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ABSTRACT: Imitating and incorporating the multiple key structural features -~
observed in natural enzymes into a minimalistic molecule to develop an { .
artificial catalyst with outstanding catalytic efficiency is an attractive topic for . /= I 9
chemists. Herein, we designed and synthesized one class of minimalistic
—SH group and a terminal His-Phe
dipeptide head linked by a hydrophobic alkyl chain with different lengths,
marked as HS-C,,,-His-Phe (n = 4, 7, 11, 15, and 17; n + 1 represents the
carbon atom number of the alkyl chain). The His (—imidazole), Phe
—SH group, and a long hydrophobic alkyl
chain were found to have important contributions to achieve high binding
ability leading to outstanding absolute catalytic efficiency (k/Ky) toward

dipeptide molecules containing a terminal

(=CO0,”) moieties, the terminal

the hydrolysis reactions of carboxylic ester substrates.

B INTRODUCTION

It is well known that intricate chemical processes in living
systems can be elegantly controlled by enzymes functioning as
catalysts due to their powerful catalytic performance and
extraordinary specificity. "> In particular, hydrolase, as a vital
and ubiquitous family of enzymes, can catalyze the breakdown
reactions of a series of important chemical bonds including
carboxylic ester, phosphate ester, and amide bonds which have
received extensive attention in view of the importance of these
chemical bonds for constituting biomolecules such as
glycerides, nucleic acids, and proteins, respectively.” > The
unrivaled catalytic ability of natural hydrolases mainly stems
from their unique ability to fold peptide chains into tertiary
structures guided by several weak interactions such as
hydrophoblc, hydrogen bonding, and van der Waals force
interactions.”” This folding can lead to the fact that remote
active-site residues can be brought into close proximity to
create a hydrophobic pocket required for binding and catalysis
for substrates in nature.

Considerable efforts, to clarify the key structures and the
active-site of natural hydrolases, have been made by biologists
and chemists.”'? @-Chymotrypsin (@-ChS), a textbook
example of the hydrolase structure, contains serine (Ser),
histidine (His), and aspartate (Asp) residues, known as a
catalytic triad which plays the roles of a nucleophile, a general
base, and a hydrogen bonding acceptor, respectively, together
with a hydrophobic domain, to constitute a hydrophobic
pocket, to attract, partition, and align substrates (Figure la)."!
Besides the active-site and hydrophobic pocket, another
important structural feature of these natural hydrolases is
oxyanion holes, usually composed of amide functionalities.
These oxyanion holes can stabilize reaction intermediates and
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transition states by forming hydrogen bonds to reduce the
activation energy of the catalytic reactions.'”

Therefore, how to imitate multiple key structural features to
develop synthetic catalyst systems that show similar chemistry
to natural hydrolases is a long-standing challenge for chemists.
For example, Connal and co-workers ingeniously combined
the active-site chemistry, hydrophobic environment, and
oxyanion hole to develop an enzyme-inspired catalytic
system.'® This three-component micellar system is composed
of co-surfactants cetyltrimethylammonium bromide, hexadecyl
guanidinium hydrochloride, and ACT-C,4 containing an
imidazole, —OH, and —COOH in close proximity, with high
catalytic activity for carboxylic ester hydrolysis. Not surpris-
ingly, designing and developing these artificial hydrolase-like
catalysts are attractive, considering that they can overcome
some operational limitations of natural enzymes; for example,
in general the activity of natural enzymes is easily disrupted by
the changes of some experimental conditions.'*"

Nonetheless, the catalytic efficiencies of most of developed
protease mimics are modest with respect to natural enzymes,
which has been realized by scientists to mainly result from their
low structural complexity.lé_18 Therefore, the multivalent
scaffold-based protease mimics, such as early micelles/
vesicles,"”?° later dendrimers,”"?* and metal nanopar-
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Figure 1. Crystal structure of natural a-chymotrypsin (a) and the schematic diagram of the hydrolysis reaction of a carboxylic ester catalyzed by the

self-assembled multivalent nanofibers (HS-C,,,-His-Phe) in this work (b).

ticles,”>™** have been developed to be expected to increase
structural complexity to obtain outstanding catalytic efficien-
cies. In particular, developing small self-assembled peptides to
establish supramolecular catalysis is interesting, considering the
aggregation driven by hydrophobic interaction and hydrogen
bonding interaction in some alkylated peptides cases to self-
assemble into micelles,”® vesicles,”” nanofibers,”* " and so on,
and driven by the catalytic sites anchored on the surface of Au
nanoparticles to generate multivalent systems, via Au—S bonds
and electrostatic attractive interaction.'™" We should note
that the latter monolayer-protected gold nanoparticles, first
reported by Scrimin’s group as a pioneering study,” exhibited
high catalytic efficiencies in the cleavage reaction of 2-
hydroxypropyl-4-nitrophenyl phosphate, an RNA-model com-
pound, ascribed to their multivalent nature. Furthermore, a
multivalent Ag—SR coordination polymer system bearing
1,4,7-triazacyclononane-Zn2+ (TACN-Zn>") complexes as
catalytic heads was recently reported by us.*” It was found
that the self-assembled polymers possess extraordinary
phosphatase-like catalytic activity toward the hydrolysis
reaction of this phosphodiester.”” Although the increment of
structural complexity can show a significant contribution to
access high catalytic activity, minimalistic molecules are
expected to be created to achieve the goal in a very simple
way to avoid complexing design and tedious synthesis yet these
systems generally show modest activity.””** This is a
contradictory problem. Therefore, we asked whether or not
by incorporating the above-mentioned several key structural
elements into a single minimalistic molecule to readily self-
assemble to create a multivalent structure driven by weak
noncovalent interactions with an outstanding catalytic
efficiency. If this can be achieved, it will bridge the gap
between structural complexity and minimalist.

In this work, we designed and synthesized a series of
minimalistic dipeptide molecules containing a terminal —SH
group linked by hydrophobic alkyl chains of varying lengths.
This dipeptide head containing a His residue and a
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phenylalanine (Phe) residue is expected to be close to the
—SH group originating from the same or another catalyst
molecule, due to the self-assembly in aqueous solution, to
create multivalent nanofibers driven by both the hydrophobic
interaction and the hydrogen bonding interaction between two
His-Phe dipeptide heads, to form a binding domain (Figure
1b). It was found that Phe, His, and —SH are indispensable
because the self-assembled nanofiber, formed from a single
minimalistic molecule, has high absolute catalytic activity of
the hydrolysis reactions of carboxylic ester substrates, k.,./Ky,
which has the dimensions of a second-order rate constant,”
widely used to make a comparison among different catalytic
systems.

B RESULTS AND DISCUSSION

A series of minimalistic dipeptide molecules containing a
terminal —SH group linked by alkyl chains of varying lengths
via an amide bond (marked as HS-C,,;-His-Phe, n = 4, 7, 11,
15, and 17; n + 1 represents the carbon atom number of the
alkyl chain), and the control compounds were synthesized, as
shown in Schemes S1—S11. Three carboxylic ester substrates
(DNPB, p-NPB, and DNPA) were also synthesized (Schemes
$12—S15), and one substrate is commercially available p-NPA
used in this work, considering the effect of hydrophobicity
(DNPB vs DNPA, and p-NPB vs p-NPA), and the electron-
withdrawing capability (DNPB vs p-NPB, and DNPA vs p-
NPA). We first used HS-C,¢-His-Phe to check the catalytic
reaction for the substrate p-NPA, p-nitrophenylacetate, one of
the commonly used model substrates. As shown in Figure S1
(black line), when HS-C,-His-Phe and p-NPA were mixed in
10 mM HEPES buffer solution of pH 7.4 containing 10%
MeCN which was used to ensure full dissolution of the thiol
and substrate, the absorbance at 400 nm, originating from
liberated p-nitrophenol anion due to its charge transfer effect,
significantly increased with increasing the reaction time.
Together with the hardly observed background reaction of p-
NPA in the absence of HS-C4-His-Phe, the result supports
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that HS-C,¢-His-Phe can significantly accelerate the hydrolysis
reaction of p-NPA. In fact, such hydrolysis reactions can also
occur in other three substrates in the presence of HS-C,4-His-
Phe.

The catalytic hydrolysis reaction was directly probed by
conducting high-resolution mass spectrometry (HRMS)
experiments in the p-NPA solution in the presence of HS-
C,¢-His-Phe. The measured HRMS m/z signal of 138.0190
(Figure S2d) can well match with the theoretically calculated
value of the p-nitrophenol anion of 138.0197 ([M—H]"),
supportive of the breakdown of the carbonyl ester bond. The
relationship of the initial rate of this catalytic reaction and p-
NPA concentration is found to follow the Michaelis—Menten
equation (Figure 2d), with k., = 0.019 + 0.001 57!, K, = 1.8 +
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Figure 2. Initial rate as a function of the concentration of substrates
DNPB (a), p-NPB (b), DNPA (c), and p-NPA (d), respectively, in
the presence of HS-C,¢-His-Phe, fitted by the Michaelis—Menten
equation (red lines). Experimental conditions (a—d): [HS-C,sHis-
Phe] = 2.5 uM; 10 mM HEPES buffer solution of pH 7.4 containing
10% MeCN; temperature was set as 37 °C. All error bars in this work
were obtained through measuring three parallel experiments.

0.05 mM, and k_,/Ky; = 10.6 &+ 02 M~ 's7". k_, and k_./Ky
are generally used to indicate the intrinsic and absolute
catalytic efficiencies of a catalyst, respectively.”® The effect of
the hydrophobicity and electron-withdrawing capability of the
substrates on the hydrolysis reaction was subsequently
checked. In addition to p-NPA, for other tested substrates,
all dependences of the initial rates on the substrate
concentrations for HS-C,4-His-Phe are well consistent with
the Michaelis—Menten equation (Figure 2a—c), too. These
fittings afford a comparison of their k., Ky, and k../Ky
values, summarized in Table S1. Clearly, the n-butyryl group
tethered in substrates DNPB and p-NPB has a more
hydrophobic contribution to the overall molecular structures
than that of the acetyl group linked in substrates DNPA and p-
NPA, respectively. These observations indicate that the higher
binding affinity between HS-C 4-His-Phe and the substrate can
be obtained when the more hydrophobic substrates are used
since the reciprocal of the Michaelis—Menten constant Ky is
related to the binding affinity between the enzyme and the
substrate.*® Compared to the kg, values of the tested
substrates (the background reactions, summarized in Table
S2), all k., values increase ~3 orders of magnitude, also
supportive of the catalytic nature of this dipeptide. The HRMS
experiments of the solutions of other three substrates in the
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presence of HS-C 4-His-Phe also further confirm the
occurrence of the hydrolysis reactions to liberate nitrophenol
anions (Figure S2a—c). The k./Ky values of p-NPB and
DNPB are higher than those of p-NPA and DNPA,
respectively. These results again support that increasing the
hydrophobicity of the substrates is more helpful to improve
their binding affinity toward HS-C,4-His-Phe, resulting in the
improvement of the absolute catalytic efficiency (k../Ky)-
This observation is consistent with comparing the change of
their 1/Krpg values in which Kpg = kyyeae/ (keat/ Kpp) (Table S3),
used to indicate the catalytic proficiency, too.”” Furthermore,
when we evaluate the effect of electron-withdrawing capability
of the substrates by comparing Ky or k_./Ky values of the
substrates DNPB vs p-NPB and DNPA vs p-NPA,
experimental results further support that the higher binding
affinity can result in higher absolute catalytic efficiency.
Introducing an additional —NO, substituent on substrates
not only can increase its ability to enter the hydrophobic
microenvironment,®® but also can show an important
contribution to weaken the strength of ester bonds,
considering that the pK, of 2,4-dinitrophenol of 2.1 is lower
than that of p-nitrophenol of 6.2 measured under the
experimental conditions in this work, due to the electron-
withdrawing effect of the —NO, substituent (Figure S3).
Next, we changed the length of the hydrophobic alkyl chain
of the dipeptide molecules to check their catalytic activity
toward DNPB as the substrate. First, to determine their
apparent critical aggregation concentration (CAC), a fluo-
rescent probe (Nile Red, NR) method was used. We observed
that the CAC values decrease with increasing the n number
(from 30 to 2.5 uM) until the CAC value nearly levels off at n
= 15 and 17, indicating that increasing hydrophobicity can lead
to the decrease of CAC (Figure S4). When the concentration
of HS-C,,,-His-Phe was set as corresponding CAC, the
relationships between the initial rate and DNPB concentration
were well fitted by the Michaelis—Menten equation (Figure
S5). We observed that Ky, values of HS-C,,,-His-Phe (n =4, 7,
11, 15, and 17) roughly decrease with increasing the n number
(Figure 3 and Table S4). This means that the binding affinity
between DNPB and the dipeptide molecule increases with the
increase of hydrophobicity of the dipeptides. Although the k,;
values of these catalysts show a small difference in the intrinsic
catalytic activity, a study of the relationship between k.,/Ky
values and n number shows an increase tendency in particular
in the cases of n = 11, 15, and 17 (Figure 3). The high k,./Ky
value was observed in HS-C,,-His-Phe and HS-C,4-His-Phe
cases, 358.4 + 18.6 and 518.3 + 3.7 M ":s™!, respectively. The
nearly reverse relationship between Ky and k../Ky values
(Figure 3) indicates that the alkyl chain length dependent-
absolute catalytic efficiency should be mainly driven by their
Ky values. Furthermore, we compared the k/Ky values of
both the assembly state and nonassembly state (maybe
oligomers) in the cases of HS-Cs-His-Phe and HS-C,4-His-
Phe, respectively. It was found that k_,/Ky, values of HS-C,¢-
His-Phe in its non-assembly state and assembly state are 118.4
+ 4.0 and 358.4 + 18.6 M™'s™!, respectively. Also, k../Ky
values of HS-C g-His-Phe in its nonassembly state and
assembly state are 322.0 + 3.7 and 5183 + 3.7 M ls
respectively (Figure S6 and Table SS). This result supports
that the self-assembly of the catalysts should play an important
role in the catalysis reaction. For evaluating the stability of the
self-assembled catalysts with different lengths of alkyl chains
toward the catalysis reaction, we conducted the catalytic

https://doi.org/10.1021/acsomega.2c06972
ACS Omega 2023, 8, 2491-2500


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06972?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06972?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06972?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06972?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
{ -
2+ 1480
ey
— L] E N
E 1320 gj
G s
; {160 "
|
OF = M v Y Jo
nl=4 % 1I1 1|5 117

HS-C,.,-His-Phe

Figure 3. Relationship of Ky or k,/Ky of DNPB catalyzed by HS-
C,.1-His-Phe and n number. Black downright triangles represent K,
and red squares represent k,,/Ky;. Experimental conditions: HS-C,,, -
His-Phe are 30 uM (n = 4), 20 uM (n = 7), 10 uM (n = 11), 2.5 uM
(n=15),and 2.3 uM (n = 17); 10 mM HEPES buffer solution of pH
7.4 containing 10% MeCN; temperature was set as 37 °C. All error
bars in this work were obtained through measuring three parallel
experiments.

hydrolysis reaction experiments of the same self-assembled
catalysts under different duration times toward DNPB
(transferring the identical volumes of the catalyst stock
solution into HEPES buffer solution to obtain different
duration times and then conducting the catalysis reaction).
In all HS-C,,;-His-Phe cases, it was found that the k_./Ky
values show slight changes with changing duration times, from
0 to 36 h (Figure S7 and Table S6). The slight change in k,./
Ky may originate from a small change in the morphology and/
or size of self-assembled nanofibers with different duration
times.

We used SEM experiments to probe the morphologies of
HS-C,,,-His-Phe aggregates in aqueous solutions. HS-C-His-
Phe only shows an irregular and lumpy morphology (Figure
4a), quite different from that of other HS-C,,;-His-Phe (n = 7,
11, 15, and 17) which can self-assemble to form observable
nanofibers (Figure 4b—e). The morphologic difference
between HS-Cs-His-Phe and other tested HS-C,,;-His-Phe
(n=7,11, 15, and 17) is also supported by the results of TEM
experiments (Figure S8). A phosphotungstic acid negatively
staining method was further used to afford clearer TEM images
in HS-C,s-His-Phe, HS-C,4-His-Phe, and HS-C,,-His-Phe
samples. Unambiguous nanofibrous structures could be
observed (Figure 4g—i). The diameters calculated from Image]J
software are 10.3 + 0.9 nm for HS-C,,-His-Phe, 21.6 + 1.3 nm
for HS-C 4-His-Phe, and 21.9 + 2.0 nm for HS-C,4-His-Phe,
respectively, on the basis of their negatively stained TEM
images. The fiber-like aggregates were further verified by using
laser scanning confocal microscope experiments, in which the
catalyst aqueous solutions were directly used to observe the
images, rather than the dried sample, affording a more
convincing support for the formation of nanofibers in aqueous
solution (Figure S9). A single nucleation event followed by
uniform growth in the fast and slow directions, in analogy to
living polymerization, should be considered as a possible
mechanism of self-assembled nanofiber formation.””*’ Besides
microscope experiments, '"H NMR spectra of 50 uM HS-C,, -
His-Phe (5% CD;0D + 95% H,0) were recorded on an 850
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MHz NMR instrument to afford a supporting for the
aggregation, too. It is found that the H chemical shift from
alkyl chains gradually disappears in the fine signals and
broadens with increasing the number of # from 7 to 17 under
identical concentration (Figure 4f). This result, together with
the results of SEM and TEM, supports that the aggregation of
HS-C,,,-His-Phe bearing a long alkyl chain in the aqueous
solution to create nanofibrous morphology is strengthened,
compared with that containing a short alkyl chain.*'

Furthermore, theoretical calculation was further conducted
to probe the molecular aggregation behaviors of HS-C,,,,-His-
Phe. The optimal structures of dimers in the aqueous solution,
calculated at the B3LYP method and the 6-31g(d) basis set by
using the Gaussian 09 program suite,*” reveal that the energies
of the cases of HS-C,4-His-Phe and HS-C,g-His-Phe are
significantly lower than cases of n = S, 8, and 12 (Figure 4j—n).
This energy difference supports that HS-C,s-His-Phe and HS-
C,s-His-Phe more easily form a dimer and even further self-
assemble with extended conformations to achieve ordered
chain arrangements in aqueous solution, compared to those
with a relatively short chain.

Considering the use of dipeptide as a catalyst, the pH-
dependent-absolute catalytic activity was studied in HS-C¢-
His-Phe case. Two pK, values occur in this curve profile. The
first pK, of 4.2 originates from the terminal carboxylate of Phe,
and the second pK, of 6.4 can be assigned to the imidazole
moiety of His (Figure 5). This observation is similar to the
previously reported work in which the dipeptide was clustered
on the surface of Au nanoparticles.”’ The decrease of pK, of
imidazole in this work, compared with alone imidazole (6.8),
supported its aggregate state, likely originating from the
contribution of local hydrophobicity of the aggregate.*’
However, pK, of the —SH group was hardly observed in this
case, likely because (i) when pH was enhanced to close to pK,
of imidazole (6.4), —SH groups from the catalysts have started
to transform into RS™ due to the involvement of imidazole to
the deprotonation of R-SH,** considering its pK, of 8.3,* and
with increasing pH to 7.4 almost 99% —SH groups have been
transformed into RS™. This means that the inflection region
ascribed to that of imidazole has contained the contribution of
RS™. (ii) The actual nucleophile may be the thiol (a much
poorer nucleophile than the thiolate, though) and the proton is
transferred once the nucleophilic attack has occurred. The
involvement of imidazole to the deprotonation of R-SH has
also been reported by Baker.*® We are also curious to know
what will happen to the catalytic activity for the ester
hydrolysis if the His, Phe, and —SH moieties of the dipeptide
molecule are alternately removed. Therefore, we synthesized
the control compounds, HS-Cs-His, HS-C4-Phe, C,4-His-
Phe, and HO-C 4-His-Phe, by removing Phe, His, and —SH,
and changing the —SH group into the —OH group in HS-C ¢
His-Phe, respectively (Figure 6a). These compounds were
used as the catalyst, respectively, to the hydrolysis reaction of
DNPB. Considering that these catalysts likely self-assemble in
aqueous solutions, CAC values were also determined by using
a fluorescent probe (NR) method (Figure S10). When the
catalyst concentration was set as the corresponding CAC,
DNPB was used to conduct Michaelis—Menten equation
experiments (Figure S11). These catalytic parameters are listed
in Table S7. Very intriguingly, seen from Figure 6b, the k,./Ky
values of HS-C4-His and HS-C4-Phe are found to drop to
50.7 + 1.8 and 5.4 + 1. 8 M™":s7/, respectively, compared with
that of HS-C,,His-Phe (3584 + 18.6 M 's™!). These

https://doi.org/10.1021/acsomega.2c06972
ACS Omega 2023, 8, 2491-2500


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06972/suppl_file/ao2c06972_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06972?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

500 nm

HS-C;-His-Phe dimer

HS-Cy-His-Phe dimer

HS-C,,-His-Phe dimer

-2.8 keal.mol - -2.3 keal.mol - -2.4 kcal.mol -
2, 22, .
() Sanpanty e -
A cen? 22T e 2 B s R A SR
< a5 NEERP P s L L o ‘.ﬂt'ﬂ. s
o, 4 2 A5 2% . eV bt
:b.‘ c.‘q‘ %"“‘Qi SR o 23 ) s;‘;l‘."ﬁ‘ . %4 u‘.‘ 4
- » %3 ted et T ettt T %S
L) : &N T hh N
b PR T A <%
HS-C4-His-Phe dimer HS-C,s-His-Phe dimer :
-7.3 keal.mol ! -7.2 kcal.mol !

Figure 4. Scanning electron microscopy (SEM) images of the HS-C,,-His-Phe (n =4, (a); n =7, (b); n = 11, (c); n = 15, (d); n = 17, (e)), partial
proton nuclear magnetic resonance ("H NMR) of HS-C,,,,-His-Phe (5% CD;0D + 95% H,0) obtained on an 850 MHz NMR instrument (f), and
negatively stained transmission electron microscopy (TEM) images of the HS-C,,;-His-Phe (n = 17, (g); n = 15, (h); n = 11, (i)). Optimal
structures of the HS-C,,;-His-Phe dimers (j—n), In (j—n), the yellow, blue, and red big balls represent S, N, and O atoms, respectively, and the

small and big gray balls represent H and C atoms, respectively.
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Figure S. pH-dependent log(k,./Ky;) of HS-C,¢-His-Phe.

decreases of 1—2 orders of magnitude fully demonstrate the
importance of the His-Phe dipeptide head for this ester
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hydrolysis reaction. In fact, the imidazole moiety of the His
acting as a general base role was found to be an important
active-site in many natural esterases such as a-ChS," as
mentioned in the Introduction. The k_,/Ky values of C,¢His-
Phe without a terminal —SH group and of HO-C 4-His-Phe
containing a terminal —OH group are 1.3 + 0.7 and 53.9 + 1.
8 M !s7!, respectively, also lower 1—2 orders of magnitude
than that of HS-C 4His-Phe, supportive of the importance of
the —SH group. Moreover, this is reasonable since the
nucleophilic ability of the —SH group is higher than that of
—OH™ and introducing a terminal —OH group significantly
weakens its hydrophobicity, supported by the difference of
their CAC values. Furthermore, when the long hexadecanoyl
chain is changed into the short acetyl group to create Ac-His-
Phe (Figure 6a), its k./Ky value of 1.2 + 0.1 M™":s™", nearly
close to that of C,4-His-Phe, is indicative of the importance of
introducing —SH, again. In fact, the oxidation experiments of
H,0, can substantially support that the contribution to the
catalysis reaction is —SH group rather than the assumed
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Figure 6. Molecular structures of HS-C 4-His-Phe and the control
catalysts (a). Comparisons of k,/Ky for the hydrolysis reaction of
substrate DNPB catalyzed by HS-C s-His-Phe and its control
compounds (b). Experimental conditions: [HS-C,s-His-Phe] = 2.5
uM, [HO-C,¢-His-Phe] = 18 uM, [HS-C,-His] = 9 uM, [HS-C
Phe] = 9 uM, [C,s-His-Phe] = 160 uM, [Ac-His-Phe] = 100 uM,
respectively; 10 mM HEPES buffer solution of pH 7.4 containing 10%
MeCN; temperature = 37 °C.

disulfide compound in the aqueous solution (see the
Supporting Information, Figure S12).

All taken together, we can primarily propose that the O
atom of the carbonylate group of Phe is hydrogen bonded by
the H atom of H-N in the imidazole moiety to increase the
pK, of imidazole leading to a stronger general base, similar to
the interaction between His and Asp moieties in @-ChS since it
possesses a popular Ser-His-Asp triad.”* The N atom of the
imidazole ring can deprotonate the terminal —SH group from
adjacent another catalyst molecule via the intermolecular
aggregation, or from the same catalyst molecule via intra-
molecular folding, to form a strong nucleophile to attack the
carboxylic ester bond of the substrate, thus likely leading to a
suitable binding domain composed of a hydrogen bonding
acceptor (—CO,” of Phe), base (—imidazole of His) and
nucleophile (—SH). The —SH group used as a nucleophile in
enzymatic mimicking the hydrolysis reaction of carboxylic ester
has also been demonstrated.”™*” For example, Woolfson™*
used a heptameric peptide CC-Hept-Cys-His-Glu assembly
containing the —SH group to mimic enzyme behavior toward
the hydrolysis reaction of p-NPA. This catalysis hydrolysis
reaction showed a two-step process, the formation (fast kinetic
burst) and hydrolysis (slow turnover kinetics) of the thioester
intermediate, respectively. Therefore, enlightened by their
research, we also conducted the experiments of reaction time-
dependent release of the 2,4-DNP anion, indicating a distinct
two-state kinetic profile in HS-C 4-His-Phe case of our work
(Figure S13a). This result is similar to the observation
reported by Woolfson,** involving a covalently bound acyl
intermediate. Furthermore, the y-intercept of the second state
curve of this profile is matched with the added catalyst
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concentration (Figure S13a, black line). This indicates that the
intermediate is bound on the dipeptide. We further tried to
afford the rate constants of the two steps in our work by using
an empirical function containing a single exponential and a
linear component:** y = a1 —e™ ]+ c[1—e® ]+ L-t(in
which y is the concentration of catalyst, a and ¢ are the
observed burst amplitude, b and d are the observed single
exponential burst rate constant, and L is the observed linear
rate constant), fitted by SigmaPlot software (Figure S14), and
the fitting curve corresponding to two steps is shown in Figure
S13a (red line). The rate constant of burst was calculated to be
0.0062 s, 1 order of magnitude higher than of turn-over
phase (62 times), 0.0001 s™' (Table S8). The HRMS
experiments of the reaction solution revealed a measured m/
z signal peak at 671.3741, well matched with the theoretically
calculated m/z value of the assumed thioester intermediate,
641.3742 ([M—H]~), monitored in both reaction times of 5
and 20 min, as shown in Figure 7ab. Importantly, the
abundance of MS signal peaks at 671.3741 of the acylated
intermediate in the reaction time of 20 min (Figure 7b) is
lower 20 times than that in the reaction time of S min (Figure
7a). Besides this, the abundance of MS signal peaks of HS-C -
His-Phe (m/z found at 571.3325 or 571.3320), consistent with
its theoretically calculated m/z value, 571.3324 ([M—H]™),
increased by ~1 order of magnitude with extending the
reaction time from 10 min (Figure 7c) to 30 min (Figure 7d),
substantially confirming that the relatively rapid release of HS-
C,-His-Phe occurred in the turn-over phase. These results can
afford evidence for the thiol group being a nucleophilic role to
the hydrolysis reaction of carboxylic ester. Indeed, HS-C ¢-His-
Phe can show a robust catalysis with more than 34 turnovers
(5 uM catalyst vs 200 uM DNPB) for extending the reaction
time to S h (Figure S14b). Although we made considerable
efforts to try to validate the catalytic mechanism, the assumed
triad, we have to acknowledge that other possible pathways
maybe exist in our system, considering that actual assembly
structures have not been fully understood so far.

To further compare this catalytic efficiency (k../Ky) with
that of natural enzymes, a-ChS was used to catalyze the
hydrolysis reaction of DNPB under identical experimental
conditions (Figure S15). The k/Ky of a-ChS was measured
to be 397.1 + 1.1 M™%s™}, far smaller than that of HS-C,4-His-
Phe (k.,./Ky of 518.3 + 3.7 M™*s™"), and close to that of HS-
C,4-His-Phe (358.4 + 18.6 M~":s™'). Furthermore, k_,, values
for both HS-C ¢-His-Phe (0.01 s™!) and HS-C ,-His-Phe (0.02
s™') are higher than that of a-ChS (0.009 s™'). We should
point out that although this synthetic multivalent catalyst
system is comparable to natural @-ChS at intrinsic and absolute
catalytic efficiencies, at least, this does mean our system is
completely superior to a-ChS, considering that DNPB is a
synthesized substrate rather a natural substrate. In fact, we are
pleased to observe that, when the cases of using the same
substrate are compared, the k_,/Ky values (n = 15 and 17) in
this work are 1 order magnitude higher than that of
monolayer-protected Au NPs (~10 M™"s™") via using similar
dipeptide molecules containing a terminal —SH group to
cluster on the surface.’’ Besides k. /Ky, k. values in our
present work (0.01 s for n = 15 and 0.02 s™* for n = 17) are
also two orders of magnitude higher than that in this reported
work (1.5 X 107* s71).>" We consider that the low catalytic
efficiency in their work is likely attributed to the sacrifice of the
—SH group used as the nucleophile due to the formation of
Au—SR bonds, although the multivalent nature occurs. The
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Figure 7. HRMS results for probing the thioester intermediate in the hydrolysis reaction of 20 4M DNPB catalyzed by 2.5 uM HS-C,¢-His-Phe for
S min (a) and 20 min (b), and HRMS results for probing released HS-C ¢-His-Phe in the hydrolysis reaction of 20 uM DNPB catalyzed by 2.5 uM

HS-C,4-His-Phe for 10 min (c) and 30 min (d).

comparison of k,/Ky values of other examples and this work,
using p-NPA or other representative carboxylic esters as the
substrate, was summarized in Table 1. Although the exact

Table 1. k_,./Ky; Values for the Hydrolysis Reactions of
Carboxylic Esters in Previously Reported Cases and This
Work Used Peptides as the Basic Catalytic Units

catalyst pH  substrate ke/Kyy (M1s71)
dipeptide-coated Au’' 7.0  DNPB ~10

Au-PEP* 7.0  DNPB ~100

H1/Au MPC 1'% 7.0  Cbz-Phe-ONP 473
Hg-Zn-TRIL9CL23H? 7.5 p-NPA 1.38
Ac-THIHIQI-CONH,'” 80  p-NPA 3.7
CC-Hept-Cys-His-Glu* 7.0  p-NPA 22
HS-C,g-His-Phe (this work) 7.4  p-NPA 12.4
HS-C,¢-His-Phe (this work) 7.4  DNPB 518.3

comparison of these studies is hardly achieved due to the
differences of the substrates and experimental conditions, our
work looked outstanding in the absolute catalytic efficiency.

B CONCLUSIONS

In conclusion, a His-Phe dipeptide head and a terminal —SH
group were linked by a hydrophobic alkyl chain with varying
lengths to create one class of minimalistic dipeptide molecules,
HS-C,,;-His-Phe (n = 4, 7, 11, 15, and 17) to create
multivalent nanofiber structures via self-assembly in aqueous

solution, that can catalyze the hydrolysis reactions of carboxylic
esters. The catalytic activity generally increases with increasing
n number and can reach 358.4 + 18.6 M~'s™! (n = 15) and
518.3 + 3.7 M 's7! (n = 17) for the k_,,/Ky; value. In addition
to the outstanding catalytic efficiency, this minimalistic
dipeptide system can show high substrate specificity when
four substrates were used to compare their Ky and k./Ky
values. The His, Phe, and —SH moieties and long hydrophobic
alkyl chains were found to be indispensable for this catalytic
hydrolysis reaction with such exciting efficiencies, challenge-
able to natural a-ChS at reaction rate (k. and k.,/Kyy), at
least, strictly speaking, toward the substrate DNPB. The system
presented in this work allows for several intriguing possibilities,
including the possibility of changing the length of hydrophobic
alkyl chain to tune the catalytic activity when other catalytic
units are used, and the possibility of adding more examples to
bridge the gap between structural complexity and minimalist,
by changing the catalytic units. Furthermore, if less activated
carboxylic esters**" catalyzed by such a system are
considered, the p-nitro-phenol moiety, functioned as the
UV-—vis absorption signal, can be replaced by a fluorescent
molecule containing a —OH group to create a non-fluorescent
and less activated carboxylic ester, probed by fluorescence
spectra, in future work.

B EXPERIMENTAL SECTION

Materials. Catalysts, control catalysts, and substrates
including DNPA, DNPB, and p-NPB mentioned by this
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work were synthesized. p-NPA, NR, a-ChS, and other
chemicals and solvents were commercially purchased. The
ultrapure water was obtained from a Milli-Q_system.

Synthesis and Characterization of Catalysts and
Substrates. For the detailed synthesis procedures, refer to
the Supporting Information (Schemes S1—-S15), and "HNMR,
3C NMR, and MS characterization studies are shown in
Figures S15—S104.

Measuring pK, Values of p-Nitrophenol and 2,4-
Dinitrophenol Anions. The UV—Vis absorption spectra of
p-nitrophenol and 2,4-dinitrophenol with 50 yM concen-
trations in buffer solutions containing 10% MeCN with varying
pH values (pH 34, 44, 54, 64, and 7.4 for 24-
dinitrophenol; pH 5.4, 64, 74, 84, and 9.4 for p-
nitrophenol) were measured to afford absorbance at 400 nm
(p-nitrophenol anion) and 410 nm (2,4-dinitrophenol anion).
The pK, values of p-nitrophenol anion and 2,4-dinitrophenol
anion were obtained by fitting the equation in the Supporting
Information.

Michaelis—Menten Equation Kinetics. HS-C,,,-His-Phe
used as the catalysts to the hydrolysis reactions of carboxylic
ester substrates was probed by measuring the change of the
reaction time dependent-absorbance at 400 or 410 nm
wavelength, respectively: a certain volume of the HS-C,, -
His-Phe stock solution and a series of volumes of substrate
stock solution (from 0 to 600 uL) were mixed in 5 mL test
tubes, respectively. The total volume was kept at 3 mL by
adding a certain volume of 10 mM HEPES buffer solution of
pH 7.4 containing 10% MeCN, leading to HS-C,,,-His-Phe
final concentration that was at the corresponding CAC
concentrations and the final concentration of substrate was
from 0 to 1000 uM. Absorbance at 410 nm (for DNPB and
DNPA) and 400 nm (for p-NPB and p-NPA) of the reaction
solution was monitored on a recorded by a UV-2600
spectrometer (Shimadzu, Japan) in which the scanning time
was extended to S min at 37 °C.

The initial rate was calculated from the reaction time
dependent-absorbance of 2,4-dinitrophenol anion (for DNPB
and DNPA) at 410 nm or p-nitrophenol (for p-NPB and p-
NPA) anion at 400 nm evolving curves. The reaction product
p-nitrophenol anion or 2,4-dinitrophenol anion concentration
could be determined, according to the molar absorption
coefficient (&) of 2,4-dinitrophenol anion (for DNPB and
DNPA) and p-nitrophenol anion (for p-NPB and p-NPA)
which was found to be 11645.7 and 9742.7 L-mol ':cm™},
respectively.

Electrospray lonization-Mass Spectrometry (ESI-MS)
Experiments for Probing the Hydrolysis Reactions. HS-
C,¢-His-Phe concentration was set as 3 uM, the substrate
concentration was set as 20 #M, and the temperature was kept
at 37 °C for 20 min. The reaction solution was then injected
into the ESI-MS system for obtaining desirable ESI-MS
spectra.

Probing CAC by a Fluorescent Probe NR Method. Ten
microliters of 0.5 mM NR stock solution and 2 mL of 10 mM
HEPES buffer solution of pH 7.4 containing 10% MeCN were
added into a 5 mL test tube to obtain a series of test tubes
containing 2.5 uM NR. After that, different amounts of catalyst
were added into each test tube, respectively, and these test
tubes were kept for 30 min at room temperature to record their
fluorescence spectra. The excitation wavelength was used as
564 nm. The experiments are carried out on an F-7000
fluorescence spectrometer (Hitachi, Japan).
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Determining pH-Dependent log(k.,./Ky) Profile. Buf-
fer solutions used (10 mM, containing 10% MeCN) are citric
acid/sodium citrate (pH = 3.4), acetic acid/sodium acetate
(pH = 4.4 and 5.4), MES (pH = 6.4), HEPES (pH = 7.4),
Tris—HCI (pH = 8.0), and CHES (pH = 9.4). Experimental
conditions: [HS-C,4-His-Phe] = 2.5 uM, DNPB was chosen to
conduct Michaelis—Menten kinetics experiments, and the test
temperature was set as 37 °C.

850 MHz 'H NMR Spectra of HS-C,,;-His-Phe. HS-
C,;1-His-Phe was dissolved in 5% CD;0D—-95% H,O mixing
solvent to afford 50 M at concentration, and the chemical
shift signal in the range of 1.20—1.34 ppm was collected by an
850 MHz/AVANCE III system (Bruker, Switzerland).

Morphology Characterization. SEM. The HS-C,,;-His-
Phe samples were dissolved in water/acetonitrile mixed solvent
(the volume ratio of water to acetonitrile is 9/1) to afford the
concentration slightly higher than their corresponding CAC
values, respectively, and 10 uL of the prepared solution was
taken on the silicon wafer. After the samples were dried at
room temperature, another 10 pL of the prepared solutions
were taken again on the same sample spot on the silicon wafer
to repeat the dry procedure to obtain SEM samples. Then, the
morphologies of the samples were observed on a field emission
scanning electron microscope (FESEM, S-4800, Hitachi,
Japan).

TEM. For TEM samples without a staining procedure, 3 uL
of the above HS-C,,-His-Phe sample solution in SEM
experiments was dropped on ultrathin carbon-supported
copper mesh, respectively. Then, the samples were dried at
room temperature to obtain TEM samples. For negatively
stained TEM samples, 3 uL of the above HS-C,,,-His-Phe
sample solution was dropped on ultrathin carbon-supported
copper mesh, respectively. Next, the filter paper was used to
suck the droplets away from the edge to retain a thin liquid
film. Then, the copper meshes covered with the sample were
carefully buckled on the phosphotungstic acid solution (1%)
for 1 min and subsequently were carefully taken out and dried
at room temperature to conduct TEM experiments. Then, the
morphologies were observed through a transmission electron
microscope (TEM, H-7650, Hitachi, Japan).

Laser Scanning Confocal Microscope. One milliliter of the
above HS-C,,,-His-Phe sample solution in SEM experiments
and 5 uL of 0.5 mM NR solution were mixed, and then $ yL
the mixed solution was dropped on a glass slide. The dropped
glass slide was carefully covered by another glass slide, and the
sample was placed into the uploading sample position of a laser
scanning confocal microscope, and images were obtained from
a Leica TCS SP8 instrument (Leica, Germany) equipped with
a 552 nm laser for obtaining images.

Theoretical Calculations. The electronic structures,
optimized geometries, and frequency properties of the
monomers and dimers of HS-Cs-His-Phe, HS-Cg-His-Phe,
HS-C,,-His-Phe, HS-C,4-His-Phe, and HS-C,g-His-Phe were
calculated at the B3LYP method and the 6-31g(d) basis set
using the Gaussian 09 program suite.* The harmonic
vibrational frequencies were computed to verify that each
geometry was a true minimum and was found to have no
negative frequencies for the most stable structures. The solvent
effect was considered using the SMD continuum solvent
model, which takes into account the full solute electron density
in calculating the solvation energy.
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The routes of synthesis (Schemes S1-S15), the
experimental procedures of synthesis, and the character-
ization of catalysts and substrates, the experimental
procedures of measuring basic catalytic parameters, and
theoretical calculations, and supporting experimental
results (Figures S1—S104 and Tables S1—S8) (PDF)
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