Showcasing research from Professor Victor Outlaw’s laboratory,
Department of Chemistry, University of Missouri, Columbia, United
States.

Chemoselective sulfonyl fluoride exchange (SUFEx)-induced
macrocyclization of tyrosine-containing peptides in agueous media

Peptide macrocycles have emerged as a powerful class of therapeutics
capable of targeting challenging protein-protein interactions with high
affinity and selectivity. This work introduces a mild, agueous method for
chemoselective peptide macrocyclization using sulfur fluoride exchange
(SUFEXx) chemistry. The approach selectively targets tyrosine residues to
form sulfonate-tyrosine ester macrocyclic peptides (STEMtides) without
metal catalysts or organic cosolvents. The method exhibits exceptional
sequence-length tolerance, side-chain compatibility, and yields,
enabling efficient cyclization of therapeutically relevant peptides such as
leuprorelin, B-MSH, liraglutide, and RGD analogs.
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Cyclic peptides generally exhibit enhanced metabolic stability, cell permeability, and binding affinity to
biological targets compared to linear peptide sequences, making them attractive scaffolds for
therapeutic development. Due to the chemical heterogeneity of peptides, the development of new,
chemoselective methods for peptide macrocyclization remains a significant challenge. Here, we report
a tyrosine-selective strategy for the synthesis of Sulfonate-T yrosine E ster M acrocyclic pep_tides
(STEMtides) in aqueous buffer under mild conditions. This method leverages sulfur fluoride exchange
(SUFEx) chemistry to engage the phenolic side chain of tyrosine residues with sulfonyl fluorides,
achieving efficient and chemoselective cyclization without the need for additional reagents. The
approach is highly tolerant of native side chain functionality and enables access to cyclic peptides
ranging from 2 to 13 residues in length. To demonstrate the scope and translational potential of the

method, STEMtide analogs of several clinically relevant peptides, including leuprorelin, B-MSH, liraglutide,
Received 10th September 2025 d cil itid lic RGD tidomimeti full thesized in hiah vield . th
Accepted 21st October 2025 and cilengitide, a cyclic peptidomimetic, were successfully synthesized in high yield using the
SuFEx-mediated strategy. RGD STEMtide analogs exhibited low toxicity to MCF-7 cells, as well as potent

DOI: 10.1039/d55c06993a inhibition of cell adhesion comparable to cilengitide itself, highlighting the therapeutic potential of this

rsc.li/chemical-science new class of peptide macrocycles.
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Introduction

Peptides possess large surface areas and can closely mimic
structural features of protein surfaces, making them ideal
candidates to modulate protein function and disrupt protein-
protein interactions."? Despite this potential, the clinical utility
of peptides is often limited by poor proteolytic stability, low
membrane permeability, and rapid in vivo clearance.® Cycliza-
tion of linear peptides offers a powerful strategy to mitigate
these poor pharmacological properties. Constraining
a peptide's conformation through macrocyclization can
improve resistance to enzymatic degradation, increase binding
affinity and specificity, and reduce entropic penalties for target
engagement.*® Owing to these advantages, over 40 cyclic
peptide drugs have gained FDA approval in the past two
decades, accounting for two-thirds of all new peptide thera-
peutics during that time.*

The development of general, selective, and operationally
simple methods for peptide cyclization remains a formidable
challenge. Peptide macrocyclization must overcome both
entropic and enthalpic barriers. Long linear sequences suffer
from conformational flexibility that entropically disfavors
intramolecular reaction, while short sequences risk increased
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ring strain.™ Intermolecular reactions often compete with
desired macrocyclization, leading to undesired oligomerization.
The inherent chemical heterogeneity of peptides, rich in func-
tional group diversity, further complicates selective trans-
formation. Additionally, peptides intended for therapeutic
applications are often soluble in water but not organic solvents,
preventing the use of harsh or water sensitive reagents. For
these reasons, few orthogonal methods exist for chemoselective
peptide macrocyclization, limiting the chemical diversity of
macrocyclic peptides.

Common orthogonal strategies for peptide cyclization
include lactamization, azide-alkyne cycloaddition, olefin ring-
closing metathesis, and thiol-based nucleophilic substitution
(Fig. 1a). These methods have proven powerful in many
contexts. However, the increasing complexity of next-generation
peptide therapeutics demands a broader repertoire of selective
and mutually compatible cyclization strategies. A compelling
example is Merck compound 44, a tricyclic peptide inhibitor of
PCSK9 developed as a potential treatment for hypercholester-
olemia (Fig. 1b).*>** The synthesis of this molecule required the
sequential application of four distinct peptide cyclization
strategies. As peptide therapeutics continue to evolve toward
more structurally complex and polycyclic architectures, the
development of new, chemoselective macrocyclization methods
will be critical to fully realize their therapeutic potential.

Chem. Sci., 2025, 16, 21359-21367 | 21359
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Fig. 1 (A) Common orthogonal strategies for peptide macro-

cyclization. (B) Merck compound 44, a tricyclic peptide inhibitor of
PCSK9, which requires sequential application of the four orthogonal
strategies. (C) Our orthogonal SuFEx-mediated method for peptide
cyclization at tyrosine.

While many cyclization strategies have focused on highly
nucleophilic residues, such as cysteine and lysine,**® strategies
for selective cyclization at tyrosine remain comparatively
underdeveloped. Notable tyrosine-mediated methods include
a 1,3,5-triazine-based bis-tyrosine cyclization,*
derived triazolinedione strategy," and an enzymatic tyrosinase
biocatalytic approach.'® These methods, however, often exhibit
limited functional group tolerance or reduced yields in the
presence of reactive side chains such as cysteine, lysine, or
arginine. Advancements in tyrosine-selective cyclization strate-
gies would expand the ability to construct conformationally
constrained and chemically diverse therapeutic peptides.

Sulfur fluoride exchange (SuFEx) chemistry offers a prom-
ising approach for tyrosine-selective peptide cyclization. Intro-
duced as a next-generation click reaction by Sharpless and co-
workers, SUFEx reactions proceed with high efficiency under
aqueous, aerobic, and biologically compatible conditions.”
Sulfonyl fluorides, key reagents in SuFEx reactions, exhibit
significant resistance to hydrolysis and reduction, yet remain
reactive toward nucleophiles under mild conditions."® This
unique reactivity has enabled widespread use in chemical
biology, drug discovery, and materials science.™?*

Here, we report a SuFEx-mediated peptide cyclization
strategy that leverages the mild electrophilicity of sulfonyl
fluorides to chemoselectively target the phenolic side chain of
tyrosine. This method enables the efficient formation of
Sulfonate-T yrosine E_ster M acrocyclic pep_tides

a urazole-

21360 | Chem. Sci., 2025, 16, 21359-21367

View Article Online

Edge Article

(STEMtides) across a broad range of sequence lengths and
peptide scaffolds, with excellent chemoselectivity, functional
group tolerance, and operational simplicity. Our approach
offers a robust and orthogonal platform for the synthesis of
a new class of conformationally constrained peptide
therapeutics.

Results and discussion

Optimization of reaction conditions

We initiated the development of a SuFEx-mediated peptide
macrocyclization strategy using 4FSB-GAGY (1a), a model
tetrapeptide bearing an N-terminal 4-(fluorosulfonyl)benzoyl
(4FSB) cap and a C-terminal tyrosine residue (Fig. 2a). A range of
conditions were evaluated for their ability to promote intra-
molecular cyclization of the linear precursor. Initial screens
employing base additives, such as TEA, DIEA and NaOH, in
mixed aqueous/organic media yielded rapid conversion (<5
min) but low to modest conversion yields (0-40%) of the desired
sulfonate-linked macrocycle 2a (Fig. S1). These conditions also
resulted in substantial formation of side products, such as
hydrolysis of the sulfonyl fluoride.
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Fig. 2 (A) SuFex-mediated peptide cyclization of 1a in mildly basic
buffer. (B) Crude HPLC chromatograms highlight efficient conversion
of SUFEx-mediated cyclization with minimal side products. (C) *H-
NMR spectra of linear 1a and cyclized 2a peptides.
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Recognizing the relatively low pK, of the tyrosine phenol, we
hypothesized that selective activation under mildly basic
aqueous conditions could favor intramolecular reaction of the
phenolic nucleophile while suppressing undesired hydrolysis.
Buffer systems across a pH range of 6.5-8.0 were evaluated.
Optimal conditions were identified as phosphate-buffered
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saline (PBS) at pH 7.8, under which the linear peptide under-
went clean and efficient macrocyclization upon simple stirring
at ambient temperature for 2 hours, affording 2a in 95% iso-
lated yield. Reaction progress, monitored by analytical HPLC,
confirmed full conversion of the linear peptide and minimal
byproduct formation (Fig. 2b). Both linear and cyclic peptides
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Fig. 3 Effect of sequence length on SuFEx-mediated peptide cyclization. Yields shown are isolated yields following purification by RP-HPLC.
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were characterized by "H-NMR spectroscopy, verifying success-
ful formation of the sulfonate-linked macrocycle (Fig. 2c).

Effect of sequence length on peptide cyclization

The propensity of a peptide to undergo cyclization is highly
dependent on the number of residues separating the reactive
functional groups." When the intervening sequence is too
short, limited conformational flexibility and backbone rigidity
can prevent proper alignment of the reactive groups, often
resulting in substantial ring strain due to unfavorable bond and
torsional angles. Conversely, an excessive number of residues
increases conformational freedom, making it less likely for the
peptide to adopt the specific geometry required for cyclization
without incurring significant entropic penalties.

To investigate the influence of sequence length on the effi-
ciency of SuFEx-mediated cyclization, a series of linear peptides
containing 2-10 residues was synthesized, each featuring a C-
terminal tyrosine and N-terminal 4FSB cap. Cyclization was
initiated by dissolving the peptides in mildly basic aqueous
buffer (PBS, pH 7.8). All sequences (1a-q) underwent efficient
macrocyclization to generate STEMtide analogs 2a-q (Fig. 3). A
plot of isolated yields as a function of sequence length revealed
an optimal cyclization range of 3-5 residues, with yields
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gradually declining for shorter or longer sequences (Fig. S6).
Notably, the presence of proline generally resulted in enhanced
cyclization efficiency, an effect most pronounced in peptides 5-
8 residues in length (Fig. S7). The cyclic side chain of proline
restricts its ¢ dihedral angle, introducing a conformational kink
in the peptide backbone that could potentially decrease the
entropic cost of cyclization. In shorter sequences, proline can
exacerbate ring strain due its rigidity. For example, the two-
residue peptide 2b, exhibited the slowest conversion and
lowest isolated yield (54%), likely due to ring strain imposed by
the compact macrocyclic structure. This hypothesis was sup-
ported by X-ray crystallographic analysis, which revealed
significant distortion of aromatic bond angles, with both the
aryl sulfonate and tyrosine side chain deviating up to 10° from
planarity (Fig. S8).

Chemoselectivity of peptide cyclization at tyrosine

To evaluate the reactivity of alternative nucleophilic side chains
under these conditions, a series of 4FSB-GAGX peptides (X =K, H,
S, T, or C) was synthesized and incubated in mildly basic aqueous
buffer (PBS, pH 7.8). No cyclization was observed for the histidine,
serine, threonine, or cysteine analogs, indicating that these
nucleophiles are unreactive toward SuFEx-mediated cyclization
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(A) SUFEx-mediated peptide cyclization is effective with tyrosine residues but ineffective with other nucleophilic amino acid residues. (B)

SuFEx-mediated peptide cyclization occurs chemoselectively at tyrosine. (C) Synthesis of cyclic STEMtide analogs of clinically relevant peptides.
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under the tested conditions (Fig. 4a). The lysine-containing
peptide underwent slow conversion, yielding the corresponding
sulfonamide-linked macrocycle 4a in 20% isolated yield after 5
hours. The stark reduction in both rate and yield for cyclization at
lysine, combined with the lack of reactivity at histidine, serine,
threonine, and cysteine, highlight the chemoselective potential
for tyrosine-mediated cyclization.

The chemoselectivity of the SuFEx-mediated cyclization
method for tyrosine was further explored in a series of 4FSB-
GXGY (X = K, T, R, or N) peptides. Each analog featured a C-
terminal tyrosine residue and a residue with a potentially
reactive side chain (i.e., primary amine, aliphatic alcohol, gua-
nidinium, primary amide). Incubation of these linear peptides
in mildly basic aqueous buffer (PBS, pH 7.8) resulted in
tyrosine-selective cyclization to 6a-d with isolated yields of 75—
89% (Fig. 4b). HPLC chromatograms of the crude reaction
mixtures show clean conversion of each linear peptide to the
corresponding cyclic STEMtide with few other new peaks
visible, underscoring the chemoselectivity of the method. For
peptide 6a, which possesses both tyrosine and lysine residues,
NMR experiments were conducted to provide additional
evidence of chemoselective Tyr cyclization (Fig. S9).
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Application to clinically relevant peptides

Thus far, we have employed model peptide sequences to
systematically demonstrate the broad sequence-length toler-
ance and tyrosine selectivity of our SuFEx-mediated cyclization
strategy. To further validate the method and assess its practical
utility, we next applied it to the cyclization of clinically relevant
bioactive peptides: leuprorelin, B-melanocyte stimulating
hormone (B-MSH), and liraglutide (Fig. 4c). Leuprorelin (leu-
prolide) is a nonapeptide analog of gonadotropin-releasing
hormone (GnRH) that functions as a partial agonist of the
GnRH receptor.?*=** Although it initially stimulates testosterone
and estrogen secretion, sustained activation leads to suppres-
sion of these hormones, enabling its clinical use in prostate
cancer therapy and gender-affirming therapy. B-MSH is a 22-
residue neuropeptide secreted by melanocytes and keratino-
cytes in response to ultraviolet exposure. It activates melano-
cortin receptors (notably MC4R) to promote melanogenesis,
while also regulating energy balance and food intake.*** Lir-
aglutide, a 31-residue synthetic analog of glucagon-like peptide-
1 (GLP-1), acts as a GLP-1 receptor agonist to stimulate insulin
secretion and suppress appetite, and is widely used for the
treatment of type 2 diabetes and obesity.**” Each of these
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peptides contains a single tyrosine residue along with multiple
other potentially nucleophilic and reactive side chains, making
them ideal candidates for assessing the chemoselectivity and
generality of SuFEx-mediated macrocyclization in the context of
complex peptide sequences.

Linear analogs of leuprorelin, B-MSH, and liraglutide were
synthesized with an N-terminal 4FSB group to enable SuFEx-
mediated macrocyclization. For leuprorelin, the 4FSB cap
replaced the native N-terminal pyroglutamate. Upon incubation
in PBS buffer (pH 7.8), all three peptides underwent efficient
cyclization to yield the corresponding STEMtide analogs leu-
prorelin 7 (72% yield), B-MSH 8 (56% yield), and liraglutide 9
(45% yield). In each case, cyclization occurred exclusively at the
tyrosine residue, with no evidence of reaction at other poten-
tially nucleophilic side chains, underscoring the high chemo-
selectivity of the method. The number of residues separating
the 4FSB cap and the tyrosine side chain varied substantially,
including four residues in leuprorelin, nine residues in f-MSH,
and thirteen residues in liraglutide, demonstrating the broad
sequence-length tolerance of the SuFEx-based macrocyclization
strategy.

Bioactivity of RGD STEMtide analogs

Cell-surface integrins mediate adhesion to the extracellular
matrix through recognition of a conserved Arg-Gly-Asp (RGD)
motif.*® The a,B; isoform plays a central role in the regulation of
cellular processes, including cell migration, angiogenesis,
wound healing, and inflammatory responses.*® Notably, integ-
rin o,B; is often overexpressed in tumor cells and has been
implicated in cancer progression and metastasis, making it an
attractive target for anticancer therapeutics.*® Cilengitide 10,
a synthetic cyclic RGD-containing peptide (Fig. 5a), has been
clinically investigated as an o,f; inhibitor to disrupt integrin-
mediated adhesion and induce apoptosis in cancer cells.***

To explore the utility of SuFEx-mediated macrocyclization for
generating bioactive molecules, we synthesized a small set of cyclic
RGD-containing STEMtide analogs as potential integrin antago-
nists (Fig. 5b). The library consisted of four- and five-residue
peptides featuring the minimal RGD motif, with variants either
retaining or omitting the p-phenylalanine residue found in cil-
engitide. To probe the impact of linker geometry on conformation
and potential isoform selectivity, cyclization was performed using
either meta- or para-substituted sulfonyl fluorides. Upon incuba-
tion in PBS (pH 7.8), linear precursors underwent efficient cycli-
zation to the corresponding RGD-STEMtide analogs (12a-d) in 86—
91% yield, with no major side products detected, highlighting the
robustness of the SuFEx-mediated approach. Linear peptides
bearing N-terminal benzoyl caps (Bz-RGDY-NH, and Bz-RGDfY-
NH,) were also synthesized as controls to examine the impact of
cyclization on inhibitory activity.

The RGD STEMtide analogs, as well as linear and cilengitide
controls, were evaluated for cytotoxicity and cell adhesion
inhibition in human MCF-7 breast cancer cells. No significant
cytotoxicity was observed at concentrations up to 100 pM
following 48-hour exposure (Fig. 5¢), indicating the analogs are
well-tolerated.
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To assess their functional activity, RGD STEMtide analogs, as
well as linear and cilengitide controls, were tested for inhibition
of cell adhesion at 1, 5, 10, and 25 uM concentrations (Fig. 5d).
All peptides demonstrated dose-dependent inhibition, with
STEMtide analogs generally exhibiting more effective inhibition
relative to their linear counterparts (e.g., 12b vs. Bz-RGDY-NH,
or 12¢,d vs. Bz-RGDfY-NH,). Both linear and cyclic peptides
possessing an additional p-phenylalanine residue (e.g., Bz-
RGDfY-NH,, 12¢, 12d, cilengitide) demonstrated enhanced
inhibition compared to peptides lacking this residue (e.g:, Bz-
RGDY-NH,, 12a, 12b). Of particular significance, STEMtides 12¢
and 12d exhibited similar inhibitory activity to that of cilengi-
tide, a clinical candidate being explored as a potential anti-
cancer therapeutic. Notably, the extent of inhibition among
the STEMtide analogs varied across the series, indicating that
small structural differences result in distinct activity profiles.
These findings highlight how subtle modifications to peptide
sequence or macrocyclic constraints can influence conforma-
tion and, consequently, biological activity.

Enhanced stability to hydrolytic and enzymatic degradation

Given the potential susceptibility of sulfonate ester linkages to
hydrolysis, the hydrolytic stability of STEMtide analog 2a was
evaluated under acidic (pH 4) and basic (pH 9) conditions at
elevated temperatures (40 °C and 65 °C). At pH 4 (40 °C or 65 °C)
and pH 9 (40 °C), no significant degradation was observed over

A pH Stability of GAGY STEMtide
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Fig. 6 Stability of cyclic STEMtides to hydrolytic and enzymatic
degradation. (A) STEMtide 2a incubated in acidic (pH 4) or basic (pH 9)
buffer at 40 °C or 65 °C demonstrates stability to hydrolysis. (B)
STEMtide analog 2a exhibits enhanced resistance to proteolytic
degradation by proteinase K compared to linear peptide control Bz-
GAGY-NHs.
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24 h (Fig. 6a). Even under harsher basic conditions (pH 9, 65 °©
C), 90% (£3%) of the peptide remained intact after 24 h,
demonstrating the excellent chemical stability of the sulfonate
ester linkage to both acidic and basic conditions.

A primary motivation of peptide cyclization is the enhanced
resistance to proteolytic degradation that limits the therapeutic
utility of linear peptide sequences. To assess the effect of SUFEx-
mediated peptide cyclization on proteolytic susceptibility, STEM-
tide 2a and linear peptide control Bz-GAGY-NH,, were incubated
with proteinase K, a promiscuous serine protease. Although these
assays may not accurately model the biological environment, they
have been used previously as general tools to evaluate non-specific
proteolysis and to detect amide bonds prone to enzymatic
cleavage.*** The linear peptide underwent rapid degradation with
a halflife of 10 minutes (Fig. 6b). The cyclic STEMtide analog
exhibited enhanced resistance to proteolysis, with over 45% of the
peptide remaining after 60 minutes. These results demonstrate
that SuFEx-mediated cyclization enhances proteolytic stability,
supporting its utility in the development of metabolically stable
peptide therapeutics.

Conclusions

In summary, we have developed a robust and chemoselective
method for peptide macrocyclization based on SUFEx chemistry
that selectively targets tyrosine residues under mild, aqueous
conditions. This tyrosine-directed strategy enables the efficient
synthesis of
Sulfonate-T yrosine E_ster M acrocyclic pep_tides (STEM-
tides) across a broad range of sequence lengths and structural
motifs, with high tolerance for diverse amino acid side chains.
The method proceeds without the need for metal catalysts or
organic cosolvents and exhibits exclusive reactivity toward
tyrosine over other nucleophilic residues. The generality and
practical utility of the approach were demonstrated through the
successful cyclization of clinically relevant peptides, including
leuprorelin, B-MSH, liraglutide, and cyclic RGD analogs derived
from cilengitide. RGD STEMtides retained favorable bioactivity
profiles, including potent dose-dependent inhibition of cell
adhesion with minimal cytotoxicity. Together, these findings
establish SuFEx-mediated tyrosine cyclization as a powerful
platform for the streamlined synthesis of conformationally
constrained peptide therapeutics. We are currently pursuing
the design, synthesis, and evaluation of STEMtides as chemical
tools to study and potential therapeutics to modulate biological
processes.
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