observed to increase upon the addition of the Guan-C16 
cosurfactant, which may be a result of increased availability of sur-
factants, rather than insufficient simulation time. In all cases, the 
composition of the assembly following the addition of Guan-C16 
affected the solvation of the key ACT functional groups, with 
consistently increased solvation numbers pointing toward a deeper 
inclusion of the ACT into the micellar aggregate (Fig. 4B). This 
effect may also be a result of charge-screening effects afforded to the 
catalyst by the cationic Gu-C16 headgroup, potentially illustrating 
electrostatic contact between the ACT and guanidinium units. In 
contrast, no preferential interaction between the guanidinium group 
and the acyl group of the PNB substrate was observed during simu-
lation, although this does not preclude the possibility of catalytically 
relevant transition-state stabilization interactions between the two 
groups. Rather, this may suggest that the additional rate enhancement 
afforded by Gu-C16 may arise from an electronic interaction with 
the ACT, as well as physically allowing the catalyst to bury further 
into the micelle environment.

To provide deeper insight into the origin of the increased rate 
enhancement on the addition of Gu-C16 to the co-micelle system, 
we introduced a positively charged guanidinium headgroup to the QM 
calculations of the model assay reaction. Subtle changes to the rate- 
determining transition-state structures were observed when the 
guanidinium headgroup is positioned proximate to the acyl group 
of the PNB substrate (Fig. 4C). More specifically, the guanidinium 
unit formed a bifurcated H-bond with the carbonyl oxygen of PNB, 
withdrawing electron density from the scissile carbon and lowering 
the barrier for nucleophilic attack by the ACT. As a result, the Gibbs 
energy of the rate-determining intermediate was reduced by −11.9 kJ 
mol−1, which corresponds to an approximately two orders of mag-
nitude increase in the rate of ACT→PNB addition. This result 
reflects the enhanced catalysis observed experimentally on the addi-
tion of Gu-C16 to the co-micellar assembly. Because of a lack of 
rigidity in the micelle structure and the dynamic nature of headgroup 
interactions, this remarkable rate enhancement is not fully reflected 
in the experimental assay results. However, there is clear potential 

for a supporting H-bond donor to complement the catalysis of the ACT, 
and further study exploring optimal group arrangements is ongoing.

CONCLUSION
In summary, we report the development of a bioinspired cosurfactant 
micelle system that undertakes hydrolysis of a model ester substrate 
via a proposed mechanism similar to native enzymes. Drawing 
inspiration from the catalytic triad, oxyanion hole, and hydrophobic 
binding pocket common to many hydrolases, the co-micelle assembly 
collects multiple functional groups into close proximity around a 
macromolecular capsule to affect catalysis. Structural assessment via 
XRD, 1H NMR, and 2D 1H NMR supports the close interaction of 
the three groups of the ACT, as well as highlighting the importance 
of surfactant functionality for optimizing the local nano-environment. 
Furthermore, computational modeling via QM calculations and 
MD simulation further support the close relationship between func-
tional groups in the co-micelle catalyst and the notable similarity of the 
catalytic mechanism to native enzymatic reactions. Highly functional 
surfactants hold promise for the future design of multifunctional, 
enzyme-inspired catalysts, although much work remains to be done 
before we may realize a true model of these incredibly complex 
natural proteins.

MATERIALS AND METHODS
General information
All commercially obtained solvents and reagents were used without 
further purification. Analytical thin-layer chromatography was carried 
out on Merck silica gel 60 F254 glass plates, and flash chromatography 
was performed on Merck silica gel 60 (70 to 230 mesh).

Visualization was accomplished with short-wave ultraviolet 
(UV) light and/or KMnO4 staining solution followed by gentle 
heating. Surfactants were purified by preparative reverse-phase high- 
performance liquid chromatography (RP-HPLC) on a Biotage SP1 
HPFC Flash Purification System using a reverse-phase Biotage SNAP 
Cartridge (KP-C18-HS, 60 g). For synthesis characterization, 1H and 
13C solution-state NMR were recorded on a Varian Unity Inova 500 
(500 MHz for 1H and 125 MHz for 13C) or a Varian Unity Inova AS600 
(600 MHz for 1H and 150 MHz for 13C) spectrometer. Chemical shifts 
 are reported relative to the resonance signal of 1H or 13C cores 
of tetramethylsilane and in parts per million. The 1H spectra were 
calibrated by setting the solvent peaks, caused by remaining traces of 
protons, to values known from the literature (CHCl3 = 7.26 ppm, 
CD3OH = 4.87 ppm, and D2O = 4.79 ppm). The coupling con-
stants J are reported in hertz.

CMC measurements—Pyrene method
According to the literature (60), a pyrene stock solution was prepared 
by dissolving pyrene (5 mg) in methanol (10 ml) and diluting 
20-fold with methanol. Pyrene was stored under an inert atmosphere 
at 4°C, and stock solutions were prepared fresh each day. Surfactant 
stock solutions (~0.1 M) were prepared in dimethyl sulfoxide (DMSO) 
or borate (pH 9.0) (Na2B4O7·10H2O) buffer according to the indi-
vidual surfactant solubilities. For the fluorescence assay, an appropriate 
volume of surfactant stock solution (surfactant final concentration 
range, 0.01 to 0.8 mM) was transferred to a quartz fluorescence 
cuvette. Pyrene stock solution (50 l) and either deionized water or 
borate buffer (pH 9.0) were added to the cuvette for a final volume 
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of 2.5 ml. In the cases where the surfactant was dissolved in DMSO, 
a small aliquot of DMSO was added to the cuvette to maintain a 
constant DMSO concentration for all surfactant concentrations 
[final DMSO concentration, <1% (v/v)]. The fluorescence emission 
spectrum of pyrene was measured immediately after mixing using 
an emission wavelength scanning mode from 360 to 400 nm over 
90 s. The excitation wavelength was 334 nm (slit width, 8 nm), 
and emission slit width was 2 nm. The first and third fluorescent 
vibrational peaks (I1 and I3) were recorded at 373 and 384 nm, 
respectively, and the ratio was plotted against surfactant concentration 
for the CMC calculations. The midpoint of the inflection of I1/I3 
versus surfactant concentration was taken as the CMC value in all 
cases (fig. S1).

Esterolysis assay with p-nitrophenyl benzoate 
(representative assay for the three-component catalyst)
Catalyst (ACT surfactant, 2.24 M) was dissolved with cetyl ammo-
nium bromide (CTAB; 0.8 mM) and hexadecylguanidinium chloride 
(Gu-C16; 0.3 mM) in a borate (Na2B4O7·10H2O) buffer at pH 9 (cbuffer = 
100 mM) with vigorous stirring. Control reactions lacking either 
CTAB, ACT surfactant, or Gu-C16 were also conducted with the 
same concentrations. A stock solution of substrate p-nitrophenyl 
benzoate was made up in acetonitrile and added to the buffered 
solution containing surfactants (csubstrate,initial = 10, 25, 56, 100, 150, 
and 250 M). A small aliquot of acetonitrile was added to the reference 
cell to maintain consistency [acetonitrile concentration, <5% (v/v)]. 
Following mixing, the reaction was immediately monitored via UV 
light absorption at 405 nm at room temperature in a Cary 60 UV- 
visible spectrophotometer (Agilent). The kinetics of ester substrate 
consumption was calculated via nonlinear regression using the plotting 
software GraphPad Prism 8, under an assumption of Michaelis- 
Menten kinetics. The background hydrolysis rate without the addition 
of catalyst or surfactants was determined using a first-order rate 
assumption, where kcat is equal to the khydrolysis for the reaction.

For the enzyme-catalyzed control reaction, -chymotrypsin (from 
bovine pancreas type II, lyophilized powder, Sigma-Aldrich) (2.2 M) 
was dissolved as received in borate (Na2B4O7·10H2O) buffer at pH 9 
(cbuffer = 100 mM), containing CTAB (0.8 mM). A stock solution of 
substrate p-nitrophenyl benzoate was made up in acetonitrile and 
added to the buffered solution containing surfactants (csubstrate,initial 
= 10, 25, 56, 100, 150, and 250 M), as per the surfactant experiments 
above. The hydrolysis reaction was assessed over 10 min and com-
pared directly with the results of the cosurfactant systems.

X-ray crystallography of ACT-C8 surfactant
The crystal data of the ACT-C8 surfactant were collected on a charge- 
coupled device diffractometer using Cu-K radiation (graphite crystal 
monochromator = 1.54184 Å). The structure was solved by direct 
methods (SHELXT) and difference Fourier synthesis. Thermal el-
lipsoid plots were generated using the program ORTEP-3 integrated 
within the WinGX suite of programs. C15H27N3O3: M = 297.39, T = 
130.0(2) K,  = 1.54184 Å; monoclinic, space group P21: a = 12.9624(5), 
b = 8.4191(3), c = 14.9957(6) Å,  = 93.510(3), V = 1633.44(11) Å3, 
Z = 4, Z′ = 2, Dc = 1.209 Mg M−3 (Cu-K) = 0.685 mm−1, F(000) = 
648; crystal size, 0.65 mm by 0.21 mm by 0.03 mm. max = 76.48, 9264 
reflections measured, 4774 independent reflections (Rint = 0.058), 
the final R = 0.0567 [I > 2(I), 4459 data], and wR(F2) = 0.1559 (all 
data) Goodness-of-fit = 1.073, absolute structure parameter 0.0(2). 
Cambridge Crystallographic Data Centre code: 1900732.

NMR of ACT-C8 surfactant
NMR samples were prepared by either dissolving ACT-C8 in buffer 
[50 mM borate (pH 9.0), 0.05 mM DSS (4,4-dimethyl-4-silapentane-1- 
sulfonic acid), 10% (v/v) D2O] or in 75 mM deuterated CTAB 
[50 mM borate (pH 9.0), 0.05 mM DSS, 10% (v/v) D2O] to reach a 
final compound concentration of ca. 5 mM. NMR spectra were 
obtained at 298 K on an 800-MHz Bruker Avance II equipped with 
a TCI CryoProbe. Chemical shifts were referenced to DSS at 0 ppm. 
Data were processed in TopSpin (Bruker) and analyzed using the 
CCPNmr Analysis program (Laue 2005 Proteins 59, 687). 1H homo-
nuclear correlation spectroscopy, TOCSY (mixing time mix = 100 ms), 
and NOESY (mix = 100 and 500 ms) were run using 4000 and 512 points 
in the direct and indirect dimensions, respectively.

Synthetic procedures
Reductive amination of l-serine with 1H-imidazole-2- 
carboxaldehyde (preparation of ACT molecule)
l-Serine (1.05 g, 10 mmol, 1.00 eq) and sodium hydroxide (420 mg, 
10.5 mmol, 1.05 eq) were dissolved in methanol (cL-serine ≈ 85 mM), and 
1H-imidazole-2-carboxaldehyde or 1H-imidazole-4-carboxaldehyde 
(1.06 g, 11 mmol, 1.10 eq) was added to the solution with stirring. 
The mixture was stirred at 40°C for 30 min and afterward allowed 
to cool down to room temperature over 4 hours while stirring. 
Sodium borohydride (605.3 mg, 16 mmol, 1.60 eq) was added slowly, 
and the reaction mixture was stirred at room temperature for 30 min. 
Glacial acetic acid was added dropwise until the mixture reached 
approximately pH 4 to 5, and the resulting suspension was stirred at 
room temperature for a further 10 min. The product was obtained 
as the precipitate by filtration and washing with methanol. ACT was 
collected as a fine, white solid (yield 99%).

[ACT (2-imidazole isomer)] 1H NMR (600 MHz; D2O, 298 K):  = 
7.23 (s, 2H, aromatic), 4.31 (d, 2J = 15.1 Hz, 1H, CHHN), 4.23 (d, 2J = 
15.1 Hz, 1H, CHHN), 3.95 to 3.77 (m, 2H, CH2OH), 3.56 (dd, 3J = 
5.3 Hz, 3J = 4.1 Hz, 1H, CHCO2

−). MS [electrospray ionization (ESI)] 
was calculated for C7H11N3O3H+ ([M + H]+): 186.09. Found: 186.09.

[ACT (4-imidazole isomer)] 1H NMR (400 MHz, CD3OD, 298 K): 
 = 7.66 (s, 1H, Im), 7.17 (s, 1H, Im), 4.15 (d, J = 13.9 Hz, 1H, 
CH2OH), 4.11 (d, J = 13.9 Hz, 1H, CH2OH), 3.84 (dd, J = 12.9, 3.9 Hz, 
1H, CH2Im), 3.78 (dd, J = 12.9, 3.9 Hz, 1H, CH2Im), 3.57(t, J = 7.4, 
3.8 Hz, 1H, CHCH2OH). MS (ESI) was calculated for C7H11N3O3H+ 
([M + H]+): 186.09. Found: 186.09.

Preparation of n-octan-1-al from n-octan-1-ol
According to the literature (61), n-Octan-1-ol (1.3 g, 10 mmol, 1.0 
eq) was dissolved in dichloromethane (calcohol ≈ 65 mM), and pyri-
dinium dichromate (4.5 g, 12 mmol, 1.2 eq) was added to the 
solution portionwise. The mixture was stirred at room temperature 
for 8 hours. The suspension was filtered through filter paper and a 
short silica pad. The solid residue was washed several times with 
diethyl ether. The solvents were removed in vacuo, and the crude 
product was purified by flash chromatography (hexane/ethyl ace-
tate = 19:1) to yield a waxy colorless solid (819 mg, 64%). 1H NMR 
(400 MHz, CDCl3, 298 K):  = 9.74 (t, J = 1.9 Hz, 1H, CHO), 2.40 (td, J 
= 7.4, 1.9 Hz, 2H, CH2CHO), 1.60 (m, CH2, 2H), 1.35 to 1.19 (m, 
CH2, 8H), 0.86 (t, J = 6.8 Hz, 3H).

Preparation of n-hexadecan-1-al from n-hexadecan-1-ol
1-Hexadecanol (5.00 g, 20.6 mmol, 1.00 eq) was dissolved with 
stirring in dichloromethane (150 ml). Pyridinium dichromate (9.40 g, 
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25.0 mmol, 1.20 eq) was added portionwise, and the mixture was 
stirred for a further 5 hours. The suspension was filtered over a 
short silica pad and washed several times with dichloromethane and 
ethyl acetate, and the filtrate was dried in vacuo. Purification of the crude 
product by column chromatography (hexane/ethyl acetate = 19:1) 
yielded target aldehyde as a colorless solid (3.69 g, 15.3 mmol, 74%). 
1H NMR (500 MHz, CDCl3, 298 K):  = 9.76 (t, 3J = 1.9 Hz, 1H, CHO), 
2.41 (td, 3J = 7.4 Hz, 3J = 1.9 Hz, 2H, CH2CHO), 1.66 to 1.58 (m, 2H, 
CH2), 1.35 to 1.21 (m, 24H, CH2), 0.88 (t, 3J = 6.9 Hz, 3H, CH3).

Reductive amination of ACT with n-octan-1-al (preparation 
of ACT-C8 surfactant)
The corresponding ACT (1.00 eq) and sodium hydroxide (1.05 eq) 
were dissolved in methanol (cprecursor ≈ 100 mM). n-Octan-1-al 
(1.20 eq) and sodium triacetoxyborohydride (1.40 eq) were added 
to the solution, and the mixture was stirred at 40°C for 2 hours. 
Another two batches of n-octan-1-al (2 × 1.20 eq) and sodium 
triacetoxyborohydride (2 × 1.40 eq) were added to the solution every 
2 hours, and after 4 hours, the mixture was left to stir at 40°C for a 
further 20 hours. The reaction was quenched with glacial acetic 
acid, and the solvents were removed in vacuo. The crude product 
was washed with ethyl acetate and purified by RP-HPLC with an 
H2O/acetonitrile gradient (19:1→1:19). (Both derivatives a pale-yellow 
solid, 2-isomer = 60%, 4-isomer = 84%.) (ACT-C8 2-isomer) 1H NMR 
(500 MHz; D2O, 298 K):  = 7.78 (s, 1H, Im), 7.32 (s, 1H, Im), 4.34 to 
4.18 (m, 2H, ImCH2N), 4.00 to 3.82 (m, 2H, CH2OH), 3.57 (dd, 3J = 
6.9 Hz, 3J = 5.2 Hz, 1H, CHCO2H), 2.86 to 2.70 (m, 2H, CH2CH2N), 
1.44 to 1.30 (m, 2H, CH2CH2N), 1.24 to 1.03 (m, 10H, CH2), 0.75 (t, 
3J = 6.8 Hz, 3H, CH3). MS (ESI) was calculated for C15H27N3O3H+ 
([M + H]+): 298.21. Found: 298.24.

Reductive amination of ACT with n-hexadecan-1-al 
(preparation of ACT-C16 surfactant)
The corresponding ACT (185 mg, 1.0 mmol, 1.00 eq) was dissolved in 
methanol and glacial acetic acid (camino acid precursor ≈ 12.3 M) with 
stirring at 60°C. C16 aldehyde (360 mg, 1.5 mmol, 1.50 eq) was added, 
and the reaction was mixed for 20 min. Sodium triacetoxyborohydride 
(420 mg, 2.0 mmol, 2.0 eq) was added carefully to the solution, and 
stirring was continued at 60°C for 4 hours. Another batch of aldehyde 
(360 mg, 1.5 mmol, 1.50 eq) and Sodium triacetoxyborohydride 
(420 mg, 2.0 mmol, 2.0 eq) was added, and the mixture was stirred 
at 60°C for a further 24 hours. The reaction was quenched with wa-
ter, and the solvents were removed in vacuo at elevated temperature. 
The crude product was extracted with methanol and washed several 
times with ethyl acetate before being purified by reverse-phase col-
umn chromatography (H2O/methanol = 19:1→1:19→0:1) to yield 
ACT-C16 surfactant (213 mg, 0.52 mmol, 52%). 1H NMR (400 MHz, 
CD3OD, 298 K):  = 7.77 (s, 1H, Im); 7.35 (s, 1H, Im); 4.51 (d, J = 
13.9 Hz, 1H, CH2OH); 4.42 (d, J = 13.9 Hz, 1H, CH2OH), 4.17 (dd, 
J = 12.9, 3.9 Hz, 1H, CH2Im), 4.05 (dd, J = 12.9, 3.9 Hz, 1H, CH2Im); 
3.82 (dd, J = 7.4, 3.8 Hz, 1H, CHCH2OH); 2.24 (t, J = 7.4 Hz, 1H, 
CH2N); 1.57 (p, J = 7.2 Hz, 2H, CH2CH2N); 1.40 to 1.22 (m, 26H, 
CH2); 0.88 (t, J = 7.2 Hz, 3H, CH3). MS (ESI) was calculated for 
C23H43N3O3H+ ([M + H]+): 410.33. Found: 410.34.

1-Hexadecylguanidinium chloride (Gu-C16)
According to the literature (43), 1-hexadecylamine (723 mg, 3.0 mmol, 
1.0 eq) was dissolved in methanol (15 ml) at 40°C with stirring. 
1H-pyrazole-1-carboxamidine hydrochloride (438 mg, 3.0 mmol, 

1.0 eq) was added, and stirring was continued at 40°C for 3 days. 
Solvent was removed in vacuo, and the crude product was washed 
three times with hot acetone to yield target surfactant Gu-C16 as a 
colorless solid (850 mg, 2.9 mmol, 97%). 1H NMR (400 MHz, CD3OD, 
298 K):  = 3.14 (t, J = 7.1 Hz, 2H), 1.56 (p, J = 7.2 Hz, 2H), 1.41 to 
1.22 (m, 26H), 0.87 (m, 3H). MS (ESI) was calculated for C17H33N3H+ 
([M + H]+): 284.30. Found: 284.32.

Preparation of (OH–COOH) control structure [(S)-3-hydroxy-2-
(octylamino)propanoic acid]
l-serine (210 mg, 2.0 mmol, 1.0 eq) was suspended in 15 ml of 
methanol at 50°C, and sodium hydroxide (88 mg, 1.4 mmol, 1.1 eq) 
was added with stirring. 1-Octanal (310 mg, 2.4 mmol, 1.2 eq) was 
then added, and the reaction was mixed overnight at room tem-
perature. NaBH4 (150 mg, 4.0 mmol, 2.0 eq) was then added, and 
the reaction mixture was stirred for a further 1 hour at room tem-
perature. Concentrated hydrochloric acid (32%, ~0.7 ml) was added 
to quench the reaction mixture, the suspension was filtered, and 
solvent was removed in vacuo. The crude product was washed with 
ethyl acetate and then purified via reverse-phase column chroma-
tography (MeOH/H2O 19:1→0:1) to yield target structure (239 mg, 
1.1 mmol, 54%). 1H NMR (400 MHz; CD3OD, 298 K):  = 3.93 (dd, 
J = 11.8, 4.0 Hz, 2H, CH2OH), 3.82 (dd, J = 11.8, 6.4 Hz, 2H, 
CH2OH), 3.46 (dd, J = 6.4, 4.0 Hz, 1H, CHCH2OH), 2.95 (m, 2H, 
CH2NH), 1.67 (p, J = 7.6 Hz, 2H), 1.38 to 1.13 (m, 10H, CH2), 0.97 
to 0.80 (m, 3H, CH3). MS (ESI) was calculated for C11H23NO3H+ 
([M + H]+): 218.17. Found: 218.19.

Preparation of (Im–COOH) control structure  
[(R)-3-(1H-imidazol-5-yl)-2-(octylamino)propanoic acid]
l-histidine (620.8 mg, 4.0 mmol, 1.0 eq) was suspended in 20 ml of 
methanol at 50°C, and sodium hydroxide (168 mg, 4.2 mmol, 1.1 eq) 
was added with stirring. 1-Octanal (620 mg, 4.8 mmol, 1.2 eq) was 
then added, and the reaction was mixed overnight at room tem-
perature. NaBH4 (300 mg, 8.0 mmol, 2.0 eq) was then added, and 
the reaction mixture was stirred for a further 1 hour at room tem-
perature. Concentrated hydrochloric acid (32%, ~1.0 ml) was added 
to quench the reaction mixture, the suspension was filtered, and the 
solvent was removed in vacuo. The crude product was washed with 
ethyl acetate and a small volume of water and then purified via 
reverse-phase column chromatography (MeOH/H2O 19:1→0:1) to 
yield target structure (639 mg, 2.4 mmol, 60%). 1H NMR (400 MHz; 
CD3OD, 298 K):  = 8.74 (s, 1H, Im); 7.38 (s, 1H, Im); 3.71 to 3.60 
(m, 1H, CHCOOH), 3.54 to 3.43 (m, 2H, CH2Im), 3.08 to 2.97 
(m, 2H, CH2NH), 1.47 to 1.35 (m, 2H, CH2CH2NH), 1.31 to 1.07 
(m, 10H, CH2); 0.79 to 0.7 (m, 3H, CH3). MS (ESI) was calculated 
for C14H25N3O2H+ ([M + H]+): 268.20. Found: 268.21.

Preparation of (Im–OH) control structure [(R)-3-(1H-
imidazol-5-yl)-2-(octylamino)propan-1-ol]
l-histidinol dihydrochloride (430 mg, 2.0 mmol, 1.0 eq) was suspended 
in 15 ml of methanol at 50°C, and sodium hydroxide (180 mg, 
4.2 mmol, 2.1 eq) was added with stirring. The cloudy suspension 
was filtered, 1-octanal (260 mg, 2.1 mmol, 1.05 eq) was then added, 
and the reaction was mixed overnight at room temperature. NaBH4 
(90 mg, 2.4 mmol, 1.2 eq) was then added, and the reaction mixture 
was stirred for a further 1 hour at room temperature. Concentrated 
hydrochloric acid (~0.6 ml) was added to quench the reaction mix-
ture, the suspension was filtered, and the solvent was removed in 
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vacuo. The crude product was washed several times with ethyl 
acetate, extracted into methanol, and purified via reverse-phase 
column chromatography (MeOH/H2O 19:1→0:1) to yield target struc-
ture (214 mg, 0.8 mmol, 42%). 1H NMR (400 MHz; CD3OD, 298 K): 
 = 8.81 (s, 1H, Im); 7.43 (s, 1H, Im); 4.40 to 4.34 (m, 2H, CH2OH), 
4.18 to 4.07 (m, 2H, CH2Im); 3.42 (dd, J = 7.4, 3.8 Hz, 1H, CHCH2OH); 
3.11 to 2.97 (m, 2H, CH2CH2N); 2.23 to 2.06 (m, 2H, CH2CH2N); 
1.39 to 1.10 (m, 26H, CH2); 0.80 (t, J = 7.2 Hz, 3H, CH3). C14H26N3O− 
([M − H]−): 252.22. Found: 252.21.

Computational procedures
Quantum mechanics
All electronic structure calculations were performed with the Gaussian 
16, Revision A.03 (62) software package. All density functional theory 
calculations were performed using the M06-2X functional (63) in 
conjunction with the 6-31+G(d,p) basis set. Implicit solvent effects 
for all calculations performed were obtained using the SMD (solvent 
model density) (64) solvation model for water. The ACT molecules 
were truncated by replacement of the extended alkyl chains with a 
single methyl group and conformationally searched to locate the 
global minimum energy structure; guanidine was also truncated by 
replacement of the extended alkyl chain with a single methyl group, 
so as to determine the possible role of the positively charged head-
group. All entropies, zero-point vibrational energies, and thermal 
corrections were scaled by recommended scale factors (65); vibra-
tional analysis was performed on all geometries to confirm (i) the 
absence of imaginary frequencies for minimum energy structures 
and (ii) the presence of a single imaginary frequency for transition- 
state structures.
Molecular dynamics
MD simulations were performed using the GROMACS 2018.1 
engine with parameters from the GROMOS54a7 force field (66, 67). 
All-atom parameter sets for each surfactant (CTAB, molid 10929; 
Gu-C16, molid 306970), uncharged catalyst (ACT-C8, molid 306428; 
ACT-C16, molid 306429), charged catalyst (ACT-C8, molid 306968; 
ACT-C16, 306969), and substrate (PNB, molid 9503) corresponding 
to the predicted ionization states at pH 9 were obtained using the 
Automated Topology Builder V.2.2 (68). To remove any conforma-
tional bias from the system setup, triplicate systems were prepared in 
which molecules of substrate, catalyst, and surfactant were randomly 
orientated in a cubic dodecahedron box at the relative concentra-
tions used in experimental assays (table S2) and solvated with a 7-nm 
buffer of explicit simple point-charge water. The concentration of 
surfactant species was increased 10-fold to facilitate sampling. Ions 
were added as required to neutralize overall system charge. The initial 
configuration was relaxed using standard steepest descent minimization 
using at least 1000 steps before being equilibrated for 10 ns in the 
isothermal–isobaric (NpT) ensemble to stabilize the system density. 
Each catalytic system (simulations 1 to 20; table S2) was allowed to 
self-assemble for 100 ns under NpT. Single CTAB controls (simula-
tions 21 to 25; table S2) were run at various concentrations under 
the same conditions for 300 ns each. Periodic boundary conditions 
were used, and long-range electrostatics were calculated using the 
particle-mesh Ewald method with a cutoff of 14 Å (69). The tem-
perature in all simulations was set to 300 K and controlled via the 
v-rescale thermostat (70); the initial velocities of all particles were 
randomly generated. Pressure coupling was handled with the 
Berendsen barostat during equilibration and with the Parrinel-
lo-Rahman barostat for dynamics. The LINCS (Linear Constraint 

Solver) algorithm (71) was used to constrain bonds in conjunction 
with an integration time step of 2 fs. All trajectory images were 
produced in VMD (visual molecular dynamics) (72). All data were 
visualized using Python.
Aggregation numbers and component ratios
Micelle aggregation numbers and component ratios were calculated 
using a Python program using MDTraj (73) written for this purpose 
that recursively considers the neighbors of each micelle component 
within a given cutoff to define an aggregate, until no more neighbors 
are found. A 3-Å cutoff was used, and all micelle components in the 
simulation box were found using this scheme. Micelle aggregation 
numbers reported (figs. S4 and S5) are for a single frame of each 
replicate after 100 ns, after periodicity was considered. Component 
ratios are reported as the sample mean across replicates at 100 ns, 
after combining data from simulations run at different protonation 
states, in fig. S6.
Hydration number
Hydration numbers were calculated by searching for solvent mole-
cules near a given atom within a cutoff of 4 Å, which was determined 
to be optimal by generating radial distribution functions (fig. S10) 
for the solvent surrounding each atom of interest from simulations 
containing only the catalyst in water. Data reported are the distribution 
for each simulation over the whole simulation time, as reported in 
table S2. The hydration numbers of catalytically relevant atoms of 
interest are given in figs. S7 to S9.
Intramolecular distances
Intramolecular distances between relevant atoms of the catalysts 
were measured as the Cartesian distance between the groups at each 
frame of the final trajectory, after considering periodic boundary 
conditions. The intramolecular distances of each catalyst monomer 
were considered separately, and the overall distance data reported 
are the distributions over the total simulation time of each set of 
replicates (figs. S11 and S12).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/14/eaaz0404/DC1
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