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The functions of peptides often emerge upon their self-assembly or binding with other co-factors.
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However, the synthetic complexity makes these functional peptides intractable. Here, we utilize the

ester—amide exchange reaction in deep eutectic solvents to generate peptide libraries from unactivated
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Peptides are versatile biomolecules for catalysis,* drug delivery,
and understanding the origin of life on prebiotic Earth.* The
functions of peptides emerge from their assembly by van der
Waals, electrostatic, hydrogen bonding, and m-m stacking
interactions.® In particular, the assembled peptides may exhibit
catalytic activities by providing microenvironments to bind
substrates and co-factors, such as metal ions and porphyrinic
compounds.* For instance, horseradish peroxidase (HRP) relies
on hemin-based co-factors for its oxidase activity.® Indeed,
several recent works use peptides®® or modified amino acids'®"
to provide hydrophobic coordinating environments for hemin-
binding. The modern route to catalytic peptides employs
arational design that selectively adopts known active sequences
from natural proteins.**> Some approaches also utilize the high-
throughput combinatorial strategy that surveys functional
candidates from extensive libraries of peptides."*™* Neverthe-
less, complex intermolecular interactions are often difficult to
predict. The current synthetic strategy of peptides, especially
from unactivated amino acids, is still time-consuming and
expensive.’ For example, conventional peptide coupling reac-
tions, such as those used in solid-phase peptide synthesis
(SPPS), require stoichiometric amounts of expensive coupling
agents and a large amount of toxic solvents.”*® Despite these
challenges, they are widely used to synthesize long peptides
with precise sequence control. Ring-opening polymerization of
N-carboxy anhydride needs strict reaction environments.*
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amino acids. This strategy leads to peptide mixtures that exhibit hemin-binding capability and

Genetic engineering for peptide expression is limited by
intensive labor and low yield.*

Our previous works on the ester-amide exchange reaction
provide a simple method to synthesize a wide range of peptides
directly from unactivated amino acids.***** Hydroxy acids, such
as glycolic acid and lactic acids, form ester linkages upon
heating. Subsequently, the ester bonds are exchanged by amine
groups of amino acids to form peptide bonds. This process
leads to depsipeptides, copolymers containing both ester and
amide bonds. This simple reaction can be further modulated by
deep eutectic solvents (DES). DES are typically mixtures of
hydrogen bond donors and hydrogen bond acceptors.***® The
intense hydrogen bonding between the two components leads
to enthalpic-driven negative deviations from thermodynamic
ideality and a significant reduction of melting points of the
eutectic mixtures.” DES has been applied as an alternative
media for extraction”” and polymer synthesis.”® We found that
hydroxy acids and quaternary ammonium salts form DES that
selectively enhance the amide bond formation, leading to
peptides with their N-terminus capped by hydroxy acids.***° The
simplicity of this approach should enable a rapid survey of
oligopeptides toward specific functions. Although this method
produces mostly short peptides with 2 to 10 residues, several
reports have found short or even ultrashort peptides are known
to self-assemble and exhibit catalytic activity.>**** These short
peptides may provide a cost-effective route to active catalysts.**
Nevertheless, only a few works demonstrate that peptides or
depsipeptides from polycondensation and ester-amide
exchange exhibit hydrolase-like activity.>** More complex
functions, such as binding co-factors and oxidase-like activity,
have not been achieved.

In this work, we utilized the DES-mediated peptide synthesis
to survey peptides for hemin-binding capability and peroxidase-
like catalytic behavior (Fig. 1). DES of tetraethylammonium
chloride (TEACI) and lactic acid (a) were used to promote
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Fig. 1 The proposed approach to generate and screen catalytic
peptides from DES-mediated ester—amide exchange reaction.

peptide bond formation, as reported in our early works.”*?° A
high reaction temperature (120 °C) was used to ensure most
amino acids have been reacted. Because most proteins utilized
histidine (H) to coordinate hemin,* we mainly studied peptides
synthesized from mixtures of histidine and other amino acids.
The co-assembly of peptides and hemin was achieved by
a common solvent-switching method.** Hemin and peptides
were first dissolved in dimethyl sulfoxide (DMSO) and then
transferred to aqueous phosphate buffer solution for co-
assembly. UV-Vis spectra of assembled complexes were
analyzed to evaluate the hemin-binding capability of different
peptide mixtures.

First, we investigated the hemin-binding activity of peptides
prepared from histidine and various amino acids. Hydrophobic
amino acids like phenylalanine (F), leucine (L), valine (V), and
alanine (A) were used. Polar amino acids, such as lysine (K) and
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Fig. 2 (a) UV-Vis spectra of hemin with peptides generated from

different amino acids. The ratio of histidine to other amino acids was
100:100. The molar ratio of amino acids to hemin was 80 : 1. (b) UV-
Vis spectra of hemin with HF peptides using different H/F ratio. The
molar ratio of amino acids to hemin was 80 : 1. (c) UV-vis spectra of
hemin with HF peptides using different HF/hemin ratio. (d) Absorbance
change vs. HF/hemin ratio. The molar ratio of H to F in the peptide
mixture was 100 :100. The concentration of hemin was 10 uM. The
solution was a 100 mM phosphate buffer solution at pH 7.0.
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aspartic acid (D), were also included. As shown in Fig. 2a, the
UV-Vis spectrum of hemin in aqueous solution showed a broad
Soret band at 370-390 nm and a weak Q band at 635 nm, cor-
responding to the aggregated hemin dimers.*> Among these
pairs of amino acid mixtures, peptides from histidine and
phenylalanine exhibited superior hemin binding capability, as
characterized by significant shifts in both the Soret band and
the Q band. For completeness, we also analyzed the products
from other amino acids (cysteine (C), glycine (G), methionine
(M), arginine (R), and serine (S)) that are known for hemin-
binding.' Again, none of them showed significant changes in
UV-Vis spectra after mixing with hemin (Fig. S1, ESIf). We
further utilized liquid chromatography-mass spectrometry (LC-
MS) to identify the oligomers produced by various amino acid
combinations (Fig. S2 to S12, ESIT). Similar to previous work,*
products were designated by the number of lactic acids
(lowercase letter “a”) and amino acid residues (uppercase
letters) without specifying their positions in the sequence. Most
products were short oligomers with up to 3 amino acid residues.
For the H/F combination, the main products observed were
lalH, 1alF, and 1a2F, meaning that the first peptide had one
lactic acid and one histidine residue in the structure, the second
peptide had one lactic acid and one phenylalanine, and the
third peptide had one lactic acid and two phenylalanines. The
terminal groups were H- and -OH, indicating uncapped (depsi)
peptides. Some mixed oligomers like 1alH1F were also
observed. We hypothesize that the aromatic side chain of
phenylalanine not only provides a hydrophobic microenviron-
ment but also forms m-7 interactions with the heterocyclic
structure of hemin to stabilize hemin more effectively than
other amino acids.

We further changed the molar ratio of histidine to phenyl-
alanine in the starting materials. As shown in Fig. 2b, the ratio
of the two monomers significantly changed the hemin-binding
affinity of the peptides. Peptides composed solely of phenylal-
anine showed no hemin-binding capability and tended to
precipitate, resulting in a low UV-vis absorbance. Peptides
prepared solely from histidine only had minimal hemin-
binding capability, consistent with other reports using poly(-
histidine).*® The product with H:F = 100:100 showed the
optimal binding capability to hemin. These peptides were also
analyzed by LC-MS and sequenced by tandem MS (Fig. S13 to
S21, ESIt). The main product using only phenylalanine was a-F.
Peptides composed solely of histidine only contained oligomers
like a-H and a-H. The samples with both histidine and
phenylalanine showed mixed oligomers like a-H-F and a-F-H.
All products contained a lactic acid unit at their N-termini, as
expected for the ester-amide exchange reaction.

We also attempted to quantify the amount of HF-derived
peptides required to coordinate hemin. Since the ester-amide
exchange reaction provides a mixture of peptides, it was difficult
to estimate the exact concentration of each peptide in our
products. Therefore, we used the total amount of amino acids in
the starting materials to represent the quantity of peptide
mixture. As shown in Fig. 2¢, increasing the concentration of
peptides indeed leads to a gradual change in UV-Vis spectra.
The changes in UV-Vis spectra were most significant when HF :

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hemin ratio was 80 : 1. The ratio of absorbance at 417 nm and
370 nm was used as an indicator for the extent of hemin-
binding. The absorbance reached a maximum at 80:1, but
decreased slightly at 100:1, potentially because of the large
quantity of precipitated peptides (Fig. 2d). We also compared
the ability of histidine monomers to bind with hemin, espe-
cially since existing literature has found that histidine may
directly bind to hemin.*® As shown in Fig. S22a (ESIf), the
addition of histidine monomers changed the UV-Vis spectrum
of hemin, showing a redshift in the Soret band and the
appearance of Q bands at 537 and 565 nm. However, the
concentration of histidine needed to be at least 10 000 times
that of hemin to be effective (Fig. S22b, ESIt). In contrast, the
HF peptide requires an amino acid concentration only 80 times
that of hemin to achieve significant changes in the UV-Vis
spectra, suggesting that the assembly and aggregation of the
peptides provide the necessary microenvironment for the
hemin complex.

Next, we examined the effect of reaction conditions, such as
DES and temperature, on the hemin-binding capability of HF-
derived peptides. As shown in Fig. S23a (ESIT), the products
synthesized at a lower temperature (95 °C) in DES still changed
the UV-Vis absorption of hemin. In the cases without TEACI to
form DES, the products from 120 °C also exhibited hemin-
binding capability. However, when the reaction temperature
was lowered to 95 °C, the product without TEACI could not
coordinate hemin (Fig. S23b, ESIT). For the sample prepared at
95 °C with DES, the main products were similar to the one at
120 °C, but at lower abundance (Fig. S24 and S25, ESIt). Some
unreactive amino acids could also be found. Similar product
distribution were found in the control experiment without
TEACI at 120 °C (Fig. S26 and S27, ESIf). Reaction at 95 °C
without DES only produced 1alF and 1alH with much lower
abundance than in previous cases (Fig. S28, ESIT). Based on
these results, DES effectively reduces the reaction temperature
required to synthesize active peptides that coordinate hemin.

Furthermore, we prepared two batches of peptide products
by using only histidine (H: F =200 : 0) or phenylalanine (H: F =
0:200). The two batches were then physically mixed for the
hemin binding test. The physically mixed peptides exhibited
some hemin binding capability, but it was not as effective as the
sample synthesized using both histidine and phenylalanine as
starting material (Fig. S29a, ESIT). We also varied the molar
ratio of physically mixed peptides to hemin and found that the
ratio of 80:1 still exhibited the most effective hemin binding
(Fig. S29b, ESIt). We then conclude that the combination of
short oligomers with only histidine and phenylalanine (a-H and
a-F) was sufficient to bind hemin, but peptides with mixed
sequences of both amino acids could promote the hemin
binding process.

We then examined the assembly and aggregation
morphology of HF/hemin complex. As shown in Fig. 3a, both HF
peptides and HF/hemin aggregated in water, but their colloidal
stability was significantly different. HF peptides exhibited
noticeable precipitation after 3 hours, whereas the HF/hemin
complex did not precipitate. Fig. 3b shows the particle size
distribution measured by dynamic light scattering (DLS). HF
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Fig. 3 (a) The colloidal stability of HF and HF/hemin complex. (b)
Particle size distribution of HF peptides and HF/hemin, determined by
DLS. (c) AFM image of HF. (d) AFM image of HF/hemin. The molar ratio
of amino acids to hemin was 80 : 1. HF peptides were prepared from
a mixture of TEACl/a/H/F (100:100:100:100) at 120 °C for 3 days.

peptides tended to form large aggregates, with some beyond the
detection limit of the DLS measurement. In contrast, the
particle size of the HF/hemin complex was generally small and
exhibited two distinct size distributions, approximately 100 nm
and 900 nm in diameter. We also used atomic force microscopy
(AFM) to observe the morphology of the samples (Fig. 3c and d).
The HF peptides formed larger and irregular aggregates, while
the HF/hemin complex predominantly formed nearly spherical
particles with some aggregation. This result indicates some
synergistic interactions between hemin and the HF-derived
peptides exist during the assembly process to form colloidally
stable particles.

We further examined the enzymatic activity of the HF/hemin
complex by using the H,0,-mediated oxidation of 3,3',5,5'-tet-
ramethylbenzidine (TMB).>** The substrate TMB is a colorless
compound, and its oxidized product has a blue-green color with
a high absorbance at a wavelength of 652 nm. Thus, the change
in color and UV-Vis spectra can be used to verify the activity of
the catalysts. As shown in Fig. 4a, samples without any catalyst
or with only HF peptides showed no significant color change
after 500 seconds. The sample with hemin alone exhibited
a weak blue-green color. On the other hand, the sample con-
taining the HF/hemin complex showed a significant blue-green
color. Fig. 4b further confirms that under these conditions, the
sample with the HF/hemin complex had the highest absorbance
at 652 nm. Then, we tracked the reaction kinetics of each
sample from 0 to 500 seconds and found that the sample con-
taining the HF/hemin complex had the fastest oxidation rate
(Fig. 4c). From these results, HF/hemin complex indeed exhibits
the typical activity common enzymes, indirectly verifying that
hemin was in an appropriate microenvironment. We also
compared the catalytic activities of the products generated by
using other amino acids (Fig. S30, ESIt). HF/hemin and HG/
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Fig. 4 (a) Color changes of TMB oxidation test. (b) UV-Vis spectra of
different samples after 500 s of TMB oxidation. (c) Kinetics of TMB
oxidation in different samples. (d) Michaelis—Menten kinetic fitting
results of HF/hemin at different TMB concentrations. 500 uM TMB,
500 uM H,0,, and 16.67 uM hemin were used. The molar ratio of
amino acids to hemin was 80:1. HF peptides were prepared from
a mixture of TEACl/a/H/F (100:100:100:100) at 120 °C for 3 days.

hemin had a similar catalytic activity that was higher than
peptides prepared by other amino acids. The result of HG/
hemin suggests that hemin-binding efficiency may not be the
sole factor that governs the peroxidase activity.

Finally, we measured the initial reaction rates at different
TMB concentrations to analyze the reaction kinetics. Our results
indicate that the kinetics of this reaction followed the Michae-
lis-Menten model of common enzymes (Fig. 4d). The apparent
kinetic parameters, k... and Ky could be estimated from its
Lineweaver-Burk plot (Fig. S31a, ESIt). We also analyzed the
TMB oxidation kinetics by common HRP enzymes (Fig. S31b,
ESIt). As shown in Table S1,1 HF/hemin had a lower K, value
than that of HRP, which indicated a high affinity of HF/hemin
to the TMB substrate. However, the k. value of HRP was
significantly higher than that of HF/hemin, suggesting that the
natural enzyme still had a higher catalytic efficiency. In addi-
tion, the k.../Ky, value was also higher for HRP, indicating that
HRP has better overall catalytic efficiency. Based on the above
results, the enzymatic catalysis of our HF/hemin peptides is
mainly limited by the step that converts the enzyme/substrate to
products. In addition, this reaction may be limited by the
surface area of HF/hemin nanoparticles. The size of HF/hemin
nanoparticles was larger than that of HRP (3.6 nm in diam-
eter).* As a result, most hemin active sites embedded inside the
HF/hemin particles could not participate in the TMB oxidation.

Further engineering on the assembling process is required to
enhance the catalytic performance of our materials. The
intriguing roles of HF-derived peptides and hemin during
assembly also require further study, but common character-
izations, like infrared spectroscopy and circular dichroism, are
currently limited by the complexity of the peptide products.
Further work is ongoing to synthesize different sequences of
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short HF peptides by SPPS and probe their hemin-binding
behavior. Although we only used UV-Vis spectroscopy to probe
the hemin-binding behavior of our products, electron para-
magnetic resonance spectroscopy may also provide additional
information on the coordination state of hemin.**

In conclusion, we demonstrated the ester-amide exchange
reaction with DES is effective in screening peptides capable of
forming complexes with hemin for a typical peroxidase-like
activity. In particular, DES enabled the formation of func-
tional peptides at a low reaction temperature. Short peptides
composed of histidine and phenylalanine were sufficient to
form a catalytic complex with hemin. Although we used inten-
sive LC-MS analysis to characterize the peptide libraries, these
peptides could be directly used for hemin-binding without
additional treatment. Our findings provide proof-of-principle of
a simple strategy to synthesize artificial enzymes from unac-
tivated amino acids. The peptide/hemin assembling process
may be further fine-tuned to optimize the size distribution,
morphologies, and catalytic activity of the complex. Although
we mainly focused on short peptides for simplicity, our library
may be expanded by feeding additional amino acids to extend
the peptide chain length," potentially leading to other
functionalities.
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