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Abstract

Cyclopeptides have emerged as promising candidates for developing bioactive
molecules and drugs. However, owing to the scarcity of efficient cyclization strategies
for natural peptides, the development of novel and diverse cyclopeptides remains a
formidable challenge. In this study, a variety of novel macrocyclic peptides featuring
(thio)urea bridges were developed through the site-selective Lys-Lys crosslinking of
native peptides, employing CDI/TCDI as carbonylation reagents. In particular, the dual
thiourea-bridged macrocyclic peptides were further synthesized by using a one-pot two-
step multicomponent macrocyclization. These strategies enabled the chemoselective
macrocyclization of peptides bearing diverse nucleophilic residue into novel (thio)urea-
bridged macrocyclic analogs, as exemplified by the successful transformation of
bioactive peptides including RGD, Anoplin, and HHC-36. Biological evaluation
demonstrated that the cyclopeptides, particularly the thiourea- and bis-thiourea-bridged
analogs, exhibit a greater than 10-fold enhancement in target binding affinity, potent
antitumor activity, as well as improved membrane permeability and stability. Molecular
docking elucidates the structural origin of the enhanced bioactivity, revealing their
superior target engagement through reinforced molecular interactions.

Introduction

Cyclopeptides have garnered significant research attention in recent years for their
potential in the development of bioactive molecules and drugs due to the enhanced
stability, cell permeability, and affinity toward protein surfaces involved in protein-
protein interactions (PPIs).!* With the continuous expansion of the therapeutic
application landscape, ranging from antibacterial and antitumor treatments to
neurodegenerative diseases and immunomodulation, the development of diverse and
versatile cyclopeptides is increasingly critical.”® Nevertheless, the presence of diverse
reactive functional groups, such as thiol, guanidine, acids, alcohols, amines, together
with the requirements for rapid kinetics and mild reaction conditions, poses significant



challenges for cyclizing native peptides. Over the past decades, numerous cyclization
strategies been developed to address these challenges by pre-installing uniquely
reactive functional handles, such as azides, alkynes, or alkenes, into the peptide
backbone.”'® However, such approaches often reduce cyclization efficiency and
introduce the synthetic limitations associated with unnatural amino acids.

Crosslinking two nucleophilic side chains within natural peptides provides a robust
and versatile strategy for direct cyclization.!”?> This method obviates the need for
unnatural residues and has therefore attracted considerable attention. Nevertheless, the
limited number of nucleophilic residues, coupled with the need for high selectivity,
poses a substantial challenge for peptide side-chain coupling. Recent advances have
established diverse strategies for inter-residue cross-linking through the reactions of
nucleophilic sites with coupling reagents, including carbonyl-mediated condensation
reactions,”>?° SNAr reactions, %32 esterification®  and so on. **3% (Fig. 1A) Despite
significant progress, it remains critically challenging to achieve diverse and selective
cyclization of natural peptides at their limited nucleophilic residues, which is key to
constructing structurally novel and diverse cyclopeptides.

Urea and thiourea motifs are privileged scaffolds in medicinal chemistry. Their
capability for hydrogen bonding donor/acceptor, conformational flexibility, and
metabolic stability facilitates robust interactions with biomacromolecules, making them
key to molecular recognition and drug-target binding.***! These core scaffolds
constitute fundamental frameworks for diverse bioactive compounds and therapeutic
agents possessing a broad range of pharmacological activities, such as anti-tumor, anti-
inflammatory, anti-viral and antimicrobial activities.**” One important study that we
have recently become interested in is the cyclization modification of natural peptides
and their activity studies. Inspired by the unique properties and broad bioactivities of
the urea group, we propose incorporating the urea moiety into cyclopeptides to improve
the physicochemical properties and physiological activities of natural peptides. It is
important to note that, despite the established role of urea and thiourea as privileged
motifs in small molecules, their strategic incorporation into macrocyclic peptide
architectures has been scarce, with few examples reported in the past decade.

In this work, we report a straightforward cyclization of natural peptides via
CDI/TCDI-mediated crosslinking between two amino groups, enabling efficient access
to novel macrocyclic peptides featuring (thio)urea linkages (Fig. 1B). Furthermore, the
direct multicomponent macrocyclization of natural peptides was achieved using a one-
pot, two-step protocol, generating macrocyclic peptides featuring with dual thiourea
linkages. Notably, these strategies exhibit excellent chemoselectivity and broad
compatibility for the macrocyclization of native bioactive peptides containing
multifunctional nucleophilic residues, such as Arg, Tyr, Asp, Thr, Met, His, et al..
Biological evaluation confirmed that the (thio)urea-bridged macrocycles display
significantly enhanced cytotoxicity against multiple cancer cells, with concomitant
improvements in membrane permeability and proteolytic stability.



A. Representative approaches of natural peptide cyclization via crosslinking two nucleophilic side chains
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Fig. 1. Macrocyclization of native peptides through (thio)urea crosslinking of two
amines.

Results and Discussion
Optimization and scope of urea/thiourea bridged cyclopeptides

In the initial optimization studies, peptide P1 (with sequence Ac-Lys-Leu-Val-Lys-
OMe) was chosen as a model substrate for reaction conditions optimization, employing
N, N’-carbonyldiimidazole (CDI, 2) or N, N’-thiocarbonyldiimidazole (TCDI, 3) as
carbonylation reagent. In the presence of NEts, the reaction afforded the desired
cyclopeptide in 88% yield by HPLC (Table S1, entry 1). Formation of the isocyanation
product from the amino group constituted the major side reaction. This species was
successfully scavenged by the addition of a primary alkylamine upon reaction
completion. Screening of bases, including DIPEA, DBU, DABCO, TBD, and #-BuOK,
identified NEts as the most effective, giving higher conversion and isolated yield (Table
S1, entries 2-6). Notably, the absence of NEt3 also yielded the desired product, albeit
with lower yield (Table S1, entry 7). Subsequently, the solvent was found to critically
influence the reaction. Replacing DMSO with DMF slowed the cyclization, yet it
remained efficient, giving a 48% yield (Table S1, entry 8). The use of MeCN led to low
reactivity, yielding only 9% of la (Table 1, entry 9). Furthermore, no desired



macrocyclic product was observed in either MeOH or PBS buffer, with recovery of the
starting peptide instead (Table S1, entries 10-12). Finally, under higher reaction
concentrations, the pathway leading to isocyanation was favored, which adversely
affected the reaction efficiency and substantially reduced the yield of the target product
(Table S1, entries 13-14).

Next, we performed this (thio)urea crosslinking on a range of peptides with varying
amino acid compositions under optimized conditions. Notably, in addition to employing
conventional CDI as a carbonyl source, we investigated the utilization of TCDI as an
alternative sulfur-containing precursor. As expected, this approach enabled the efficient
construction of both urea-based and thiourea-based cyclic peptides, respectively,
demonstrating the potential for generating structural diversity (Fig. 2). Intriguingly, this
(thio)urea crosslinking was successfully applied to noncanonical amino acids, which
facilitated efficient crosslinking between the side chains of f-Ala and Dab to afford
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Fig. 2. (Thio)urea crosslinking of two amines at varied spacings. Conditions: linear
peptides (0.01 mmol), 2 or 3 (1.5 equiv.), NEt3 (7 equiv.), under air atmosphere at room
temperature for 6 h.



the conformationally constrained 13-membered macrocyclic structures 4a and 4b.
Subsequently, peptides with two Lys at varied spacings were examined for the
(thio)urea crosslinking. Linear peptide P5 bearing vicinal Lys and Lys did not yield any
significant loss of efficiency and gave the desired products (5b) with 44% vyield.
Moreover, a series of structurally diverse linear peptides, featuring variable intervening
spacer residues, such as (i, i+2) (6a and 6b), (i, i+3) (7b), (i, i+4) (8a and 8b) and (i,
i+5) (9a, 9b, 10a and 10b), underwent efficient cyclization under the standard
conditions, providing the corresponding cyclic products in reasonable yields.
Additionally, this (thio)urea crosslinking was also effective for the distally spaced (i,
i+8) pair (11a and 11b), demonstrating the robustness of this approach for accessing
larger ring systems.

To further demonstrate the broad applicability of the protocol, a wide range of peptide
substrates containing unprotected reactive residues were tested under standard
conditions. As shown in Fig. 3, most desired cyclopeptides featuring urea or thiourea
moieties were obtained in moderate to excellent yields. For example, linear peptide P12
which incorporates both unprotected tyrosine residues and free carboxylic acids,
successfully underwent lysine-lysine cyclization to form the well-defined macrocyclic
structure in high yield. Furthermore, peptides containing anucleophilic arginine residue
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Fig. 3. (Thio)urea crosslinking of two amines containing unprotected reactive residues.

Conditions: linear peptide (0.01 mmol), 3 (1.5 equiv.), NEt; (7 equiv.), under air
atmosphere at room temperature for 6 h.



were also found to be applicable to this cyclization strategy. As evidenced by the
cyclization of the RGD (Arg-Gly-Asp) peptide containing an arginine with an
unprotected C-terminus (P13), the reaction afforded the target cyclic peptide in 71%
yield. Furthermore, an amide group (P15) as well as histidine (P17) and tryptophan
(P18) residues were all well tolerated under the reaction conditions, affording the
corresponding cyclic peptides in good yields. Overall, except for Cys, all nucleophilic
amino acids residues in unprotected form are compatible with this reaction system, as
exemplified by Glu (12b, 17b, 18b, 22b), Tyr (12b, 13b, 14b, 15b, 16b, 18b), Arg (13b,
14b, 15b, 16b, 22b), Thr (18b, 22b), Gln (18b, 22b), Ser (18b), Met (17b, 18b), His
(18b), Pro (14b, 15b, 16b, 17b) and Trp (6a, 6b, 9a, 9b, 18b). Excellent reactivity was
maintained with substrates featuring either clusters of identical nucleophilic residues
(14b, 15b, 16b) or combinations of different nucleophiles (Lys, Arg, His, GIn). Such
broad compatibility is a key advantage for the site-selective modification of natural
active peptides without compromising their bioactivity.

In addition, the (thio)urea crosslinking between the N-terminal amine and side-chain
amine was also examined to expand the scope of the methodology (Fig. 4).
Unfortunately, the cyclization reaction failed to proceed when the N-terminal amine
was reacting with either an adjacent (P19) or a distally spaced (P20) lysine residue,
instead generating lysine isocyanato derivatives. The observed selectivity presumably
arises from the low nucleophilicity of the N-terminal amine or from sterically
unfavorable conformations for macrocyclization. Interestingly, when peptide P21,
bearing an isopropylidene group at N-terminal amine, was used as substrate, cyclization
with side-chain residues successfully afforded the desired product (21b). Moreover,
despite failed cyclization between the N-terminal amine and side-chain amine (19b,
20b), the use of an N-terminal lysine residue enabled chemoselective amine-amine
cyclization between side chains. This reaction delivered cyclopeptide featuring an
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Fig. 4. (Thio)urea crosslinking between the N-terminal amine and side-chain amine.
Conditions: linear peptide (0.01 mmol), 3 (1.5 equiv.), NEt; (7 equiv.), under air
atmosphere at room temperature for 6 h.



exposed N-terminal amine and thiourea moieties (22b). This protocol enabled efficient
peptide cyclization while preserving native N-terminal bioactivity, thereby bypassing
the deprotection steps typically required in conventional macrocyclization strategies.

Given the significant influence of the linkage group on the biological activity, we
sought to access bis-urea-bridged cyclic peptide analogs. Following optimization, the
target bis-thiourea-bridged macrocyclic peptide was successfully obtained via a one-
pot, two-step protocol, albeit in lower yield (Fig. 5). This result demonstrates the
potential of our method for constructing challenging macrocyclic scaffolds that are
difficult to access using conventional approaches. Notably, owing to the lower
reactivity of CDI compared to TCDI, the reaction exclusively afforded the macrocyclic
peptide featuring a bis-thiourea linkage.
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Fig. 5. Macrocyclization for constructing macrocyclic peptides featuring bis-thiourea
linkage.

Next, the strategies were extended to the macrocyclization of natural antimicrobial
peptides with extensive bioactivities (Fig. 7). Anoplin (GLLKRIKVLL-NH>) is one of
the shortest natural liner AMPs derived from the venom sac of the solitary wasp
Anoplius samariensis, which exhibits broad-spectrum activity, as well as anti-fungal,
anti-tumor, and anti-malarial activities.*® Firstly, unprotected Anoplin was explored as
starting substrate. However, the corresponding cyclopeptide product could only be
observed by LCMS analysis. However, when N-terminal Fmoc-protected Anoplin was
used as the substrate, cyclic peptides 23a and 23b, incorporating urea and thiourea
moieties, were successfully obtained. The cyclization occurred concomitantly with
spontaneous N-terminal deprotection. To unambiguously determine the structure, the
product 23a was definitively characterized by Edman degradation (see Figure. S1).
Further, the desired bis-thiourea-bridged macrocyclic peptide 23¢ was also successfully
accessed via the multicomponent stapling approach with reasonable yield. Moreover,
cyclization of the naturally occurring cationic antimicrobial peptide HHC-36
(KRWWKWWRR-OH)* was also performed, generating the macrocyclic urea 24a and
thiourea 24b derivatives.

Activity evaluation

To assess the efficacy of the cyclization strategies, we evaluated the stability of the
macrocyclic peptides. Firstly, the chemical stability was evaluated in H2O> (80 mM)
conditions, and P24, 24a and 24b were chosen as representative peptides (Figure. S2-
S3 and Fig. S8A). The results showed that P24 degraded rapidly within 4 hours,
generating a mixture of uncharacterized degradation products. Comparing with P24, no
significant degradation was observed for either 24a or 24b under the same conditions,
indicating their enhanced resistance to oxidative degradation. Analogously, the urea-
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modified cyclized peptides exhibited comparable stability under alkaline conditions
(pH 10.0) (Figure. S4-S5 and Fig. S8B). To further evaluate the application potential of
24a and 24b under physiological conditions, we explored their stability in the presence
of trypsin. In contrast to the P24, 24a and 24b underwent no significant digestion within
4 hours, exhibiting markedly enhanced trypsin resistance (Figure. S6-S7 and Fig. S8C).
Collectively, these findings show a significant enhancement in peptide stability
achieved through the macrocyclic strategy.

Furthermore, to investigate the cell membrane permeability of the cyclopeptides, we
designed FITC-labeled cyclic derivatives 25a-25¢ (Fig. 8A) and evaluated their cellular
uptake efficiency in A549-Luc cells (Fig. 8B and 8C). Following 6 hours of co-
incubation with A549-Luc cells, the cellular uptake of FITC-labelled peptides (P25,
25a, 25b, 25c¢) was assessed by confocal laser scanning microscopy (CLSM) imaging.
In contrast to P25, which showed no intracellular fluorescence, all cyclic analogues
including those with urea, thiourea, and bis-thiourea linkages demonstrated significant
signal enhancement, indicating superior cell-penetrating efficiency (Fig. S19). Among
these, 25b, incorporating a single thiourea linkage, demonstrated the most pronounced
fluorescence intensity enhancement. Flow cytometry quantification further confirmed
the superior cellular uptake of all cyclic derivatives over the linear peptide. Strikingly,
mono-thiourea analogue 25b exhibited the most pronounced enhancement, which may
be attributable to the optimal balance of lipophilicity and hydrogen-bonding capacity
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Fig. 8. Fluorescently labeled peptides. A. The structure of fluorescently labeled cyclic
peptides P25, 25a, 25b, 25¢. B. CLSM imaging of P25 and 25b in A549-Luc cells for
6 h, scale bar represents 25 um. C. Mean fluorescence intensity of P25, 25a, 25b, 25¢
and its cyclized analogs in A549-Luc cells for 6 h.
conferred by its linkage. In contrast, the urea-bridged analogue 25a and the bis-thiourea
analogue 25¢ showed more moderate improvements. The restrained uptake of 25a may
result from its inherent polarity, while the unique structure of 25¢ might confer
excessive conformational restraint or hydrophobic bulk that slightly compromises.
Next, we investigated the biological activities of cyclopeptides to further evaluate
the efficacy of the (thio)urea-bridged cyclization strategies. As a representative of an
important class of integrin inhibitors, °* 3! RGD cyclopeptide 13b and its linear
precursor P13 were evaluated for their binding affinity to avp6 integrin using a
competitive ELISA (Fig. 9). The results demonstrated that 13b (IC50 = 0.059 uM)
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Fig. 9. The integrin binding assay. A. The chemical structure of 13b; B. ICso values of
P13 and 13b against the avf6.

exhibited a more than 10-fold enhancement in binding affinity compared to its linear



precursor P13 (IC50 = 0.691 uM).

Then, the cytotoxicity of the selected bioactive cyclopeptides against several human
cancer cell lines, such as A549-Luc (non-small cell lung carcinoma), Caco-2 (colorectal
adenocarcinoma), and A498 (renal carcinoma) was evaluated using CCK-8 assay
(Table 1). Overall, most of the selected cyclopeptides demonstrated pronouncedly
improved anticancer activity relative to the linear analogues. Most notably, the bis-
thiourea cyclized analogue 23¢ exhibited superior potency compared to the parent
compound P23 across all three cell lines. This enhancement was particularly dramatic
in the A549-Luc cell line, where its IC50 values was 10.70 uM. A significant potency
boost was also observed in the Caco-2 cell (IC50 = 18.04 uM). Even in the A498 cell
line, where all compounds showed reduced absolute potency, 23¢ remained the most
active, demonstrating its superiority over 23a and 23b. In addition, compared to the
lead compound P24, which showed weak or no activity across all cell lines, analogue
24a demonstrated marginal improvement in the A549-Luc and A498 cell lines. Notably,
24b exhibited overwhelming superiority across all tested cell lines, with 1Cso values of
37.1 uM (A549-Luc), 46.72 uM (Caco-2), and 24.22 uM (A498), which are
substantially lower than those of both P24 and 24a. These results demonstrate that
thiourea-cyclized peptides generally exhibit superior antitumor activity compared to
their urea-cyclized analogs. This advantage is most pronounced in the bis-thiourea
derivative (23¢), which emerged as the most potent compound across all evaluations.
Table 1. Antiproliferation activity of macrocyclic peptides, and linear peptides

ICso (uM) = SD

Cell

lines P23 23a 23b 23¢ P24 24a 24b

A549-Luc 39.3543.14 166.4+£3.34  63.76+£3.53  10.70+1.141 176.7+19.13  123.5+14.65 37.1£1.84

Caco-2 56.11+0.98  43.11+0.63 >200 18.04+0.12 >200 > 200 46.72+2.64

A498 23.25+£7.69 161.0£7.65 174.0+11.80  59.97+0.31 146.9+4.84 1353£1.88  24.22+10.24

Subsequently, the apoptotic impact of 23¢ was assessed using the Annexin V-FITC/PI
flow cytometry. A549-Luc and Caco-2 cells were co-incubated with 23¢ and then
stained with Annexin V-FITC and propidium iodide (PI). As detailed in Fig.10A-D, the
untreated control group displayed a minimal percentage of apoptotic cells. Compared
with the control group, after a 48h treatment with concentrations of 20, 50, 70 uM for
A549-Luc or 20, 35, 60 uM for Caco-2 cells, the respective percentages of apoptotic
cells in the A549-Luc cell population were 25.88%, 77.79%, and 86.80%, while the
respective percentages of apoptotic cells in the Caco-2 cell population were 30.94%,
45.00%, and 74.40%. These results demonstrated 23¢ showed dose-dependent
induction of apoptosis.
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Fig. 10. Flow cytometry analysis of cell apoptosis in A549-Luc and Caco-2 cells treated
with 23c. A. The analysis of 23¢ on A549-Luc cells apoptosis (48 h); B. Apoptosis rate
at different concentrations of A549-Luc; C. The analysis of 23¢ on Caco-2 cells
apoptosis (48 h); D. Apoptosis rate at different concentrations of Caco-2.

Having established potent bioactivity profiles for the thiourea-bridged derivatives,
we next sought to gain mechanistic insights into their potent efficacy at the molecular
level. To this end, we performed molecular docking to visualize its potential binding
mode with the target protein. Firstly, we performed molecular docking between integrin
avfB6 and 13b. The crystal structure of the integrin avB6 protein (PDB ID: 4UM9) was
used as the receptor model, and the lowest energy conformation was selected for
analysis. > The result showed that 13b exhibited superior binding affinity to oavp6,
which is consistent with the observed enhancement in antitumor activity (Table S2).
Within a cutoff distance of 4.50 A for potential interactions, 13b was found to interact
with avfB6 residues including Ile-216; Asp-218; Asp-219; Arg-248; Glu-316; Lys-338
(Fig. 11A). Furthermore, the hydrogen bond distances formed between 13b and
receptor (2.27 A; 2.38 A;2.18 A;2.33 A;1.94 A;2.04 A; 2.87 A; 2.57 A) were shorter
than those formed by P13 (2.20 A; 1.99 A; 2.61 A; 1.98 A; 2.25 A). Subsequently, we
conducted molecular docking between the target and 23c. In order to obtain the possible
targets, we first employed network pharmacology to systematically analyze potential
targets for compound P23 (see SI, Figure S21-S22)°*>*. Due to the well-established
roles in promoting tumor cell proliferation and inhibiting apoptosis, EGFR was selected
from the PPI network as a candidate to evaluate compound binding affinity.
Subsequently, we performed molecular docking between EGFR and the peptides P23
and 23c. The crystal structure of the EGFR (PDB ID: 9QXN) was retrieved from the
Protein Data Bank and served as the receptor model for molecular docking.>> Consistent
with its superior antitumor efficacy, compound 23c¢ also demonstrated a stronger
computational binding affinity for EGFR than the parent compound P23, with docking
scores of —14.66 and —13.77, respectively (Table S2). Analysis of the binding modes
indicated that both P23 and 23c¢ are well-bound by the active site pocket (Fig. 11B).
Within a cutoff distance of 4.50 A for potential interactions, 23¢ was found to interact
with EGFR residues including Leu-718; Phe-795; Cys-797; Thr-854. The interaction is



stabilized by hydrogen bonds with distances of 2.05 A; 2.09A 2.28A 2.74 A. Notably,
23c¢ achieved a more optimal fit within the binding pocket than compound P23, which
exhibited a relatively loose binding mode. This superior complementarity correlates
with the more favorable docking energy computed for 23¢. Collectively, the molecular
docking results provide a compelling computational rationale for the observed superior
bioactivity of thiourea-bridged cyclopeptides, confirming that its enhanced bioactivity
efficacy is likely mediated through stronger and more stable interactions with the target.

A B

PHE-795 \
S

THR-854
ASP-218

LEU-718
¥5-797 Reee 2.28

13b, docking score (-10.81) 23¢, docking score (-14.66)

Fig. 11. Molecular docking analysis of 13b, 23¢, hydrogen bonds are shown in black.
A. The docking results between 13b compound and the avp6 protein. B. The docking
results between 23¢ compound and the EGFR protein.

Conclusion

In conclusion, a straightforward macrocyclization of diverse natural peptides through
CDI/TCDI-mediated lysine-lysine crosslinking was achieved, generating an array of
novel macrocycles incorporating (thio)urea scaffolds. More importantly, an
unprecedented multicomponent macrocyclization of natural peptides through a one -
pot two - step protocol was further realized for the synthesis of dual thiourea bridged
macrocyclic peptides. In addition, the macrocyclization strategies feature broad
substrate compatibility, amino acid residue compatibility and excellent
chemoselectivity. Biological evaluation showed that these macrocyclic peptides
exhibited significantly enhanced cytotoxicity across a panel of cancer cell lines,
concomitant with improved membrane permeability and increased proteolytic stability.
Molecular docking provided structural insights for these observations, confirming that
their enhanced bioactivity efficacy is likely mediated through stronger and more stable
interactions with the target.
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