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Abstract

Organophosphorus compounds are important in synthetic organic chemistry and pharmaceutical applications due to their diverse bi-
ological activities. In this study, we synthesized three novel glycidyl esters of phosphorus acids 1-3 via the condensation of
chlorophosphine oxides or phosphorus oxychloride with glycidol in the presence of a base, obtaining products with high purity and
moderate to excellent yields. Their cytotoxic potential was evaluated using the MTT assay on human fibroblasts (HSF), prostate
cancer (PC-3), and breast cancer (MCF?7) cell lines, revealing moderate preferential cytotoxicity toward cancer cells, particularly in
the case of MCF7. Additionally, linear sweep voltammetry (LSV) studies on human serum albumin (HSA) were conducted to in-
vestigate their alkylating properties. The electrochemical results suggest that these compounds effectively modify albumin, high-
lighting their potential as reactive anticancer agents. These findings provide important insights into the synthesis, cytotoxic activity,
and biochemical reactivity of glycidyl esters of phosphorus acids, underscoring their potential as lead structures for further develop-

ment in anticancer drug discovery and pharmaceutical research.
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Introduction

Phosphorus-containing drugs represent a crucial category of
therapeutic agents, extensively utilized in clinical practice due
to their diverse pharmacological properties and applications
[1-4]. These compounds have garnered considerable attention
from both pharmaceutical companies and researchers, reflecting
their significance in drug development and therapeutic innova-
tion [5-7]. The structural diversity of phosphorus-containing
molecules, which includes phosphotriesters, phosphonates,
phosphinates, phosphine oxides, and bisphosphonates, allows
for tailored modifications that enhance selectivity, bioavail-
ability, and reduce potential side effects [8-13]. This versatility
makes them valuable not only as drugs but also as intermedi-
ates in synthetic organic chemistry, facilitating access to a wide
array of molecular targets [14-16]. The importance of phos-
phorus-containing drugs extends beyond their therapeutic appli-
cations; they also play a pivotal role in addressing specific
medical conditions such as chronic kidney disease (CKD)
[17,18].

The synthesis of organophosphorus compounds is a dynamic
field of research, with numerous synthetic methodologies being
explored to create novel phosphorus derivatives [19-21]. Recent
studies have highlighted the increasing relevance of three-mem-
bered strained cycles containing phosphorus in various domains
such as agrochemicals, synthetic chemistry, and medicine. This
surge in interest has led to the development of innovative syn-
thetic routes aimed at producing new members of these com-
pounds [22]. For instance, fosfomycin [23] stands out as a
broad-spectrum antibiotic currently employed in clinical
settings, while thiotepa has been approved for treating several
cancers, including gastrointestinal tumors and bladder cancer
(Figure 1). Additionally, phosphoric triamides alkylating agents
featuring aziridine rings are recognized for their role as nitrogen

mustards in cancer therapy [24].
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Figure 1: Structures of some pharmacological important phosphorus-
containing molecules with oxirane or aziridine fragments.

Although there are numerous examples in the chemical litera-
ture regarding the biological activity (including anticancer prop-
erties) of phosphoric esters, reports on biological studies of
systems based on the P=0O fragment and oxirane skeletons are
less common. Nevertheless, systems containing both of the

mentioned structural motifs are rarely encountered in the litera-
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ture. In this paper, we report the synthesis, biological activity,
and electrochemical evaluation of glycidyl esters of phosphorus

acids.

Results and Discussion

Synthesis of glycidyl esters of phosphorus
acids 1-3

Glycidyl esters of phosphorus acids 1-3 were obtained by con-
densation of chlorophosphine oxides (methylphosphonic dichlo-
ride MeP(O)Cl,; methyl dichlorophosphate (MeO)P(O)Cl,) and
phosphorus oxychloride P(O)Cl;y with racemic glycidol in
CH,Cl, in the presence of KOH as basic agent (Scheme 1).
Further filtration and final distillation at low pressure leads to
the products as thick liquids with good yields (44-67%) and
purity.
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Scheme 1: Synthesis of glycidyl esters of phosphorus acids 1-3.

The structures of glycidyl esters of phosphorus acids 1-3 were
confirmed by 3!P, TH NMR, IR spectroscopy, and elemental
analysis (see Experimental part for additional information). The
3Ip{1H} NMR spectrum of diglycidyl methylphosphonate (1)
shows a singlet at +32 ppm; for diglycidyl methylphosphate (2)
and triglycidyl phosphate (3) also a singlet in the region
0-1 ppm is observed, despite the presence of a chiral carbon
atom in the oxirane fragment. In the 'H NMR spectra of esters
1-3 the characteristic signals of the oxirane fragment at
2.41-3.24 ppm and the POCH;- fragment at 3.66—4.36 ppm can
be observed. The NMR data for the glycidyl esters of phos-
phorus acids 1-3 are comparable to those of related compounds.

Biological activity of glycidyl esters of
phosphorus acids
To evaluate the biological activity of diastereomeric mixtures of

glycidyl esters of phosphorus acids 1-3, their cytotoxic effects
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were assessed using the MTT assay on two tumor cell lines
(PC-3 and MCF?7) and one non-cancerous line (HSF). The assay
measures the concentration of each compound required to
inhibit cellular metabolic activity by 50% (ICsq). All experi-
ments were performed in biological triplicates, and standard de-
viations were calculated to assess statistical reliability. The
results are summarized in Figure 2 and Table 1.

Table 1: IC5( values (UM + SD) for glycidyl esters of phosphorus acids
1-3 in human skin fibroblasts (HSF), prostate cancer cells (PC-3), and
breast cancer cells (MCF7).2

IC50 (uM)
Cell line 1 2 3
HSF 394 + 28 398 + 33 254 +19
PC-3 355+ 25 300 + 21 257 £ 20
MCF7 216+ 16 128 £ 10 182+ 14

aValues represent the mean + standard deviation (n = 3) of biological
replicates, determined by MTT assay after 48 hours of treatment. ICsq
indicates the concentration required to reduce cell viability by 50%;
lower values correspond to higher cytotoxic potency.

Diglycidyl methylphosphonate (1) reduced cell viability by
50% at concentrations of 394 = 28 uM, 355 = 25 uM, and
216 = 16 uM for HSF, PC-3, and MCF7 cell lines, respectively.
Similarly, diglycidyl methylphosphate (2) achieved 50% inhibi-
tion at concentrations of 398 + 33 uM, 300 + 21 uM, and
128 £ 10 uM. Triglycidyl phosphate (3) exhibited ICsq values
of 254 £ 19 uM for HSF, 257 + 20 uM for PC-3, and
182 £ 14 uM for MCF7 cells.

Beilstein J. Org. Chem. 2025, 21, 1909-1916.

Among the tested compounds, triglycidyl phosphate (3) demon-
strated the highest overall cytotoxicity against HSF and PC-3
cell lines, while diglycidyl methylphosphate (2) showed the
greatest potency toward MCF7 breast cancer cells. Although the
IC5q values for compounds 1 and 2 were somewhat higher in
normal fibroblasts (HSF) compared to cancer cells, the differ-
ences were moderate (less than twofold). These results suggest
a modest preferential cytotoxicity toward cancer cells, particu-
larly in the case of compound 2 against MCF7, though further
studies are needed to establish meaningful selectivity.

Electrochemical studies

Alkylating agents are widely recognized for their ability to form
covalent bonds with biological macromolecules (proteins,
DNA). The literature discusses the interaction of small mole-
cules with proteins, highlighting how linear sweep voltammet-
ry (LSV) can be used to understand these interactions. The
method provides insight into protein structures and functions
using electrochemical methods that can also be applied to
studies involving alkylating agents [25,26]. In this study, LSV
was employed to investigate the interactions between human
serum albumin (HSA) and the three prospective alkylating
agents 1-3. The motivation behind these experiments was to
explore whether these compounds, which individually exhibit
no appreciable redox activity in the potential window applied,
can chemically modify (alkylate) serum albumin and thus

suppress its characteristic oxidation peaks.

Human serum albumin was chosen as a model protein because
of its well-characterized structure and the presence of reactive
sites that are known to be susceptible to alkylation. In standard
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Figure 2: Dose—response curves for the cytotoxic effects of glycidyl esters of phosphorus acids 1-3 on human cell lines. (A) Human skin fibroblasts
(HSF), (B) prostate cancer cells (PC-3), and (C) breast cancer cells (MCF7) were treated with diglycidyl methylphosphonate (1, red), diglycidy!
methylphosphate (2, blue), and triglycidyl phosphate (3, green) for 48 hours. Cell viability was determined using the MTT assay. Data represent
mean + standard deviation (n = 3). The y-axis shows relative cell viability (%) compared to untreated control, and the x-axis indicates the logarithmic

concentration of each compound. The dashed line marks the 50% viability threshold (ICsp).
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aqueous media, the electrochemical oxidation of HSA can be
observed via LSV as a broad wave, which is often attributed to
the oxidation of amide and other amino acid side-chain frag-
ments. By tracking changes in this oxidation signal upon addi-
tion of an alkylating agent, we can infer whether the agent has
effectively reacted with (and thus structurally altered) the pro-
tein.

As illustrated by the black trace in the LSV plot, pure HSA in
aqueous medium shows a characteristic oxidation wave that
begins to rise around +0.5 V and significantly increases up to
+1.2 V vs Ag/AgCl (Figure 3). This wave is attributed to oxida-
tion processes at peptide bonds or specific side chains (such as
cysteine, methionine, tyrosine, serine, tryptophan residues), as
well as the overall structure of the protein. The peak intensity
and shape can vary depending on pH, ionic strength, and pro-
tein conformation. However, under our conditions, the HSA ox-
idation was consistent, well-defined, and served as a clear base-
line reference.

20 -
serum albumin
serum albumin + 1
serum albumin + 2
15 1 serum albumin + 3

Current, uA

0

T T T T T
0.25 0.50 0.75 1.00 1.25

Potential, V vs. Ag/AgCI

T T
-0.25 0.00

Figure 3: Linear sweep voltammograms of 1 x 10~4 M HSA (black)
and HSA mixed with each of the three alkylating agents; 1 (red), 2
(green), and 3 (blue). Conditions: supporting electrolyte: 0.1 M
Et4NBF,4, working electrode: glassy carbon, scan rate: 0.1 V/s, pH 6.7.

Subsequent to acquiring the control LSV of HSA, 10 pL of
each alkylating agent was introduced separately into the
albumin solution. As soon as the alkylating agent was added,
the characteristic oxidation wave of the albumin nearly
vanished or became drastically reduced. Control experiments
confirmed that compounds 1-3 themselves exhibit no
discernible redox activity in this potential range when tested in
the absence of HSA. Consequently, any changes in the re-
corded voltammogram could be attributed to the interaction
(alkylation) of albumin rather than to new electrochemical pro-

cesses arising directly from the compounds.
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When these agents alkylate the HSA amino acid residues (par-
ticularly reactive sites like lysine, cysteine, serine NH,, SH,
OH-side chains, and possibly other nucleophilic groups), the re-
sulting covalent modification can disrupt the electroactive
centers responsible for the protein’s oxidation peaks (Figure 4).
In many alkylation scenarios, crosslinking or other structural re-
arrangements can render previously oxidizable moieties inac-
cessible or shift the protein’s conformational state. This
suppresses or altogether eliminates the characteristic oxidation
wave of HSA.

0. O o HSA o, o PH
\P/ \_<l > \P/ A\
R R R R HSA
1-3 A=NH, 0O, S
HSA = human serum
albumin

Figure 4: Chemical structure of alkylating fragment of 1-3 and the as-
sociated chemical pathway of its covalent attachment to HSA.

Based on established literature, the significant suppression or
disappearance of the HSA oxidation peak upon addition of
glycidyl esters 1-3 can be interpreted as evidence of covalent
modification (alkylating) of nucleophilic sites on HSA, rather
than non-specific binding or merely non-reactive association
[27-29]. The observed disappearance of the albumin oxidation
peak strongly suggests that all three investigated compounds
can modify proteins under physiological conditions. Moreover,
the fact that each agent was capable of this disruption aligns
well with prior tests on the studied cell lines (PC-3, MCF-7, and
HSF), where differences in ICs( values reflected the degree of
alkylating potency and the selective toxicity toward cancer

cells.

Conclusion

In this study, we synthesized and comprehensively character-
ized a series of glycidyl esters of phosphorus acids 1-3, evalu-
ating their structural features, cytotoxic potential, and electro-
chemical behavior. The compounds were efficiently obtained
via the condensation of chlorophosphine oxides and phos-
phorus oxychloride with glycidol, affording high-purity prod-
ucts in moderate to good yields. Cytotoxicity studies revealed
that all three compounds possess antiproliferative activity
against cancer cell lines (PC-3 and MCF7), with diglycidyl
methylphosphate (2) demonstrating the highest potency toward
MCFT7 cells. While all compounds exhibited some level of tox-
icity toward non-cancerous HSF cells, their ICsq values in fi-
broblasts were generally higher than those observed in tumor
cells, indicating a trend toward moderate preferential cytotoxici-

ty. These findings suggest that the glycidyl phosphorus esters,
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particularly compound 2, may serve as promising lead struc-

tures for further exploration as anticancer agents.

A key innovation in this work was the application of linear
sweep voltammetry (LSV) to investigate the alkylating proper-
ties of the synthesized compounds. Unlike traditional biochem-
ical assays, this electrochemical approach enabled real-time
monitoring of protein modifications. The significant suppres-
sion of human serum albumin (HSA) oxidation peaks following
exposure to compounds 1-3 strongly indicates their ability to
covalently modify nucleophilic sites in proteins. This finding
underscores the potential of LSV as a rapid and effective tool
for assessing alkylating reactivity, with implications for future

drug development.

Overall, this study offers meaningful insights into the synthesis,
cytotoxic behavior, and biochemical reactivity of glycidyl esters
of phosphorus acids. The results support their potential as reac-
tive anticancer candidates and lay a foundation for future struc-
ture—activity relationship studies and further development in

medicinal chemistry.

Experimental

General. All reactions and manipulations were carried out
under dry pure Nj in standard Schlenk apparatus. All solvents
were distilled from sodium/benzophenone or phosphorus
pentoxide and stored under nitrogen before use. The NMR spec-
tra were recorded on a Bruker MSL-400 ('H 400 MHz, 3!p
161.7 MHz, '3C 100.6 MHz). 'H and '*C NMR data are re-
ported with reference to solvent resonances, and 31p NMR
spectra were reported with respect to external 85% H3POy4
(0 ppm). All experiments were carried out using standard
Bruker pulse programs. Infrared (IR) spectra were recorded on a
Bruker Vector-22 spectrometer. The elemental analyses were
carried out at the microanalysis laboratory of the Arbuzov Insti-
tute of Organic and Physical Chemistry, Russian Academy of
Sciences.

Cell cultivation. Adherent cell lines HSF (human skin fibro-
blasts), MCF7 (breast adenocarcinoma), and PC-3 (prostate
cancer) were maintained in Dulbecco’s Modified Eagle Medi-
um (DMEM) supplemented with 5% fetal bovine serum (FBS),
1 mM r-glutamine, and antibiotics (penicillin 5,000 U/mL and
streptomycin 5,000 pg/mL). Cells were incubated at 37 °C in a
humidified atmosphere with 5% CO,. For cytotoxicity assays,
cells were seeded into 96-well flat-bottom plates at a density of
5 x 103 cells per well and allowed to adhere for 24 hours under
standard culture conditions.

Preparation of compound solutions. Stock solutions of digly-
cidyl methylphosphonate (1), diglycidyl methylphosphate (2),

Beilstein J. Org. Chem. 2025, 21, 1909-1916.

and triglycidyl phosphate (3) were prepared by dissolving the
compounds in the culture medium to a final concentration of
25 mM. These stock solutions were stored and used for subse-

quent treatments.

Cell treatment. 24 hours after seeding, cells were treated with
the test compounds at final concentrations of 25 uM, 50 uM,
100 uM, 250 uM, 500 uM, 750 uM, 1,000 uM, 2,500 uM, and
5,000 pM. Each concentration was tested in triplicate. Control
wells received an equivalent volume of culture medium with-

out compounds and served as untreated negative controls.

Cytotoxicity analysis of compounds. After 48 hours of treat-
ment, MTT reagent was added to each well at a final concentra-
tion of 0.5 mg/mL. Plates were incubated for 3 hours at 37 °C in
a CO, incubator to allow for formazan crystal formation. Subse-
quently, 150 uL of dimethyl sulfoxide (DMSO) was added to
each well to solubilize the formazan. Plates were shaken for
15 minutes, and absorbance was measured at 590 nm using an
Infinite M200 microplate reader (Tecan, Switzerland). Cell
viability was calculated relative to the untreated control (set at
100%). Data were processed and analyzed using GraphPad
Prism 10 software.

Electrochemistry. Linear sweep voltammograms were re-
corded using a BASi Epsilon Eclipse potentiostat (USA). The
device includes a measuring unit, a DellOptiplex 320 personal
computer with Epsilon-EC-USB-V200 software. As supporting
electrolyte 0.1 M Et4NBF, was used. A glassy carbon electrode
modified with carbon paste (surface area 1 mm?) served as the
working electrode. Ag/AgCl (0.01 M KCI) was used as a refer-
ence electrode. A platinum wire was used as an auxiliary elec-
trode. The scanning rate was 100 mV s~!. Measurements were
carried out in a thermostatted electrochemical cell (volume
5 mL) in an inert gas atmosphere (N;). Between measurements
or before recording the voltammetric wave, the aqueous solu-
tion was actively stirred with a magnetic stirrer in an atmo-

sphere of constant inert gas flow.

Starting materials. Methylphosphonic dichloride MeP(O)Cl,
and methyl dichlorophosphate (MeO)P(O)Cl,) [30] were pre-
pared according to literature procedures. Phosphorus oxychlo-
ride P(O)Clj and glycidol were purchased from suppliers and

used without additional purification.

Synthesis of diglycidyl methylphosphonate (1). A 500 mL
flask with 200 mL of dichloromethane, equipped with a me-
chanical stirrer, was cooled to =30 °C. Then, 2 equiv of glycidol
(21.4 g, 0.289 mol) and 4.2 equiv of potassium hydroxide
(34.0 g, 0.607 mol) were added to the flask. Methylphosphonic
dichloride MeP(O)Cl, (1 equiv, 19.2 g, 0.144 mol) was added
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dropwise to the mixture with constant stirring in 1 hour. The
reaction mixture was additionally stirred at —25 to =30 °C for
2 h and precipitating for 12 h, while the temperature did not rise
above 0 °C. After removal of the precipitate by filtration at
25 °C (filter consisted of layers of Celite, sodium sulfate and
activated carbon), the filtrate was evaporated under reduced
pressure to remove dichloromethane and excess glycidol. After
vacuum distillation (p = 1-1073 mbar, bp = 130-136 °C) the
product diglycidyl methylphosphonate (1) was obtained as a
thick liquid in 58% yield (17.5 g). "H NMR (CDCls, 8, ppm, J,
Hz) 1.31 (d, 2Jpy = 17.8, 3H, Me), 2.41-2.43 (m, 2H, CH,-
oxirane), 2.58-2.61 (m, 2H, CHj-oxirane), 2.96-2.98 (m, 2H,
CH-oxirane), 3.66-3.69 (m, 2H, OCH;), 4.07-4.09
(m, 2H, OCH,); 3'P{'H} NMR (CDCl3, 8, ppm, J, Hz) 32.04
(s); IR (liquid, cm™): 762 (m, oxirane), 858 (m,oxirane), 927
(m, oxirane), 1019 (m), 1139 (w), 1166 (w, P=0), 1240 (m,
oxirane), 1316 (m, R-P(O)OR), 1349 (s, P=0), 1425 (w), 1455
(m), 1647 (m), 2932 (m), 3004 (m), 3066 (w); Anal. calcd for
C7H,3POs: C, 40.39; H, 6.30; O, 38.43; P, 14.88; found: C,
40.24; H, 6.52; P, 14.79.

Synthesis of diglycidyl methylphosphate (2). A 500 mL flask
with 200 mL of dichloromethane, equipped with a mechanical
stirrer, was cooled to =30 °C. Then, 2 equiv of glycidol (20.0 g,
0.27 mol) and 4.2 equiv of potassium hydroxide (31.8 g,
0.567 mol) were added to the flask. Methyl dichlorophosphate
(MeO)P(O)Cl, (1 equiv, 20.1 g, 0.135 mol) was added drop-
wise to the mixture with constant stirring in 1 hour. The reac-
tion mixture was additionally stirred at =25 to =30 °C for 2 h
and precipitating for 12 h, while the temperature did not rise
above 0 °C. After removal of the precipitate by filtration at
25 °C (filter consisted of layers of Celite, sodium sulfate and
activated carbon), the filtrate was evaporated under reduced
pressure to remove dichloromethane and excess glycidol. After
two vacuum distillations (p = 1-1073 mbar, bp 113-116 °C) the
product diglycidyl methylphosphate (2) was obtained as a thick
liquid in 44% yield (13.5 g). '"H NMR (CDCl3, 8, ppm, J, Hz)
2.49-2.55 (m, 2H, CHj-oxirane), 2.67-2.72 (m, 2H, CH>-
oxirane), 3.06-3.14 (m, 2H, CH-oxirane), 3.65 (d, 3JpH =114,
3H, Me), 3.75-3.84 (m, 2H, OCH,), 4.13-4.23
(m, 2H, OCH,); 3'P{!H} NMR (CDCls, 5, ppm, J, Hz)
—=0.1 (s); IR (liquid, em™): 598 (w), 763 (m, oxirane), 865 (m,
oxirane), 921 (m, oxirane), 1021 (m, P(O)(OR);), 1140 (w,
P(O)(OR);), 1168 (s, P(O)(OR);), 1185 (w), 1261 (m),
1350 (m, P=0), 1430 (w), 1455 (m), 1644 (w), 2858 (w),
2960 (w), 3008 (w), 3066 (w); Anal. calcd for CyH3POg: C,
37.51; H, 5.85; O, 42.83; P, 13.82; found: C, 37.50; H, 6.03; P,
13.97.

Synthesis of triglycidyl phosphate (3). Synthesis of 3 was

carried out in a manner similar to [31], but without sodium

Beilstein J. Org. Chem. 2025, 21, 1909-1916.

sulfate as a drying agent. A 500 mL flask with 200 mL of
dichloromethane, equipped with a mechanical stirrer, was
cooled to =30 °C. Then, 3 equiv of glycidol (22.6 g, 0.305 mol)
and 4.5 equiv of potassium hydroxide (25.6 g, 0.457 mol) were
added to the flask. Phosphorus oxychloride P(O)Cls (1 equiv,
15.6 g, 0.102 mol) was added dropwise to the mixture with con-
stant stirring in 1 hour. The reaction mixture was additionally
stirred at —25 to =30 °C for 3 h and precipitating for 12 h, while
the temperature did not rise above 10 °C. After removal of the
precipitate by filtration at 25 °C (filter consisted of layers of
Celite, sodium sulfate and activated carbon), the filtrate was
evaporated under reduced pressure to remove dichloromethane
and excess glycidol. The product triglycidyl phosphate (3) was
obtained as a yellowish thick liquid in 67% yield (18.1 g).
'H NMR (CDCl3, 8, ppm, J, Hz) 2.56-2.65 (m, 3H, CH,-
oxirane), 2.74-2.85 (m, 3H, CHj-oxirane), 3.14-3.24 (m, 3H,
CH-oxirane), 3.84-3.95 (m, 3H, OCH;), 4.22-4.36 (m, 3H,
OCH,); 3'P{'H} NMR (CDCl3, 8, ppm, J, Hz) 1.2 (s); IR
(liquid, cm™1): 599 (w), 700 (w), 763 (m, oxirane), 797 (m,
oxirane), 869 (m, oxirane), 918 (m, oxirane), 1024 (m), 1139
(w, P=0), 1166 (s, P=0), 1259 (m), 1349 (m, P=0), 1429 (w),
1454 (m), 1483 (w), 1520 (w), 1634-1644 (m), 2614 (w), 2899
(w), 2953 (m), 3006 (m), 3065 (m); Anal. calcd for CoH5PO7:
C, 40.61; H, 5.68; O, 42.07; P, 11.64; found: C, 40.85; H, 5.82;
P, 11.97.

Supporting Information

Supporting Information File 1

IH, 3'P NMR and IR spectra of compounds 1-3.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-148-S1.pdf]
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Abstract

The value of small molecules that chemically modify proteins is increasingly being recognised and utilised in both chemical
biology and drug discovery. The discovery of such chemical tools may be enabled by screening diverse sets of reactive probes.
Most existing sets of reactive probes are armed with cysteine-directed warheads, a limitation that we sought to address. A connec-
tive synthesis was developed in which a-diazoamide substrates, armed with a S(VI) warhead, were reacted with diverse co-sub-
strates. A high-throughput approach was used to identify promising substrate/co-substrate/catalyst combinations which were then
prioritised for purification by mass-directed HPLC to yield a total of thirty reactive probes. The structural diversity of the probe set
was increased by the multiplicity of reaction types between rhodium carbenoids and the many different co-substrate classes, and the
catalyst-driven selectivity between these pathways. The probes were screened for activity against Trypanosma brucei, and four
probes with promising anti-trypanosomal activity were identified. Remarkably, the synthetic approach was compatible with build-
ing blocks bearing three different S(VI) warheads, enabling the direct connective synthesis of diverse reactive probes armed with
non-cysteine-directed warheads. Reactive probes that are synthetically accessible using our approach may be of value in the

discovery of small molecule modifiers for investigating and engineering proteins.

Introduction

Diverse sets of reactive probes can facilitate the discovery of  nucleophilic amino acid side chains. Most reactive probe sets
chemical tools and drugs that chemically modify protein targets  bear cysteine-directed warheads [3-7], although sets have also
[1-3]. Established sets of reactive probes are typically armed been designed to target a wider range of amino acids [8-10].

with electrophilic warheads that have the potential to target  Sets of reactive probes are generally prepared using robust reac-
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tions, most usually amide formation, chosen from the toolkit
that currently dominates medicinal chemistry [11] which may,

in turn, limit probe structural diversity.

We have developed a unified connective approach for the syn-
thesis of structurally diverse reactive probes bearing S(VI) elec-
trophiles. Proteome-wide screens have shown that S(VI) elec-
trophiles predominantly target lysine and tyrosine [12], al-
though other residues (e.g. serine) may also be targeted within
enzyme active sites [13]. It was envisaged that the reactive
probes would be prepared by dirhodium-catalysed reactions be-
tween pairs of building blocks: an a-diazoamide 2 bearing a
S(VI) electrophile and a suitable co-substrate (— 3) (Figure 1).
Here, metal-catalysed carbenoid chemistry was chosen because
of the wide range of potentially reactive functional groups that
might be incorporated into co-substrates [14]. The richness of
potential connective chemistry, and the availability of alterna-
tive dirhodium catalysts with distinctive reactivity, was ex-
pected to expand the structural diversity of accessible reactive
probes. Herein, we describe the successful execution of this ap-
proach and the demonstration of biological function of the re-

sulting reactive probes.

Results and Discussion

We prepared five a-diazoamide substrates bearing S(VI) elec-
trophiles (Scheme 1 and Table 1) [15]. Initially, three amines —
morpholine, 4-phenylpiperidine and isoindoline — were reacted
with 2,2,6-trimethyl-4H-1,3-dioxin-4-one to give the corre-
sponding B-ketoamides 4. Treatment of the f-ketoamides 4 with
4-acetamidobenzenesulfonyl azide (p-ABSA) and triethyl-

WH

R! 1
N - 5 R

| °N
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amine gave the a-diazo-fB-ketoamides 5. Subsequent KOH-
mediated deacetylation yielded the corresponding a-diazo-
amides 1. Finally, Pd-catalysed cross-coupling with warhead-
substituted phenyl iodides gave, in low to moderate yield, the
required a-diazoamide substrates 2 (referred to individually as
D1-5 below). Whilst the Pd-catalysed arylation of a-diazo-
amides and esters is known [15-19], its tolerance of pendant
S(VI) electrophiles has not been previously explored and is

notable.

Due to the relatively large size of the diazo substrates D1-5, it
was decided to design a set of diverse co-substrates with 15 or
fewer heavy (non-hydrogen) atoms. It was decided that the set
should include co-substrates with the potential to react with
metal carbenoids in many different ways [14], for example
through O-H, N-H or formal C-H insertion, cyclopropanation,
or oxazole [20] formation. The 16 co-substrates, selected from
available compounds in our laboratory, are shown in Figure 2
(panel A). Many of these substrates had more than one poten-
tially reactive site to enable, for example, O-H insertion (C1-5,
C8, C11 and C14), N-H insertion (C3, C6, C12, C13 and
C15), formal C-H insertion (C1, C3, C4, C12, C15 and C16),
oxazole formation (C9 and C10) and cyclopropanation (C7,
C10, C14 and C16).

To start with, we investigated reactions of the a-diazoamide
substrates D1, D2 and D3 with the 16 co-substrates C1-16 cata-
lysed by three diverse [21] dirhodium catalysts (Rhypivy,
Rhypfby and Rhycapy) i.e., an array of 144 reactions. An
a-diazoamide substrate (20 umol; 16 uL of a 1.25 M solution in

R1

WH
co -substrate

OR3

R1

Figure 1: Envisaged connective synthesis of reactive probes 3 bearing S(VI) electrophilic warheads (WH). Diverse probes 3 might be accessible by

functionalising a-diazoamide substrates 2 via alternative reaction modes.
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Scheme 1: Synthesis of a-diazoamide substrates D1-5 of general structure 2 bearing S(VI) electrophiles. Panel A: Overview of synthesis (see
Table 1 for details of synthesis of individual substrates). Panel B: Substrates that were prepared.

Table 1: Synthesis of a-diazoamide substrates of general structure 2 bearing S(VI) electrophiles (see Scheme 1).

Amine Yield 4 (%) Yield 5 (%)
morpholine 94 80
4-phenylpiperidine 85 82
isoindoline 88 86

CH,Cl,) and a co-substrate (5 equiv; 16 uL of a 6.25 M solu-
tion in CH,Cl,) were added to glass vials in a 96-well reaction
block, and the solvent left to evaporate after each addition.

Subsequently, a dirhodium catalyst (1 mol %; 200 pL of a

Yield 1 (%) WH Substrate
(yield, %)
55 —-SO,F D1 (46)
—0SOsF D4 (26)
%
L"L/S\N,j D5 (23)
N=
87 —SO,F D2 (53)
99 —-SO.F D3 (12)

1 mM solution in CH,Cl,) was also added to each vial. The
final volume of each reaction was thus 200 uL, with final con-
centrations of 100 mM (for substrates), 500 mM (for co-sub-
strates) and 1 mM (for catalysts).
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Figure 2: Structures and reactions of co-substrates. Panel A: structures of the 16 selected co-substrates C1-16, together with two additional co-sub-

strates C17 and C18 that were subsequently used. Panel B: yields, estimated by evaporative light scattering detection, of reactions involving combina-
tions of substrates, co-substrates and catalysts (dash: <2% estimated yield). Highlighted combinations (green boxes) were selected for mass-directed
purification. @Multiple intermolecular products observed by analytical HPLC.

After 48 h, the outcome of the reactions was determined by ana-
lytical UPLC-MS with, additionally, evaporative light-scat-
tering detection [22,23] to enable estimation of the yield of each
product (Figure 2, panel B). It was found that many reactions
involving alcohol- (e.g., C1-5, C8, C11 and C14) and indole-
(e.g., C3, C12 and C15) containing co-substrates yielded inter-
molecular products, whilst those involving nitrile-containing
co-substrates (C9 and 10) and the allylic ether C16 did not. It is
remarkable that S(VI) electrophiles are tolerated. Eighteen sub-

strate/co-substrate combinations gave, with at least one of the

catalysts, an intermolecular product in >10% estimated yield
(typically corresponding to >1 mg product). For all but one of
these reactions, a product with molecular weight consistent with
O-H insertion into water was also observed. For these 18 sub-
strate/co-substrate combinations, the reaction with the highest
estimated yield was selected for mass-directed purification
(Table 2). In total, 23 intermolecular reaction products were iso-
lated and structurally characterised (using, where appropriate,
HMBC, COSY and nOe NMR methods; see Figure 3). In

general, the yields of these products were rather low, which
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Table 2: Outcomes of reactions between a-diazoamide substrates and co-substrates.

Diazo Co-substrate Catalyst
D1 C1 Rhocapy
D1 C2 Rhocapy
D1 Cc3 Rhopfby
D1 C5 Rhopfby
D1 C8 Rhaocapy
D1 C15 Rhopivy

D2 Cc2 Rhocapy
D2 Cc3 Rhopfby
D2 Cc4 Rhopfby
D2 C5 Rhaocapy
D2 C6 Rhocapy
D2 Cc7 Rhopivy

D2 Cc8 Rhaocapy
D2 C13 Rhopivy

D2 C14 Rhaocapy
D2 C15 Rhaocapy
D3 C2 hain4

D3 C4 Rhaocapy
D4 Cc1 Rhopfby
D4 Cc3 Rhopfby
D4 C5 Rhocapy
D4 C13 Rhgin4

D4 Cc17 Rhopfby
D4 C18 Rhopfby
D5 Cc1 Rhopfby

Product? Yield®
1-1 14
1-2 12
1-3a 15
1-3b 1
1-5 11
1-8 12
1-15a 6
1-15b 8
2-2 14
2-3a 13
2-3b 1
2-4 11
2-5 14
2-6 10
2-7 13¢
2-8 13
2-13 12
2-14 10d
2-15a 11
2-15b 1
3-2 13
3-4a 5¢
3-4b 5¢
4-1 56
4-3 23
4-5 8
4-13 35
4-17 11
4-18 23
5-1 26

@Reactions were performed in glass vials with an a-diazoamide substrate (20 pmol; limiting reactant), a co-substrate (5 equiv) and 1 mol % dirhodium
catalyst. Plsolated yield of purified product. °dr: >95:<5. 9dr: 51:49. ®Obtained as a 50:50 mixture of inseparable products.

may stem from poor (co-)substrate solubility in some cases;
and/or competitive O—H insertion into adventitious water.

On the basis of these results, additional reactions involving the
a-diazoamide substrates D4 (with a fluorosulfate warhead) and
DS (with a sulfonyltriazole warhead) were also executed. In ad-
dition to using these two a-diazoamide substrates with different
warheads, two additional co-substrates bearing an alkyne tag
(C17 and C18) were used. The reactions were assembled from
stock solutions, with some variation in stock concentrations to
improve solubility. After 24 h, the reaction products were
analysed by LC-MS, and promising reactions selected for
mass-directed purification. Seven additional intermolecular
products were obtained (see Figure 3 and Table 2). The marked
improvement in product yields, compared to those observed
with D1-3, may reflect the change to the workflow, i.e., varia-

tion in stock concentration to improve solubility.

The diversity of the obtained products was increased by the
multiple reaction modes of dirhodium carbenoids that were
possible [14]. Overall, products were formed via O-H insertion
into an alcohol (to give 14 products) or phenol (— 2-4 and
3-4a); N-H insertion into an indole (— 1-3a, 1-15b, 2-3a,
2-15b and 4-3), sulfonamide (— 2-6), aminopyrimidine (—
2-13 and 4-13) or amine (— 4-18); cyclopropanation (— 2-7);
and formal C—H insertion into an indole (— 1-15a and 2-15a)
or naphthol (= 2-4 and 3-4b). In the case of 4 (2-naphthol) and
15 (5-methoxyindole), co-substrates containing functional
groups with more than one potentially reactive site, two regio-
isomeric products were obtained. In the case of co-substrate 3,
which contains both an indole and an alcohol, thus raising
chemoselectivity issues, products were observed from both
O-H and N-H insertion. It is notable, however, that despite
many of the co-substrates having multiple potentially reactive

sites, one intermolecular reaction was generally dominant.
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We have previously discovered sulfonyl fluoride probes with
promising activity against 7. brucei, a parasitic kinetoplastid
that causes vector-borne African trypanosomiasis (sleeping
sickness) [24]. We therefore screened the 23 sulfonyl fluoride
probes (derived from diazo compounds 1, 2 and 3) against
T. brucei in 96-well plate format (final concentrations:
~2-50 uM). Four sulfonyl fluorides were found to have
promising activity: 2-5 (ECsq: 9.38 + 0.06 uM); 2-6 (EC5q:
6.81 £ 0.07 uM); 2-14 (ECsp: 9.26 + 0.06 uM) and 2-15a
(ECs50: 11.9 £ 0.2 uM). It is notable that all of these active com-
pounds are 4-phenylpiperidinyl amides derived from the same
a-diazoamide 2, suggesting that this feature is important for ac-
tivity.

Conclusion

We have developed a connective synthesis of reactive probes
bearing S(VI) electrophilic warheads. Each probe was prepared
by rhodium-catalysed reaction between an a-diazo amide sub-
strate bearing a warhead, and a co-substrate. The structural
diversity of the probe set was increased by the multiple possible
reaction modes of rhodium carbenoids, which enabled many
different co-substrate classes and catalyst-driven selectivities to
be exploited. A high-throughput synthetic approach was
harnessed to identify substrate/co-substrate/catalyst combina-
tions, which led to the productive formation of intermolecular
reaction products. Overall, the approach enabled the synthesis
of thirty diverse reactive probes. The probes were screened for
activity against T. brucei, a parasitic kinetoplastid that causes
vector-borne African trypanosomiasis, and four probes with
promising anti-trypanosomal activity were identified. Remark-
ably, the synthetic approach was compatible with building
blocks bearing three different S(VI) warheads, and enabled the
direct connective synthesis of diverse reactive probes. We
envisage that such probes may enable chemical modification of
non-cysteine residues within proteins, and may be valuable in
investigating and engineering the biology of proteins.

Supporting Information

Supporting Information File 1

Experimental part and NMR spectra of synthesised
compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-150-S1.pdf]
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This study establishes an efficient solid-phase strategy for the total synthesis of segetalins A—H, J and K (1-10), bioactive cyclopep-

tides isolated from Vaccaria segetalis. Linear precursors were assembled on cost-effective 2-chlorotrityl chloride resin via Fmoc-
SPPS, followed by PyBOP-mediated head-to-tail cyclization in DMF (1073 M). After RP-HPLC purification, all cyclopeptides
were obtained in 45-70% isolated yields. Structural identities were confirmed by HRESIMS, NMR, and HPLC (>95% purity). Cir-
cular dichroism (CD) spectroscopy revealed distinct secondary structures, including fB-sheets (1, 2, 3, 4, 7, 8, 10) and a-helical ele-

ments (5, 6). This scalable methodology overcomes limitations of prior syntheses, enabling biological evaluation.

Introduction

Cyclopeptides have garnered significant research interest owing
to their unique conformational constraints imposed by cycliza-
tion and diverse biological activities [1-3]. Specifically, plant-
derived cyclopeptides represent a valuable source of potential
lead compounds for drug discovery [4]. Segetalins A—H, J and
K (1-10), isolated from the seeds of Vaccaria segetalis
(Caryophyllaceae), are head-to-tail cyclic oligopeptides com-
prising 5-9 amino acid residues [5-13]. These natural products
exhibit a significant diversity of pharmacological activities [14-
16], including estrogen-like activity (1, 2, 7, 8), antitumor
effects (5), and antimicrobial properties (3). Given their unique
structural features and pharmacological potential, segetalins

have become important targets for both synthetic chemistry and

drug development. However, efficient and general synthetic
routes to access this family have remained limited over the past
decades.

Previous synthetic approaches have encountered significant
challenges. Sonnet et al. reported the first total synthesis of
segetalin A (1) via Sasrin resin-based SPPS, followed by cycli-
zation under highly dilute conditions (10™* M) with diphenyl-
phosphoryl azide (DPPA) [17]. While successful, this approach
suffers from the high cost of the specialized resin and large sol-
vent volumes required for dilution, coupled with DPPA's poor
efficiency in forming sterically hindered peptide bonds involv-

ing residues like Val or Ile. Dahiya and Kaur synthesized sege-
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talin C (3) via a solution-phase fragment coupling strategy,
culminating in cyclization mediated by N,N'-dicyclohexylcarbo-
diimide (DCC)/N-methylmorpholine (NMM) at 0 °C for 7 days
[18]. This method, however, is lengthy, operationally complex,
difficult for product isolation, and carries a significant risk of
racemization. Wong and Jolliffe synthesized segetalins B (2)
and G (7) using a pseudoprolinic acid strategy to induce cis-
amide bond formation, followed by desulfurization [19].
Despite achieving cyclization, this route involves intricate pro-
cedures, expensive starting materials, and has limited applica-
bility to other segetalins.

Given the limitations of existing methodologies and the biologi-
cal significance of the segetalins, we sought to develop an effi-
cient, scalable, and generally applicable solid-phase synthesis

strategy for the Vaccaria segetalis cyclopeptide family.

Results and Discussion

Synthesis strategy and optimization

While both solution-phase and solid-phase approaches are
viable for peptide synthesis, Fmoc-based SPPS offers distinct
advantages in operational simplicity and efficiency for laborato-
ry-scale production [20]. We therefore devised a streamlined
solid-phase strategy for synthesizing the Vaccaria segetalis
cyclopeptide family (Scheme 1).

Building upon previous work [17-19], we focused on optimiz-
ing key parameters: resin selection, Fmoc deprotection condi-
tions, coupling reagents for linear assembly, and crucially, the
cyclization step. Cost-effectiveness and commercial availability
led us to select 2-chlorotrityl chloride resin as the solid support,
enabling mild cleavage of the partially protected linear peptide
precursor [21]. Efficient Fmoc deprotection was achieved using
a solution of 1% pyridine and 1% 1,8-diazabicyclo[5.4.0]Jundec-
7-ene (DBU) in N,N-dimethylformamide (DMF) [22]. For the

Table 1: Preparation of linear peptides for segetalins A-H, J and K.
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Scheme 1: Preparation of segetalins A-H, J and K.

assembly of the linear sequences, coupling efficiency was sig-
nificantly enhanced using a 1:1 mixture of 1-hydroxybenzotri-
azole (HOBt) and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HBTU) in DMF [23]. Finally,
we obtained crude linear peptides with 75% to 95% yields
(Table 1).

The critical head-to-tail cyclization step proved challenging.
Initial attempts using common coupling reagents such as
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyri-
dinium 3-oxide hexafluorophosphate (HATU), HBTU, or HOBt
alone in DMF failed to produce any detectable cyclized product
[24-26]. Ultimately, successful macrocyclization was achieved
by employing benzotriazol-1-yloxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP) as the coupling reagent in DMF

Structure Yield?
1 Gly-Val-Pro-Val-Trp(Boc)-Ala 89%
2 Gly-Val-Ala-Trp(Boc)-Ala 77%
3 Gly-Leu-His(Trt)-Phe-Ala-Phe-Pro 93%
4 Gly-Leu-Ser(t-Bu)-Phe-Ala-Phe-Pro 91%
5 Gly-Tyr(t-Bu)-Val-Pro-Leu-Trp(Boc)-Pro 89%
6 Ala-Ser(t-Bu)-Tyr(t-Bu)-Ser(t-Bu)-Ser(t-Bu)-Lys(Boc)-Pro-Phe-Ser(t-Bu) 87%
7 Gly-Val-Lys(Boc)-Tyr(t-Bu)-Ala 95%
8 Gly-Tyr(t-Bu)-Arg(Pbf)-Phe-Ser(t-Bu) 94%
9 Phe-Gly-Thr(t-Bu)-His(Trt)-Gly-Leu-Pro-Ala-Pro 89%
10 Gly-Arg(Pbf)-Val-Lys(Boc)-Ala 87%

2Yield of crude linear peptide.
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at a concentration of 1073 M. After cleavage from the resin and
global side-chain deprotection, the crude cyclic peptides were
purified by preparative RP-HPLC. This optimized protocol
afforded segetalins A—H, J and K (1-10) with 45% to 70% iso-
lated yields (Figure 1).

Structural characterization
The synthetic compounds 1-10 were rigorously characterized to

confirm their identity and purity (see Supporting Information

Beilstein J. Org. Chem. 2025, 21, 2612-2617.

File 1). High-resolution electrospray ionization mass spectrom-
etry (HRESIMS) data for all compounds matched the calcu-
lated exact masses for their respective molecular formulas.
NMR spectroscopic analysis in appropriate deuterated solvents
(e.g., DMSO-dg, D;0) fully corroborated the amino acid se-
quence and cyclic connectivity, demonstrating unequivocal
structural identity with the natural isolates. Analytical HPLC
confirmed the high purity (>95%) of all synthetic segetalins.

However, experimental data for segetalin C revealed the exis-
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Figure 1: Cyclization reactions to segetalins A—H, J and K.

segetalin J (9, 57% yield)

segetalin K (10, 63% yield)
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tence of a multi-state conformational equilibrium in solution,

which is dependent on solvent polarity.

Secondary structure analysis by circular dichroism

(CD)

The secondary structures of compounds 1-10 were investigated
using circular dichroism (CD) spectroscopy in aqueous buffer
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Figure 2: The CD spectra of segetalins A-H, J and K.
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(0.01xPBS), deionized H,0O, and 30% TFE (2,2,2-trifluoro-
ethanol) (Figure 2). CD spectra in the far-UV region

(190-250 nm) provide signatures of peptide backbone confor-

mation [27-29]: a random coil typically shows a negative

band near 198 nm and a positive band near 218 nm; an a-helix

exhibits characteristic minima at 208 nm and 222 nm and a

maximum near 192 nm; B-sheet structures are often indicated
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by a single minimum between 210-220 nm and a maximum
below 200 nm.

CD spectroscopy revealed that cyclic topology shifts character-
istic peaks and stabilizes secondary structures through coopera-
tive ring size/sequence/solvent effects [30]. TFE disrupts the
hydrogen-bonding network of water, reduces solvent polarity,
and enhances the stability of intramolecular hydrogen bonds in
the peptide backbone, thereby promoting the formation of stable
secondary structures (such as a-helices or f-sheets) in cyclic
peptides. Spectra acquired in H,O, 0.01xPBS, and 30% TFE
(Table S1, Supporting Information File 1) demonstrate:
(i) definitive B-sheet signatures (217 nm minima) in 1, 3, 4;
(ii) enhanced B-sheet stability from constrained macrocycles in
2, 7, 8, 10; (iii) universal a-helix induction by TFE in 1-10,
with 5 and 6 retaining helicity in aqueous buffers.

Conclusion

We have developed an efficient and reliable solid-phase synthe-
sis strategy for the cyclopeptide family of segetalins A—H, J and
K from Vaccaria segetalis. Key optimizations include the use of
a cost-effective 2-chlorotrityl chloride resin, efficient Fmoc
deprotection and linear coupling conditions (HOBt/HBTU), and
the identification of PyBOP as a highly effective coupling
reagent for the challenging head-to-tail macrocyclization step
under moderate dilution (1073 M). This protocol afforded the
target cyclic peptides in practical isolated yields (45-70%) and
high purity. Comprehensive structural characterization by
HRESIMS, NMR, and HPLC confirmed the identity
and high purity of the synthetic segetalins. CD spectroscopy
provided insights into their secondary structural preferences.
This robust and scalable methodology overcomes significant
limitations of previous synthetic approaches, providing
ample quantities of these bioactive cyclopeptides for detailed
biological evaluation and structure—activity relationship studies.
The systematic investigation of the their key biological activi-
ties, including estrogenic activity (assessed via breast cell
proliferation assays), antitumor activity (evaluated through
HeLa cell inhibition assays), and antibacterial activity (evalu-
ated against Gram-positive bacteria), will be conducted in our
laboratory.

Supporting Information

Supporting Information File 1

Experimental section, characterization and copies of
spectra.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-202-S1.pdf]
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Class I histone deacetylases (HDACs 1-3) serve as catalytic subunits within seven multiprotein co-repressor complexes, each of

which has distinct functions in the cell. We report the synthesis of a HDAC inhibitor-nanogold probe, derived from the class I
HDAC inhibitor CI-994, for cryo-electron microscopy (cryo-EM) visualization of the HDAC catalytic domain within class I HDAC
co-repressor complexes. The nanogold probe retained HDAC inhibitory activity comparable to CI-994 against the HDAC1-LSD1-

CoREST complex in vitro. In cryo-EM studies, 2D class averages revealed the bi-lobed architecture of the CoREST complex and

partial localization of the gold nanoparticle probe to the CoOREST complex. However, the probe was not observed in classes

showing the side-view of the CoOREST complex, limiting unambiguous identification and positioning of the HDAC catalytic

domain within the CoREST complex.

Introduction

Histone deacetylase (HDAC) enzymes catalyze the hydrolysis
of acetyl groups from N-acetylated lysine residues in histone
proteins. HDACs are also capable of the deacetylation of non-
histone proteins [1], and the hydrolysis of other acyl functional
groups [2]. The human genome encodes 18 histone deacety-
lases (HDACS), which are divided into two main groups based
on their catalytic mechanisms [3]. Eleven HDACs are zinc-de-
pendent enzymes, while the remaining seven, known as sirtuins
(SIRT1-7), require nicotinamide adenine dinucleotide (NAD")

as a cofactor [3]. HDAC:s are further classified into four classes:
class I (HDAC1-3 and HDACS), class Ila (HDAC4, 5, 7, and
9), class IIb (HDAC6 and 10), class IV (HDAC11), and the
NAD*-dependent sirtuins are grouped separately as class III [3].

HDACI, HDAC2, and HDAC3 of the class I HDACs exist in
multiprotein co-repressor complexes in vivo [4]. HDAC1 and
HDAC?2 exist interchangeably in the COREST, MIDAC, SIN3,
NuRD, MIER, and RERE complexes, while HDAC3 exists in
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the SMRT/NCoR complex [4]. The protein complex partners
govern the nucleosomal substrate specificity [5,6], and each

complex has distinct cellular functions [7].

Cryo-electron microscopy (cryo-EM) has revolutionized struc-
tural biology by enabling high-resolution, three-dimensional vi-
sualization of macromolecular multiprotein complexes in
differing functional states. Examples of structure elucidation
utilizing cryo-EM for class I HDAC complexes include the
MiDAC and SIN3 complexes [8,9]. However, despite these
advances, obtaining high-resolution structures of flexible multi-
protein complexes can still prove challenging. One such exam-
ple of this includes the tripartite COREST complex that encom-
passes HDAC1/2, the co-repressor of REST (CoREST) and the
lysine-specific demethylase 1 (LSD1). Cryo-EM and small
angle X-ray scattering revealed that the CoREST complex
exists as a bi-lobed structure [10]. Enzyme kinetics studies
showed that HDAC1 and LSD1 do not act independently and
that their activities and modulation by inhibitors and activators
are closely coupled. Both enzymes exist in at least two distin-
guishable states that differ in their kinetic properties, consistent
with the two distinct structural states of the complex observed
in the cryo-EM maps [10]. However, the intrinsic flexibility of
the CoREST complex has limited the achievable resolution in
cryo-EM reconstructions, making it difficult to confidently
assign the orientation of the HDAC catalytic domain relative to
LSD1 [10]. Understanding the spatial positioning of the HDAC
active site within the complex is critical, as it may significantly
influence how CoREST engages with nucleosomal substrates.

Nanogold particles (1-5 nm in diameter) are highly electron-
dense and provide high contrast in microscopy. They have been
successfully applied in immunogold electron microscopy to
study protein localization within a cell, as well as in cellular
cryo-electron tomography [11,12]. More recently, gold nano-
particles have been used as labeling tools in vitrified cells to
locate cellular compartments in cellular cryo-EM [13]. Given
the considerable utility of nanogold particles in microscopy, we
aimed to synthesize a nanogold-conjugated HDAC inhibitor and
evaluate its applicability in single-particle cryo-EM to unambig-
uously determine the positioning and orientation of the HDAC
active site within the CoREST complex.

Results and Discussion

Design and synthesis of a HDAC
inhibitor—nanogold probe

For the basis of the HDAC inhibitor-nanogold probe we
utilized the class I HDAC inhibitor CI-994 (Figure 1). CI-994 is
an inhibitor of HDAC1-3 and it inhibits HDAC1-CoREST-
LSD1, HDAC2-CoREST-LSD1, and HDAC3-SMRT complex

Beilstein J. Org. Chem. 2026, 22, 480-485.

with ICsq values of 0.53 uM, 0.62 uM, and 0.14 pM, respec-
tively [14,15]. Additionally, CI-994, like other benzamide
HDAC inhibitors, exhibits slow on/off binding kinetics, hence
once bound to the HDAC within the complex it should not
readily dissociate [16]. A crystal structure of HDAC2 bound to
an analogue of CI-994 (PDB: 4LY1) revealed that the acet-
amide moiety is oriented outside the HDAC active site [17].
Hence, we decided to functionalize this position with an alkyl
linker consisting of 9 carbon atoms to mitigate any steric
clashes between the HDAC inhibitor and the nanogold particle,
which could be detrimental to the probe binding affinity
(Figure 1). Further to this, we previously functionalized this po-
sition with linkers for the development of HDAC1-3 proteol-
ysis targeting chimeras (PROTACSs) [14,18]. Alkyl-linker
lengths of approximately 12 atoms and greater were the most
effective degraders [18]. We chose the commercially available
amine functionalized nanogold particles (Au—NH,, specifically
Monoamino-Nanogold® 1.4 nm purchased from Nanoprobes)
for our probe design. Au—-NH, consists of a gold cluster of
eleven gold atoms coordinated by trisarylphosphine ligands
with a diameter of 1.4 nm. One of the trisarylphosphine ligands
contains the 3-aminopropylamido group, allowing for stoichio-
metric conjugation with suitable substrates. The small size of
Au—-NH; minimizes steric hindrance and allows for enhanced
spatial resolution, relative to colloidal nanogold particles,

NH2 = N)J\
H
Cl-994
1§
NH u
2 N N)\
H ‘m H
Au-(C1-994)
PAr;
Ar3P

Ar 0

ArsP

Au -NH, = ' ° /'ir < > HZN
Ar3P ‘\_\
NH,

ASFArP  PAr
o =Au 1.4 nm
X=Cl \

Figure 1: HDAC1-3 inhibitor CI-994; HDAC inhibitor-nanogold probe
Au—(Cl-994); structure of amine-functionalized 1.4 nm nanogold parti-
cle (Au—-NHy).
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thereby facilitating high precision labeling of the HDAC active
site.

CI-994 was synthesized using previously established routes
(Scheme 1) [14,15,18]. Intermediates 5—-7 were prepared in a
manner analogous to Smalley et al. [14]. The first step in the
linker synthesis for Au—(CI-994) involved a monoprotection of
nonanedioic acid with a benzyl group to give 5 which
proceeded in moderate yield due to the formation of the diben-
zylated by-product. Compound 5 was then coupled to the
CI-994 intermediate 3 via HATU-mediated amide bond forma-

Beilstein J. Org. Chem. 2026, 22, 480-485.

tion to produce 6 in good yield. Removal of the benzyl
protecting group was performed by catalytic hydrogenation and
acid 7 was obtained in near quantitative yield. Intermediate 7
was converted to its corresponding NHS ester 8 and residual
starting material was removed by column chromatography. The
Boc-protecting group was removed under anhydrous conditions
in good yield and the structure of 9 was confirmed by NMR
spectroscopy. Compound 9 was maintained as the TFA salt for
the final step, and was stable for days stored at —20 °C (stability
determined by 'H NMR, Figures S1-S4 in Supporting Informa-
tion File 1).
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Scheme 1: Synthesis of CI-994 and the Au—(CI-994) conjugate. Conditions: a) BocoO, NEt3, THF, 0 °C to rt, 19 h, 70%; b) 4-nitrobenzoyl chloride,
DIPEA, DCM, 0 °C tort, 16 h, 74%; (c) Ho, 10% Pd/C, MeOH/THF 1:1, rt, 17 h, 95%; d) AcCl, NEts, THF, 0 °C to rt, 21 h, 67%; e) TFA, DCM, 0 °C
to rt, 20 h; (f) MP-carbonate resin, MeOH, rt, 3 h, 95%; g) benzyl bromide, 1,4-dioxane/DMF 1:1, 90 °C, 19 h, 45%; h) 3, 5, HATU, DIPEA, DMF, 0 °C
to rt, 40 h, 59%; i) Ho, 10% Pd/C, THF, rt, 19 h, 99%; j) N-hydroxysuccinimide, EDC, DMF, 0 °C to rt, 16 h, 90%; k) TFA, DCM, 0 °C to rt, 18 h, 92%;

I) Au-NHj, DMSO, rt, 20 h.
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For the conjugation of 9 to Au—-NH), an excess of 9 was used to
drive the conjugation reaction to completion. Unreacted 9 was
then removed by repeated washing with water and buffer, fol-
lowed by centrifugation (see Supporting Information File 1 for
full details). The resulting Au—(CI-994) conjugate was concen-
trated to a final volume of 1 mL. The concentration of Au—(CI-
994) was determined by UV—-vis spectroscopy, using absor-
bance at 420 nm — a characteristic wavelength for nanogold
[19]. Based on the Beer—Lambert law, the concentration was
calculated to be 2.69 uM. Attempts at further concentration led
to precipitation, indicating limited solubility at higher concen-
trations.

The HDAC inhibitor-nanogold probe
inhibits HDAC enzymatic activity in the
CoREST complex

We first wanted to confirm that the conjugation of CI-994 to the
nanogold particle did not significantly affect HDAC inhibition.
The HDAC1-LSD1-CoREST complex, incorporating a FLAG
tag in CoREST, was expressed and purified from HEK293F
cells as previously reported [10]. Fluorescent deacetylase assays
were carried out using Boc-Lys-(Ac)-AMC as the HDAC sub-
strate [15,20], which on cleavage by HDAC releases fluores-
cent 7-amino-4-methylcoumarin. Au—(CI-994) and several
controls were evaluated under the HDAC assay conditions in
the presence and absence of the CoOREST complex (Figure 2).
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In the absence of the COREST complex Au—-NH; and Au—(CI-
994) did not affect fluorescence under the HDAC assay condi-
tions, implying that the gold nanoparticle does not interfere with
the HDAC assay conditions. As expected, 20 uM of CI-994
completely inhibited HDAC activity of the COREST complex.
Notably, Au—(CI-994) also exhibited near-complete inhibition
of the HDAC activity in the CoREST complex, even at
0.54 uM. Surprisingly, Au—-NH, was found to reduce the
HDAC activity of the CoOREST complex by nearly 50%. One
plausible explanation for this effect is a direct interaction be-
tween the gold nanoparticles and solvent-accessible cysteine
residues. Cysteines possess thiol side chains that exhibit strong
affinity for gold, enabling them to form stable bonds with metal
surfaces [21]. Such interactions may disrupt the native confor-
mation of cysteine-containing proteins or peptides, potentially
impairing the structural integrity of the CoREST complex and
diminishing its deacetylase function. However, the maximal
HDAC inhibition by Au—-NH; was considerably less compared
to Au—(CI-994) and CI-994, suggesting Au—(CI-994), is inhibit-
ing HDAC enzymatic activity by direct competition for the
HDAC active site. We next determined the ICsy of Au—(CI-
994) against the CoOREST complex. Au—(CI-994) exhibited an
ICsq value of 0.19 + 0.08 pM, this is directly comparable to the
IC5q value for CI-994, ICsy = 0.53 uM for the CoREST com-
plex [14,15]. We noted HDAC activity did not reach 0% with
Au—(CI-994) which we speculate was due to precipitation of
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500000+
- _ i
g 400000 ICg0=0.19 pM
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2 i
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log [Au-(C1-994)] (M)

Figure 2: Left: Single point concentration HDAC assay. Concentration of Au-NH and Au—(CI-994) = 0.54 uM. Concentration of CI-994 = 20 pM.
Right: Dose response inhibition of HDAC activity in the COREST complex with Au—(CI-994). Boc-(Ac)Lys-AMC substrate = 100 uM; CoREST
complex = 12.5 nM. Error bars represent + S.E.M. (n = 3). For full assay conditions see Supporting Information File 1.
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Au—(CI-994) at higher concentrations. The Au—(CI-994) probe
was further characterized using electron microscopy (Figure S5
in Supporting Information File 1). The electron-dense gold
nanoparticles appeared prominently in the micrographs due to
their intense black contrast. The particles exhibited uniform size
distribution, were evenly dispersed across the grid, and showed
no signs of aggregation. These studies confirmed the suitability
of Au—(CI-994) probe for structural studies with the CoOREST

complex.

The HDAC inhibitor-nanogold probe
localizes with the CoOREST complex in
cryo-EM

To stabilize the HDAC1-LSD1-CoREST complex on the EM
grid, glutaraldehyde cross-linking was performed, with success-
ful cross-linking confirmed by SDS-PAGE. The cross-linked
ternary complex was incubated with the Au—(CI-994) probe for
2 hours in 2:1 molar ratio to minimize non-specific binding.
Screening and data collection were carried out on a Titan Krios
microscope. A range of protein particles resembling the
CoREST ternary complex were observed, with several
displaying a distinct “black dot” indicative of the electron-dense
gold nanoparticle (Figure S6 in Supporting Information File 1).
However, as expected, Au—(CI-994) was not observed in all
protein particles, indicating that the CoREST complex was not
fully saturated with the probe. Automated particle picking using
TOPAZ identified 370,670 particles from 1,965 micrographs,
averaging 189 particles per micrograph (Figure S7 in Support-
ing Information File 1). Both Au—(CI-994)-bound and unbound
particles were picked and subsequently separated during data
analysis. Particles were extracted and subjected to multiple
rounds of 2D classification to remove artefacts and junk parti-
cles. The final 2D classes (Figure 3) revealed a bi-lobed archi-
tecture consistent with the published CoREST ternary complex
structure [10]. The Au—(CI-994) probe was visible in some
classes due to its distinct, brighter contrast. While various orien-
tations of the complex were captured, the probe was absent in

side-view classes. These views are especially important for

- _ R

¢

Beilstein J. Org. Chem. 2026, 22, 480-485.

visualizing the active sites of HDACI1 and LSD1, and thus the
spatial relationship of the Au—(CI-994) probe to the LSD1
active site. Hence, although the probe localized to the COREST
complex, unfortunately, the positioning and spatial orientation
of the HDAC catalytic domain could not be unambiguously de-
termined.

Conclusion

In summary, we report the synthesis and validation of Au—(CI-
994) as a nanogold-conjugated HDAC inhibitor for cryo-EM vi-
sualization in class I HDAC co-repressor complexes. Au—(CI-
994) effectively inhibits HDAC activity within the COREST
complex in vitro, showing comparable potency to CI-994. The
probe was clearly visualized in association with the CoREST
complex by cryo-EM; however, its absence in side-view 2D
classes prevented precise localization of the HDAC catalytic
domain. We speculate that the flexibility of the 9-carbon alkyl
linker, and additional flexible linker to the nanogold particles,
may have resulted in signal averaging, obscuring the probe’s
exact position. Furthermore, although probe localization was
evident, complete saturation of the CoOREST complex with the
probe was not achieved. Future studies will focus on rigidi-
fying the linker and enhancing HDAC binding affinity.
Nonetheless, nanogold-labeled HDAC inhibitors could serve as
effective fiducial markers in cryo-EM, facilitating the localiza-
tion of distinct subunits or binding sites within large and flex-

ible multiprotein complexes.

Supporting Information

Supporting Information File 1

Chemical protocols and characterization data for
compounds, biological protocols including cryo-EM grid
prep, data collection, and images of micrographs.
[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-22-35-S1.pdf]

Figure 3: Final round of 2D classification of the cross-linked COREST complex in the presence of Au—(CI-994) (87,649 particles). Red arrows indi-
cate the position of the Au—(CI-994) probe localized with the CoOREST complex. The probe was absent in side-view classes.
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Abstract

This study aimed to develop a novel degrader capable of selectively degrading fibroblast growth factor receptor 2 (FGFR2) to over-
come the issues of drug resistance and adverse reactions associated with traditional inhibitors in the treatment of FGFR2-driven
tumors. Erdafitinib was employed as the targeting ligand, and its aliphatic amine site was conjugated with a CRBN E3 ligase ligand
to design and synthesize a series of PROTAC molecules with different linkers. Screening was performed in KATO III cells with
high FGFR2 expression, leading to the identification of LC-JD-6 as a potent degrader. Experimental results demonstrated that
LC-JD-6 effectively induced FGFR2 protein degradation with a half-maximal degrading concentration (DC5g) of 121.4 nM, and
this effect exhibited time- and concentration-dependence. Assessed at the cellular level, LC-JD-6 has a half-maximal inhibitory
concentration in the KATO III (IC5g) of 96.0 nM and showed low inhibitory activity in normal cells. Selectivity analysis revealed
that LC-JD-6 specifically degraded FGFR2 with minimal impact on other FGFR subtypes. Further studies confirmed that LC-JD-6
also efficiently reduced the expression of FGFR2 on the cell membrane surface. In conclusion, this study successfully developed
LC-JD-6, a novel FGFR2-selective degrader, and for the first time confirmed its ability to degrade the membrane-bound form of
FGFR2. This work provides an innovative targeted protein degradation strategy for the treatment of FGFR2-driven tumors and

holds significant potential for clinical application.

Introduction
Fibroblast growth factor receptors (FGFR) are a family of factors [1-3]. Dimerization and autophosphorylation of FGFRs
single-pass transmembrane receptor tyrosine kinases (RTKs) are induced by their binding to ligands, which trigger intracel-

localized on the cell surface that bind to fibroblast growth lular signaling cascades to activate downstream substrates and
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pathways [4]. This process involves PLC y-mediated PKC acti-
vation and pFRS2-induced activation of the PI3K/AKT and
MAPK/ERK pathways, thereby regulating cell proliferation,
differentiation, migration, and survival [5-8]. FGF/FGFR
dysregulation is associated with various diseases, including
cancers, skeletal disorders, and metabolic syndromes [9,10].
Among family members, tumorigenesis driven by FGFR2 acti-
vation is attributed to genetic amplification, mutations, and gene
rearrangements or fusions [11-13]. Genetic amplification of
FGFR?2 leads to an excessive number of gene copies, resulting
in over-expression of the FGFR2 protein on the cell surface.
This over-abundance can cause the receptor to be constitutively
active, continuously sending growth signals to the cell even
without proper ligand binding, thus promoting uncontrolled cell
proliferation [11,14]. Mutations in FGFR2 may alter its struc-
ture, enabling it to bypass normal regulatory mechanisms and
activate downstream oncogenic pathways independently of
external stimuli, which also contributes to tumor development.
Gene rearrangements or fusions involving FGFR2 can create
novel chimeric proteins with enhanced or aberrant signaling
capabilities, further driving cells towards a malignant
phenotype [13,15]. Notably, FGFR2 amplification and fusions
are frequently detected in patients with advanced gastric cancer
and cholangiocarcinoma [16-18]. Accordingly, research
into therapeutics targeting FGFR2 has emerged as a major
focus.

To treat FGFR2-driven tumors, current research primarily
focuses on two distinct classes of inhibitors, namely FGFR pan-
inhibitors and FGFR2-selective inhibitors. Among these in
Figure 1, futibatinib, infigratinib, and erdafitinib, as pan-FGFR
inhibitors, exhibit therapeutic efficacy against tumors driven by
FGFR2. For advanced cholangiocarcinoma driven by FGFR2,
infigratinib and futibatinib are targeted drugs specifically ap-
proved for this indication [19]. In contrast, erdafitinib is
primarily effective in the treating of urothelial carcinoma with
FGFR2/3 alterations [20]. However, due to the risk of adverse
effects associated with pan-inhibitors, an increasing number of
FGFR2-selective inhibitors have been reported in recent years
[21-25]. Lirafugratinib (RLY-4008), an FGFR2-selective inhib-
itor, is the first highly selective FGFR2 inhibitor. Although sub-
stantial advancements have been made in developing FGFR2-
targeted therapeutics, the sustained clinical efficacy of these in-
hibitors in oncology remains constrained by the emergence of

acquired resistance mechanisms.

Proteolysis-targeting chimera (PROTAC) is a chemical mole-
cule which induce the target protein to approach the ubiquitin
protein through the ubiquitin proteasome system, then it can be
ubiquitinated and degraded [26-28]. This drives to form

degraders through the unique properties of their own degrada-

Beilstein J. Org. Chem. 2026, 22, 583-591.

tion functions and overcome a series of critical issues in cancer

treatment.

The numerous advantages of PROTAC technology in targeted
therapy have prompted us to conduct further research into
FGFR2 degraders. In this work, a series of degraders conju-
gating erdafitinib with a CRBN binder was synthesized and
screened, leading to the identification of LC-JD-6, a potent and
FGFR2-selective degrader. This study establishes a funda-
mental framework for the rational design of therapeutic modali-
ties targeting FGFR2 degradation, offering novel insights into
protein homeostasis-based cancer intervention.

Results and Discussion
FGFR2-targeted degrader design

PROTAC molecules are composed of three key elements: a spe-
cific ligand targeting the protein of interest (POI), a recruiter for
an E3 ubiquitin ligase, and a linker that covalently connects
these two functional moieties into a single molecular entity
[29]. Herein, we purpose the clinically validated inhibitor
erdafitinib as a POI binder that selectively targets FGFR2.
Based on the analysis of the co-crystal structure of erdafitinib
bound to the FGFR kinase domain (PDB: SEWS, https://
doi.org/10.2210/pdbSEW8/pdb) [30], we observed that the ali-
phatic amine group is positioned in the solvent-exposed region

of the molecule. Given this observation, we selected the aliphat-
ic amine group as a suitable conjugation site (Figure 2a).
Previous studies have shown that different linkers exhibit
distinct selectivity profiles [31]. Therefore, in this study, novel
FGFR2 degraders were designed by conjugating the aliphatic
amine in erdafitinib to two sites on CRBN (Figure 2b and
Scheme 1), and the length and type of the linker were modified
to achieve the selective degradation of FGFR2. Compound 5
was prepared according to the previously reported procedure
[32,33], and then condensed with the reported compound 6 [31]
under EDCI to afford the final novel FGFR2 degrader.

Screening and identification of LC-JD-6 as a
potent FGFR2 degrader

Targeted protein degradation molecules in degrading FGFR2
were tested in KATO III cells (high basal FGFR2), identifying
LC-JD-6 as the optimal candidate. Western blot analysis
showed that LC-JD-6 reduced FGFR2 by 90% after 12 hours at
500 nM (Figure 3a). However, for structural modifications,
neither long-chain alkyl linkers (LC-JD-1/2) nor PEG-based
linkers (LC-JD-3/4) demonstrated significant degradation of
FGFR2 protein levels in KATO III gastric cancer cells. Al-
though LC-JD-5, which is the homoisomer of LC-JD-6, is still
lacking compared to LC-JD-6. To further verify the potency,
LC-JD-6 was prescribed at an extensive concentration range
(0.4-10,00 nM) in KATO III cells after 6 hours, with the DCs
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of 121.4 nM and a maximal degradation (Dy,,y) after 12 hours
of treatment (Figure 3b and Figure 3d). As shown in Figure 3e,
LC-JD-6 have potency in the KATO III proliferation assay with
an ICsq of 96.0 nM and showed no significant inhibitory activi-
ty in HEK293T cells with low FGFR2 expression. Those results
showed LC-JD-6 is indeed a potent degrader.

LC-JD-6 as a selective degrader for FGFR2

Pharmacologically, the capacity of PROTACS to discriminate
between intended and unintended targets represents a pivotal at-
tribute that mitigates adverse off-target effects. Therefore,
LC-JD-6 underwent in vitro profiling against diverse FGFR
subtypes to evaluate its potential as a selective degrader. The
selective induction of FGFR2 degradation by LC-JD-6 was
demonstrated in cell lines endogenously expressing four FGFR
subtypes (NCI-H1581, KATO III, RT112, and Hep3B). As
shown in Figure 4a, treatment with 100 nM LC-JD-6 for
12 hours resulted in a reduction of over 80% in FGFR2 protein
levels, with negligible effects on the other subtypes. These find-
ings establish LC-JD-6 as a highly selective FGFR2 degrader.

LC-JD-6 reduced the expression of
membrane-bound FGFR2

Since most PROTACSs reported to date act on intracellular
targets, we examined whether LC-JD-6 could directly degrade
FGFR2 from the plasma membrane. KATO III gastric cancer
cells were incubated with 500 nM LC-JD-6 for 12 hours, fol-
lowed by flow cytometric quantification of cell surface FGFR2
expression. As shown in Figure 4b and Figure 4c, LC-JD-6
treatment led to a marked decrease in cell surface FGFR2
expression, supporting its role as a membrane-specific degrader.

Conclusion
Over the past decade, with the identification of FGFR2 as a key

oncogenic driver in multiple malignancies [34], significant

progress has been made in elucidating the molecular mecha-
nisms underlying the FGFR2 signaling pathway [35,36]. These
advances have driven the development of several selective
FGFR2 inhibitors, including erdafitinib, infiglatinib, and
FGF401 [37-39]. However, issues such as acquired drug resis-
tance and on-target toxicity emerging in clinical applications
have limited the long-term efficacy of such inhibitors, and some
of these agents remain in clinical development or have been
discontinued [21,22]. Against this backdrop, the PROTAC tech-
nology has offered a novel strategy to overcome these chal-
lenges. Previously reported degraders, such as LC-MB12 [28],
have been shown to effectively degrade FGFR2 via the protea-
somal pathway, while the VHL E3 ligase-based degrader DGY-
09-192 is capable of degrading both FGFR1 and FGFR2 simul-
taneously [40]. These findings suggest that different E3 ligase
ligands may influence the selectivity and efficiency of degrada-
tion [41]. Nevertheless, due to limitations in experimental
conditions, the specific regulatory mechanisms by which E3
ligase components modulate receptor selectivity remain to be
further elucidated.

In general, the PROTAC technology has opened up a
new avenue for addressing the drug resistance of traditional
inhibitors by harnessing the intracellular endogenous protein
degradation machinery. However, this technology still faces
challenges in degrading membrane proteins such as FGFR2,
partly due to the cell-type-specific expression differences
of E3 ligases. Through systematic medicinal chemistry design
and pharmacodynamic evaluation, this study successfully
developed LC-JD-6, a CRBN E3 ligase-based PROTAC
molecule that potently and selectively degrades FGFR2.
Experiments demonstrated that LC-JD-6 exhibited a DCsg of
121.4 nM in KATO III cells, degraded more than 90% of
FGFR2 protein within 12 hours, and displayed favorable

subtype selectivity and the ability to degrade membrane-bound
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FGFR2. This molecule successfully repurposed erdafitinib, a  gating FGFR2 function but also lays a crucial foundation for the
broad-spectrum FGFR inhibitor, into a highly selective development of novel therapeutic strategies against FGFR2-
degrader. It not only provides a new chemical tool for investi-  driven tumors.
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Abstract

Human protein kinase CK2 is a constitutively active serine/threonine kinase implicated in numerous cancers. Although ATP-
competitive inhibitors such as CX-4945 show therapeutic potential, they are limited by off-target effects and incomplete or tran-
sient CK2 suppression. PROTACs offer an alternative strategy by inducing proteasome-mediated degradation, with potential advan-
tages in potency, selectivity, and duration of action. Herein, a series of CK2-targeting PROTACS has been designed and synthe-
sised. By conjugating a CAM4066-derived warhead to CRBN or VHL ligands, four VHL-recruiting PROTACS, were prepared
using PEG and alkyl linkers, alongside two CRBN-recruiting analogues featuring constrained linkers. A ligand—linker analogue in
which a linker is projected from the solvent-exposed region of CK2a retained binding affinity comparable to CAM4066,

confirming that linker installation is tolerated and preserves key interactions in the aD and ATP sites.

Introduction
Protein kinases form a large family of more than 500 enzymes through mutation or altered expression, is associated with nu-
that regulate key cellular processes through the phosphoryla-  merous malignancies [1]. CK2 (previously called casein kinase

tion of protein substrates. Dysregulation of kinase activity, often ~ 2), a constitutively active serine/threonine kinase, functions as a
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heterotetramer composed of two catalytic (o or a') and a
dimeric regulatory (f) subunit [2]. Unlike most kinases, CK2
does not require upstream activation [3], a property that contrib-
utes to its pleiotropic role in cell signalling. Elevated CK2
expression correlates with enhanced cell survival across several
cancer types, and its downregulation impairs viability in models
of glioblastoma, medulloblastoma, cholangiocarcinoma, breast

and renal cancers [4].

These features have established CK2 as a compelling thera-
peutic target. In 2016, structural studies revealed a cryptic aD
pocket adjacent to the ATP-binding site of CK2a [5,6]. Frag-
ment-based ligand discovery subsequently enabled the develop-
ment of CAM4066, a selective inhibitor that simultaneously
engages the aD and ATP sites. CAM4066 validated the aD
region as a tractable and selective binding pocket for CK2
kinase inhibition. Despite successes with ATP-competitive in-
hibitors, small-molecule kinase inhibitors can be limited by re-
versible target engagement, off-target effects, and susceptibility
to resistance mechanisms [7]. These challenges have motivated
the exploration of alternative therapeutic modalities that move

beyond occupancy-driven pharmacology.

Proteolysis-targeting chimeras (PROTACsS) represent a rapidly
advancing strategy for induced protein degradation. By tran-
siently engaging both a target protein and an E3 ubiquitin
ligase, PROTACSs promote proteasomal elimination of the target
rather than sustained binding [8]. This event-driven mode of
action enables catalytic turnover, can reduce off-target toxici-
ties associated with high inhibitor doses, and does not require a
deep or well-defined binding pocket, allowing potential access
to targets considered “undruggable” by conventional small mol-
ecules [8]. In 2018, a PROTAC targeting CK2 was reported in
the literature. This used CX-4945, a potent CK2 inhibitor, as the
CK2 warhead [9,10]. However, as CX-4945 targeted the ATP-
binding site of CK2, it also displayed nanomolar affinity for the
ATP-binding sites of other kinases, like CLK?2 [11]. Therefore,
finding a potent and selective PROTAC targeting CK2 might be
valuable in the evaluation of specific degradation of CK2 as a

therapeutic approach.

Herein, we report the design and synthesis of a series of CK2-
targeting PROTACs. CAM4066 was selected as the warhead to
enable CK2-specific target engagement. We conjugated
CAM4066-derived ligands to both CRBN or VHL E3-ligase
recruiters. We created VHL-recruiting PROTACs for CK2
using PEG and alkyl linkers, while the CRBN-recruiting ana-
logues featured more constrained linkers. A ligand-linker ana-
logue bearing a linker projected from the solvent-exposed
region of the CK2 ligand retained binding affinity comparable
to CAM4066, demonstrating that linker installation is well
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tolerated and preserves key interactions in both the aD and ATP
sites.

Results and Discussion

CAM4066 (1) was selected as the CK2-targeting ligand for
PROTAC development owing to its high selectivity and well-
characterised bivalent binding mode across the ATP and aD
pockets. Because a successful degrader must first engage the
protein of interest with sufficient affinity, a PROTAC derived
from CAM4066 was expected to retain CK2 specificity and
achieve kinase-directed degradation rather than broader kinome
perturbation. The first design objective was therefore to iden-
tify a suitable exit vector for linker attachment that would allow
productive E3-ligase recruitment without compromising the
established binding geometry of CAM4066.

Inspection of the co-crystal structure of 1 bound to CK2«a
revealed a small solvent-accessible channel adjacent to the
amide linking the ATP- and aD-binding fragments (Figure 1).
This channel represented a promising region from which to
project a linker, as it was oriented toward solvent and spatially
removed from residues critical for 1 binding to CK2a. The
amide closest to this opening was therefore identified as the
optimal site for structural modification. To allow more flexible
functionalisation, the linking region was redesigned to intro-
duce a secondary amine adjacent to the original amide position.
This amine maintained the length and orientation of the native
framework while serving as a more accessible synthetic handle
for downstream coupling chemistry. As 1 itself was known not
to have any effect on cell viability while its uncharged methyl
ester analogue did, the neutralised pro-drug analogue of the
ATP-site binder was employed to prevent such problems [6].
The ATP-site binder and aD-site binder fragments were pre-
pared using literature procedures from the original develop-
ment of 1. The modified linking portion containing the new sec-
ondary amine was incorporated into the general assembly 2 to
afford a CAM4066-derived scaffold suitable for PROTAC con-

struction.

The synthesis of the ATP-site binder began with the alkylation
of commercially available methyl 3-aminobenzoate (3) using
bromoacetyl bromide. Although initial purification via silica gel
chromatography led to substantial product loss, isolation by
simple aqueous workup afforded the intermediate 4 cleanly and
in quantitative yield. This intermediate enabled straightforward
elaboration of the ATP-binding fragment, as N-Boc-1,4-
diaminobutane was subsequently alkylated with intermediate 4
to generate the chain-extended linker precursor 5. The use of
DIPEA instead of triethylamine suppressed undesired alkyl-
ation of the base and significantly improved the isolated yield

up to 84%. Introduction of an acetic acid handle was then
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A) Synthetic modification of CAM4066 (1) to afford PROTACs
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Figure 1: Design strategy and validation. A) Structure of CAM4066 (1) that served as a model design for the development of CK2 targeted PROTACs
with a general structure 2. Crystal structures showcased on 1 (PDB: 5CU4) and S13 (PDB: 9TTA; please see Supporting Information File 1, section
1.4.18 for the full structure). B) Crystal structure of S13. The map is Fo-Fc contoured at 1.5 a. C) Isothermal titration calorimetry (ITC) reveals the suit-
able position for linker vector to attach the E3 ligases (showcased on compound S13).
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achieved via alkylation with bromoacetic acid under DIPEA  modular CuAAC-based PROTAC assembly. The aD binder 16
mediation, giving intermediate 6, which served as the common  had been synthesised via a two-step reaction. First, the phenolic
attachment point for linkers 7-10 (for full synthesis see Sup-  group of 15 was converted into the corresponding triflate using
porting Information File 1, section 1.3). In parallel, PEG-based  triflic anhydride, followed by Suzuki-Miyaura cross-coupling
linkers bearing terminal alkyne handles were synthesised for ~ with phenylboronic acid to give 16 in 59% yield (Scheme 1).
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Scheme 1: Synthesis of the key ligand-linker PROTAC precursors. For compound 14, HATU/DIPEA has been used instead of HOB/DIC. Abbrevia-
tions: DCE = 1,2-dichloroethane; DIC = N,N'-diisopropylcarbodiimide; DIPEA = N,N-diisopropylethylamine; DME = 1,2-dimethoxyethane; DMF =
dimethylformamide; HOBt = 1-hydroxybenzotriazole; TFA = trifluoroacetic acid.
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Boc removal from intermediates 11-14 enabled attachment of
the oD binder aldehyde 16 via reductive amination. Interest-
ingly, NaBH(OAc)3 had performed well in the synthesis of the
ligand-linker analogue 17 using intermediate 11, however, use
of intermediates 12—-14 were consistently giving low yields.
Therefore, for those, methanolic reductive amination with
NaBH, was pursued. Successful optimisation of reductive
amination conditions yielded the key ligand—linker PROTAC
precursors 17-20 in moderate to good yields (35-49%;
Scheme 1).

Before progressing to full PROTACS, it was essential to
confirm that the modified CAM4066 scaffold tolerated linker
installation. For this, the methyl ester of the key ligand—linker
precursor 17 was hydrolysed using aqueous LiOH to yield acid
S13. Isothermal titration calorimetry (ITC) revealed that S13
bound CK2a with a dissociation constant (Kq = 600 nM)
comparable to that of CAM4066 (350 nM; Figure 1C).

This indicated that the exit vector modification and linker
installation were well tolerated. Co-crystallisation of S13 with
CK2a further confirmed, that both the ATP-binding and
aD-binding motifs retained their expected hydrogen-bonding
and hydrophobic interactions, and the linker projected cleanly
toward solvent-exposed region (Figure 1). Importantly, the
absence of the terminal alkyne substituent in the electron densi-
ty map revealed that it remained solvent-exposed and sterically
accessible, validating the design for subsequent attachment of
E3-ligase ligands.

With the exit vector validated, the synthesis of full PROTACs
was pursued. The VH032-derived VHL ligand 21 (for full syn-
thesis see Supporting Information File 1, section 1.4) was pre-
pared according to literature and functionalised with
2-azidoacetic acid to introduce an azido-handle suitable for
CuAAC-mediated triazole formation. CuAAC coupling of these
alkyne precursors 17-20 with the azido-VHL ligand 22 afforded
four final VHL-based PROTACs 23-26 in moderate to good
yields (Scheme 2A, Figure 2). It is important to mention that
LCMS analysis indicated complete consumption of the alkyne-
bearing intermediates and clean formation of the triazole-linked
products after 16 hours, although isolated yields varied due to
product loss during preparative RP-HPLC. Two CRBN-based
degraders 28 and 29 were synthesised using constrained
linker-ligand constructs S18 and S19. Because the steric envi-
ronment imposed by these linkers differed from that of the VHL
system, a modified synthetic sequence was adopted. The
aD-site binder 16 was first introduced onto the intermediate 6,
which upon Boc protection yielded intermediate 27. Installa-
tion of CRBN linker-ligands proceeded smoothly under stan-
dard coupling conditions using HATU/DIPEA, and Boc
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removal afforded CRBN PROTACs 28 and 29 (Scheme 2B,
Figure 2). Their low isolated yields were ultimately traced to
poor solubility in MeCN/H,O systems used for preparative
purification; the compounds dissolved only in DMSO,
explaining the diminished recovery. Nevertheless, the synthetic
route successfully delivered two structurally distinct CRBN-
recruiting CK2 PROTACsSs.

All synthesised PROTACSs 23-26, 28, and 29 were evaluated
for their ability to induce degradation of CK2a and CK2da' in
cell-based assays. Western blot profiling across six colorectal
cancer cell lines revealed heterogeneous expression of both
CK?2 isoforms. HCT116 cells exhibited robust expression of
CK2a and CK2a', with CK2a predominating, and were there-
fore selected as the primary model for degradation studies. The
MDA-MB-231 breast cancer line was also included due to its
prior use in published evaluations of a CK2-targeting PROTAC
[10]. The four VHL-based PROTACSs 23-26 were tested at con-
centrations up to 10 uM. However, no measurable degradation
of CK2a or CK2a' under these conditions was observed, as in-
dicated by unchanged band intensities relative to controls. At
the highest concentration (10 uM), PROTAC 24 caused a loss
of both CK2a and vinculin bands, suggesting cytotoxicity rather
than target-specific degradation. The two CRBN-based
PROTAC S 28 and 29 were tested under identical conditions but
likewise failed to induce degradation of CK2a or CK2a' in
HCT116 or MDA-MB-231 cells (see Supporting Information
File 1, section 2.4). Upon biological evaluation, ITC analysis of
24, selected as a representative PROTAC, revealed no
detectable productive binding event (see Supporting Informa-
tion File 1, section 2.1). This may have resulted from several
factors, including the limited solubility of 24 under the condi-
tions required for the assay and the requirement for cooperative
ternary complex formation with the E3 ligase, as the isolated
warhead-linker construct S13 displayed measurable binary
binding in the absence of the degrader architecture. Although
the ligand—linker analogue showed encouraging biophysical and
structural properties, the six full PROTACSs did not induce
detectable CK2 degradation under the conditions tested. Several
mechanistic factors may underlie this outcome. PROTACs
frequently fail because the protein of interest and E3 ligase
cannot adopt a productive orientation for ubiquitin transfer.
Steric constraints, linker vector misalignment, or insufficient
linker flexibility may prevent formation of a catalytically
competent ternary complex. The azide—alkyne-derived
triazole linkage may also impose a rigid orientation not
compatible with CK2’s topology. Moreover, PROTAC: typical-
ly display reduced cellular permeability owing to their high mo-
lecular weight and polar surface area [12]. This is particularly
relevant given that CAM4066 itself is a moderately polar

molecule, and linker addition further increases polarity.
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A) Synthesis of final VHL PROTACs
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Scheme 2: (A) Synthesis of final VHL PROTACs; (B) Synthesis of final C

RBN PROTACs. Abbreviations: Boc = tert-butoxycarbonyl; CRBN = cere-

blon; DIPEA = N,N-diisopropylethylamine; DMF = dimethylformamide; HATU = O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluoro-
phosphate; THPTA = tris(3-hydroxypropyltriazolylmethyl)amine; TFA = trifluoroacetic acid; VHL = von Hippel-Lindau.

Collectively, these proof-of-concept results highlight the com-
plexity of designing bivalent molecules for CK2 degradation
and underscore the need for further optimisation of warhead po-
tency, linker length, exit vector geometry, and E3 ligase selec-

tion.

Conclusion

In summary, we have developed a modular synthetic platform
for the construction of CK2-targeting degraders 23-26, 28, and
29 based on the selective bivalent inhibitor CAM4066. Struc-

ture-guided design enabled identification of a solvent-acces-
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Full structures of final PROTACs
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sible exit vector suitable for linker installation, and introduction
of a secondary amine at this position provided a versatile handle
for downstream functionalisation. The resulting CAM4066-
derived ligand-linker analogue S13 retained high-affinity
binding to CK2a and preserved the characteristic bivalent
binding mode in co-crystal structures, confirming that the exit
vector and linker trajectory were well tolerated. These data
established a robust foundation for the subsequent development
of PROTACsS.

Using this scaffold, we successfully synthesised a set of
PROTAC precursors and completed six full degraders
recruiting either VHL or CRBN. Although none of the pre-
pared PROTACSs induced degradation of CK2a or CK2«' in cel-
lular assays, the work provides valuable insights into the chal-
lenges associated with degrading compact kinases such as CK2.
The modest potency of the modified CAM4066 warheads,
potential geometric incompatibility within the ternary complex,
and the inherent permeability limitations of high-molecular-
weight degraders likely contributed to the lack of observed ac-
tivity.

Despite these limitations, the study offers important lessons for
future design. The validated exit vector and structural under-
standing of warhead tolerance provide a strong basis for further
optimisation, including exploration of alternative warheads with
improved potency, such as recently developed APL-5125 [13],
a larger set of varied linker architectures [14,15], and engage-
ment of additional E3 ligases [16]. More broadly, the synthetic
strategy and the determination of tolerance of exit vector posi-
tion developed here will support continued efforts to achieve
targeted degradation of CK2.

Taken together, this work establishes the key design principles,
synthetic routes, and structural requirements necessary for next-
generation CK2 degraders and lays the groundwork for future
optimisation toward achieving effective and selective CK2 deg-
radation.

Supporting Information
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Abstract

Proteolysis-targeting chimeras (PROTACSs) have emerged as a promising therapeutic modality and now represent an important ad-
dition to the toolkit of medicinal chemists. Compared with conventional small-molecule inhibitors, PROTACs exhibit notable
advantages, particularly in achieving selectivity within highly homologous proteins. The ability to discriminate among members of
such families holds broad implications for future disease treatment. In this review, we primarily summarize the advantages of
PROTAC:S in conferring selectivity toward highly homologous proteins. This focus will provide a feasible strategy for developing
PROTAC:S that selectively target highly homologous proteins and will ultimately support future therapeutic applications.

Introduction

The cell is the fundamental unit of structure and function in the  tion factors [6], and other non-enzymatic proteins [7] are essen-

human body [1,2]. More than 20,000 proteins act in concert to  tially undruggable using conventional inhibitor-based ap-

regulate the entire cellular life process [1]. To date, dysregu-
lated protein function has been recognized as one of the leading
causes of human diseases [3]. Although small-molecule inhibi-
tors [4] remain the most widely used therapeutic agents for the
treatment of disorders associated with abnormal protein activity,

nearly all disease-relevant scaffolding proteins [5], transcrip-

proaches [4,8]. Consequently, protein—protein interaction (PPI)-
based targeted protein degradation (TPD) strategies have at-
tracted increasing attention over the past two decades [9,10].
Among them, PROTACS, one of the most extensively studied
and promising TPD approaches, are reshaping the paradigm of

small-molecule drug development [11].
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The PROTAC technology was initially conceptualized by
Crews et al. in 2001 [11]. As a heterobifunctional molecule, a
PROTAC comprises two distinct ligands: one targeting an E3
ubiquitin ligase and the other binding to a protein of interest
(POI), covalently joined by a flexible linker [12]. Upon cellular
entry, the PROTAC molecule facilitates the formation of a
ternary complex by simultaneously recruiting the POI and the
E3 ligase (Figure 1). This proximity enables the proteasome to
recognize the complex, subsequently degrading the target pro-
tein via the endogenous ubiquitin—proteasome system [13,14].
Notably, this mechanism does not necessitate prolonged occu-
pancy of the POI binding site. Instead, the transient formation
of the ternary complex is sufficient to trigger rapid ubiquitina-
tion [15,16]. Consequently, a PROTAC operates through an
event-driven pharmacological paradigm, distinguishing itself
from the traditional occupancy-driven model of small-molecule
inhibitors [17]. Furthermore, PROTACSs function catalytically,
requiring only substoichiometric doses to achieve effective pro-
tein degradation [18].

Recent reviews have extensively detailed the principles,
advancements, and therapeutic prospects of TPD, with a partic-
ular focus on PROTAC:s [15,19]. As understanding of this field
matures, medicinal chemists are increasingly evaluating the
comparative advantages and limitations of PROTACS relative
to traditional small-molecule inhibitors [20]. A defining
strength of the PROTAC technology lies in its superior selec-
tivity for target proteins, especially within highly homologous
proteins [21-23]. Selectivity remains a cornerstone of pharma-
cology; inhibitors that lack specificity may interfere with off-
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target biological functions, resulting in diminished therapeutic
efficacy and unacceptable toxicity [24]. Consequently, maxi-
mizing compound selectivity is a primary objective in drug
discovery [25,26]. In the context of PROTAC design, it is
imperative to minimize the degradation of non-targeted pro-
teins.

While conventional inhibitors often exhibit lacking selectivity
towards proteins with high sequence similarity, PROTACs
leverage their heterobifunctional structure to achieve exquisite
selectivity [24,27]. This is accomplished by fine-tuning the con-
formation of the ternary complex through the strategic modifi-
cation of the POI ligand, the linker, and the E3 ligase ligand.
Several studies have successfully utilized this strategy to en-
hance disease treatment outcomes via the PROTAC technology
[22,28,29].

The rapid progression of the PROTAC technology from an aca-
demic concept to clinical application underscores its transfor-
mative potential. In recent years, numerous PROTAC candi-
dates have entered clinical trials, marking a significant mile-
stone for the field [23]. Notably, multiple degraders targeting
the androgen receptor (AR), such as ARV-110, ARV-766, and
CC-94676, are currently being evaluated in patients with
prostate cancer, demonstrating that the event-driven pharma-
cology of PROTAC:S translates into durable target knockdown
in humans [30-32]. Beyond the AR, the clinical landscape is
expanding to include targets discussed extensively in this
review. For instance, selective degraders of CDK isoforms are
advancing through early-phase trials [33], with molecules like
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Figure 1: Mechanism of a PROTAC-mediated targeted protein degradation. Created in BioRender. Wu, M. (2026) https://BioRender.com/xig7tb2.
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BSJ-03-123 and others showing promise in hematologic malig-
nancies by exploiting the subtle structural differences among
the highly homologous CDK family members to achieve preci-
sion targeting [34]. Similarly, efforts to clinically translate
PROTACSs against epigenetic targets, such as BRD4, are
gaining momentum, aiming to overcome the isoform selectivity
challenges that have historically hindered small-molecule inhib-
itors in the BET family [35]. This wave of clinical validation
not only confirms the unique advantages of PROTACs in
addressing previously undruggable targets but also highlights
the critical importance of understanding how linker composi-
tion, E3 ligase choice, and protein—protein interactions govern
the exquisite selectivity required for clinical success [24,36].

Accordingly, this review emphasizes the advantages of
PROTAC:S in achieving high selectivity among homologous
proteins. We systematically summarize the correlations be-
tween PROTAC structural components, specifically the POI
ligand, the linker, and the E3 ligand, and their role in dictating
isoform-specific selectivity. Furthermore, we examine the influ-
ence of PPIs, a factor increasingly recognized for its critical
contribution to the refined selectivity of PROTACS. The review
also explores potential selectivity variations arising from the
spatial distribution of ubiquitination-accessible lysine residues
within homologous proteins. In conclusion, by synthesizing cur-
rent knowledge and offering future perspectives on PROTAC
selectivity, this work aims to provide a robust framework and
feasible strategies for the rational design of degraders specifi-
cally targeting homologous proteins.

Review
Influence of linkers on the selectivity of
PROTACSs in highly homologous protein

families

As previously established [37], a PROTAC molecule comprises
three essential components: a POI ligand, a linker, and an E3
ligand. In drug design, POI ligands are typically derived from
FDA-approved small-molecule inhibitors, candidates in clinical
trials, or their structural analogs. Similarly, E3 ligands are engi-
neered to target specific E3 ubiquitin ligases. For instance,
pomalidomide and lenalidomide are widely employed to recruit
the CRBN ligase [38]. Given the established nature of these
ligands, initial optimization often prioritizes the linker frag-
ment, as its length and composition are critical determinants of
target selectivity [39]. Recent evidence underscores the pivotal
role of the linker in promoting the assembly of "positive coop-
erative" ternary complexes [40], wherein the linker participates
in specific molecular interactions within the complex [41,42].
These findings have profound implications for the rational

design of PROTACS that exhibit isoform-specific selectivity
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among structurally related POIs [43]. Consequently, this section
first examines the influence of linker architecture on the overall
selectivity of PROTAG:S, utilizing several high-profile targets as

illustrative examples.

CDK

Cyclin-dependent kinases (CDKs) are members of the serine/
threonine (S/T) kinase subfamily comprising 21 CDK enzymes
[44]. CDK1, 2, 3, 4, and 6 play a key role in cell cycle regula-
tion. CDK7, 8, 9, and 11 are mainly involved in transcriptional
regulation. However, the biological functions of CDK10, 11,
14-18, and 20 have not been fully elucidated [45,46]. CDKs are
essential in cell proliferation, transcriptional activity, and
neuronal activity [44]. In addition, disorders of these protein
kinases often exist in cancer and nervous system diseases [47].
Palbociclib was the first small-molecule inhibitor approved by
the FDA in 2015 to target CDK4/6 in the CDK family [48].
Soon after, ribociclib and abemaciclib, small-molecule inhibi-
tors targeting CDK4/6, were also approved by the FDA for
breast cancer treatment [49,50]. However, due to the high
homology of the CDK family (for example, the homology of
CDK4/6 is 71%, the homology of CDK2/3 is 76% [51], the
homology of CDK8/19 is 97%) [52], small-molecule inhibitors
may often inhibit several CDK members, thus, to a certain
degree, cause off-target toxicity and reduce the therapeutic
effect [53].

Since PROTACSs have been proven to demonstrate significant
advantages over small-molecule inhibitors in selectivity, more
and more research has focused on how to design PROTAC:S that
can target the degradation of the CDK family with high speci-
ficity in recent years [12]. The selectivity of PROTACSs toward
CDK4/6 over other highly homologous CDKs can be attributed
to their event-driven pharmacology and the formation of stable
ternary complexes that exploit subtle structural differences
among the family members [54]. Unlike traditional kinase in-
hibitors that rely on sustained occupancy of conserved ATP-
binding pockets, PROTACSs induce transient yet specific pro-
tein—protein interactions that dictate ubiquitination efficiency.
By fine-tuning the length and composition of the linker, as well
as the choice of E3 ligase and its attachment geometry,
PROTAC:S can achieve isoform-specific degradation. This ap-
proach not only minimizes off-target toxicity but also enables
the targeting of CDK6 in contexts where CDK4 is functionally
redundant, such as in Ph+ ALL.

Currently, small-molecule inhibitors for the CDK family ap-
proved by the FDA all target CDK4/6. CDK4/6 has high
homology and has been shown to play a crucial role in the de-
velopment of breast cancer [26]. In recent years, it has been

proved that expression of CDKG6, but not of the highly related
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CDKA4, is required for the proliferation and survival of Ph+
acute lymphoblastic leukemia cells. According to this, some
researchers consider that CDK6 may be a more attractive target
than CDK4 in some diseases [55]. Therefore, how to distin-
guish between CDK4 and CDKG6, to achieve better treatment
effects for certain specific diseases, such as Ph+ALL, has
become a problem of concern to many pharmaceutical chemists.
In 2019, Gray, Zhang and co-workers designed a PROTAC-1
(1) to degrade CDK4/6 [21]. To construct compound 1 they
used the CDK4/6 inhibitor palbociclib as the POI ligand, poma-
lidomide, which combines with CRBN as the E3 ligand and a
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Figure 2: CDK4/6 PROTACs with alkyl or PEG chains as linkers.
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4-carbon alkyl linker to connect them. The compound can si-
multaneously degrade CDK4 (the degradation rate exceeds 50%
at 0.1 uM in Jurkat cells) and CDK6 (the degradation rate
exceeds 95% at 0.1 uM in Jurkat cells), and it shows a certain
degree of selectivity towards CDK6. In the same year, Gray,
Winter et al. developed another PROTAC named BSJ-03-123
(2), which can selectively degrade CDK6 [56]. Compared to
compound 1, the POI ligand and the E3 ubiquitin ligase
combined with the E3 ligand of compound 2 have not changed.
The only difference is that the linker of compound 2 is longer
and comprises a PEG chain (Figure 2). The results showed that
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compound 2 has a better ability to target the degradation of
CDKG6, and proteomics results also show that compound 2 has
no degradation effect on CDK4. In 2020, Benowitz and
co-workers carried out a project to explore the impact of differ-
ent E3 ligands on the selective degradation of CDK4/6 [57]. In
their research, they designed various PROTACs consisting of
different linkers and E3 ligands, and compound 3 (Figure 3) is
one of them.

Interestingly, when comparing compounds 3 and 2, the POI
ligand, the binding E3 ubiquitin ligase and the linker are iden-
tical with the only difference being the direction the linker
connects the POI ligand and E3 ligand. Similarly, the research
results show that compound 3 can also selectively degrade
CDK6. Meanwhile, Rana, Natarajan and co-workers developed
a PROTAC-6 (4) based on palbociclib and pomalidomide [58]
(Figure 2). In the study, the researchers evaluated the degrada-
tion effect of compound 4 in HPNE and MiaPaCa?2 cells, re-
spectively. It was found that compound 4 could selectively
degrade CDK6 without affecting other members of the CDK
family (CDK2, 4, 5, 7, and 9).

Based on the above studies, it seems an effective development
strategy to use a longer linker to connect the POI ligand and E3
ligand when designing PROTACSs with high selectivity to target
the degradation of CDK6. However, some studies did not
support this hypothesis. When considering the influence of the
linker on PROTAC selectivity, attention must be paid to the
composition of the linker in addition to its length.
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In 2019, Burgess and Zhao synthesized various different
PROTAC S, based on palbociclib and ribociclib as POI ligands,
pomalidomide as E3 ligand, and linkers with triazole fragments
to connect them [59] (Figure 3). The results showed that the
PROTAC-pal-pom (5), which used palbociclib as the POI
ligand, could induce the degradation of CDK4 and CDKG®6 in
MDA-MB-231 cells. Its DCsq (concentration of 50% protein
degradation) was 13 and 34 nmol/L, respectively. That is, com-
pound 5 has a more pronounced ability to degrade CDK4 than
CDKG®6. The same year, Rao, Wu et al. published their work on
the design of PROTAC: for the selective degradation of CDK6
[60]. They also constructed a PROTAC-CP 10 (6) containing a
triazole-containing linker to connect palbociclib and pomalido-
mide. Compound 6, a selective CDK6 degrader, showed good
selectivity in U251 cells (DC50(CDK6) = 2.1 nM; DC5o(CDK4)
> 100 nM) and the compound did not degrade CDK1, 2, 5, 9.
Analyzing these two studies, we can notice that when the linker
used contains triazole fragments, maybe its length does not need
to be as long as the linker, which contains a flexible chain to
increase the selectivity for CDK6. On the contrary, shorter
linkers seem more conducive to the selective degradation of
CDKae6.

In addition to CDK4/6, CDK9 is another family member that is
getting a lot of attention. Many studies have shown that CDK9
is closely related to many types of cancer and it is crucial to
cancer cells’ maintenance, growth, metastasis, and chemical
resistance [61]. Although many small-molecule inhibitors have
also been developed for CDKO so far, due to the high homology

pal-pom (5)
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Figure 3: CDK4/6 PROTACs with triazole-containing linkers.
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of the CDK family, inhibitors always tend to target a variety of
CDK members, thereby reducing their specificity as thera-
peutic agents and chemical probes and results in many adverse
effects [62,63]. Based on such background, to target CDK9 with
high selectivity to treat diseases related to CDK9 abnormal
levels, PROTACs gradually came into view and began to be
widely concerned and studied.

In 2020, Chen et al. found that the length of the linker will sig-
nificantly affect the selectivity of PROTACs to CDK9 [64].
They used pan-CDK inhibitors AT-7519 (7) and FN-1501 (8) as
POI ligands and connected them with CRBN ligands through
various linkers. First, the results showed that PROTACs with
molecule 7 as POI ligand did not achieve a good degradation
effect on CDK9, whereas most PROTACs with molecule 8 as
POI ligands showed an excellent ability to degrade CDK9
(9-14, Figure 4). More importantly, as for the PROTACs with
molecule 8 as the POI ligand, linkers containing 8—10 atoms
(9-11) resulted in CDK?2/9 dual degraders. When the linker
length expands to 11 or 12 atoms (compounds 12-14), the
CDK?2/9 dual degraders become a selective CDK9 degrader.

Similar to the design of PROTAC: for the targeted degradation
of CDKG®, in addition to the length of linkers, the composition
also greatly influences selectivity. In 2018, Bian, Li and
co-workers developed PROTACSs based on wogonin to degrade
CDKO selectively [65]. In their research, they designed two
types of linkers to connect the POI ligand and the E3 ligand.
One type is based on alkane chains (Figure 5), and the other ad-
ditionally includes a triazole fragment (Figure 5). By varying
the length of the linker, they synthesized 8 compounds in total.
The results showed that PROTACSs containing triazole frag-
ments (16a—d) were more effective in degradation than
PROTACSs comprising alkane chains only (15a-d) and they
showed higher selectivity towards CDK9 between CDK9 and
CDKS. The 10-atoms linker in 16¢ showed the best CDK9 deg-
radation activity among these compounds and the selectivity
and degradation effect decreased when the linker length was

more than 10 atoms.

HDAC

Epigenetics plays a vital role in the occurrence, development,
and metastasis of cancer [66-68]. The epigenetics process
mainly includes DNA methylation, histone acetylation, histone
methylation, and histone phosphorylation [69-71]. Histone acet-
ylation is the most common type, and it is important for regu-
lating the physiological process of normal cells. This process is
controlled by histone deacetylases (HDACs) and histone acetyl-
transferases (HATs) [72]. Now, researchers have found 18
kinds of HDAC: in total. They are divided into four categories:
HDACI, 2, 3, and 8 for class I, HDAC4, 5, 7, and 9 for class
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IIa, HDAC6 and 10 for class IIb, seven sirtuin proteins for class
111, and HDACI11 for class IV [73]. Studies have confirmed that
the expression and activity of HDACs are closely related to the
occurrence of many types of cancers [74-76]. Abnormal expres-
sion of HDACs will significantly affect the occurrence, devel-
opment, and migration of cancer [77-80]. Although an inhibi-
tion of HDACs by inhibitors can induce apoptosis and restrain
cancer occurrence, the effectiveness of developing HDAC in-
hibitors to treat cancer is limited because these inhibitors often
lack specificity and have toxic side effects [66,81,82]. For ex-
ample, HDAC6, a class IIB HDAC isoenzyme, is involved in
several signaling pathways associated with multiple neurolog-
ical disorders, various cancers, and immune diseases [83]. A
great deal of effort has been devoted to developing HDACS6 in-
hibitors. However, so far, only two compounds, ACY-1215
(ricolinostat, 17) and ACY-241 (citarinostat, 18) have reached
clinical trials (Figure 6) [83]. Research has revealed that a
variety of HDAC6 inhibitors are not suitable to effectively treat
diseases and enter the clinical trials due to a lack of selectivity,
which can cause serious side effects [84]. Consequently, devel-
oping drugs targeting HDACs specifically to treat cancer is
urgent. In this context, PROTACs have become a straw to
clutch to target HDACs specifically. In recent years, the design
of various PROTAC:s targeting the HDAC family has become a
hotspot. Besides, using what kind of linker to connect the POI
ligand and the E3 ligand to improve the selectivity of
PROTAC:S has also become the core problem in designing such

molecules.

In 2018, Tang et al. developed the first PROTAC targeting
HDACS6 degradation [85]. The study used a pan-HDAC inhibi-
tor as the POI ligand and thalidomide as the E3 ligand to design
four PROTACSs (Figure 6, 19a—d). These used linkers in these
PROTAC:S all contained triazole fragments, but their lengths
differed. Having synthesized the PROTACsS, the authors
explored the effect of linker length on the selectivity. The
results showed that when the linker contained three ethylene-
oxy fragments (19c), the resulting PROTAC demonstrated the
best selective degradation effect on HDAC6 (by detecting the
expression level of HDAC1 and HDAC?2 as typical examples of
class  HDACs, and HDAC4 and HDACS as typical examples
of class Il HDACs). The selectivity of PROTACs with other
linker lengths (19a, 19b, 19d) was not as good as that of com-
pound 19c¢.

In 2019, Tang et al. continued on designing PROTACs based on
CRBN for selective HDAC6 degradation [22]. They used the
selective inhibitor nexturastat A of HDAC6 with the CRBN E3
ligand pomalidomide to design 18 PROTACs. According to the
different amino sites on the phthalimide ring of pomalidomide,

these PROTACSs were divided into two series: a C4-linker series
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Figure 4: Structures of AT-7519 (7) and FN-1501 (8), and CDK9 degrading PROTACs based on compound 8 with varied lengths of linkers.
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Figure 5: CDK9 PROTACs with alkane chain as linkers or triazole linkers.
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Figure 6: Structures of HDACS inhibitors ACY1215 (17) and ACY-241 (18), as well as the structure of PROTACs 19a—d synthesized to target HDAC6

degradation.

and a C5-linker series (Figure 7). As for these compounds, the
difference is the number of carbon atoms (n) between nextura-
stat A and the triazole fragment or the number of carbon atoms
(m) between pomalidomide and the triazole fragment.

It was found that compound 20d (DCsg = 1.64 + 0.24 nM) with
a medium-length linker (n = 5, m = 1) within the C4-linker
series achieved the most potent selective degradation (com-
pared to HDACI, 3, 4) in the subseries 20a—e (m = 1, n = 2-6).
For the subseries 20f-h (m = 2, n = 2—4), when the linker length
increased, the molecular degradation efficiency increases, and
20h (n = 4, m = 2) was the best (at 100 nM degradation was
78.3-80.1% of HDACG6). In the subseries 20i-k (m = 3,
n = 2-4), compound 20i with the shortest linker (n =2, m = 3)
has been the most effective degrader (at 100 nM degraded
82.1-84.1% of HDAC®6) (Figure 7). In the C5-linker series, the
selective degradation of the 20l-p (m = 1, n = 2-6) series in-
creased with the increase of linker length. Compounds 200
(n=5,m=1)and 20p (n = 6, m = 1) demonstrated similar
ability to degrade HDAC6 (200 at 100 nM degraded

83.7-85.7% of HDAC6 and 20p at 100 nM degraded
83.0-84.0% of HDAC6). Members of the subseries 20q and 20r
(m =3, n =2 and 3) showed relatively low effects on HDAC6
degradation. These results showed that the optimal total num-
ber of methylene units in the linker is about 6, and the C4-linker
series is slightly stronger than the C5-linker series. Therefore,
the difference in degradation selectivity may be related to the
ubiquitination sites available to HDACG6 by E3 ligase recruited
by the degrader and both, distance and connection sites maybe
affect it.

In 2020, Tang et al. continued with reporting studies on the de-
velopment of PROTACSs for the selective degradation of
HDACSG [86]. This time they used VHL as the E3 ubiquitin
ligase. They also designed several series of compounds and
used linkers with different types and lengths to connect the POI
ligand and VHL ligand. Among them, compounds 21a-k
showed good activity. The number of methylene units (n) be-
tween the POI ligand and the triazole fragment ranged from 2 to

12, and there were four methylene units between the triazole
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Figure 7: C4-linked-series and C5-linked-series of HDAC6 PROTACs.

ring and the VHL ligand. So these compounds were called the
“n + 4” series. Although they also tested the "n + 2", "n + 3"
series of compounds, and the "n + 4" series of compounds with
the ethyleneoxy unit instead of the methylene unit, they found
that these PROTACSs were usually not active degraders, so no
further research in this direction was carried out. When testing
all 11 "n + 4" VHL-based potential degraders, it was found that
the molecular selectivity almost steadily increased with the
linker length starting from compound 21a (n = 2) to 21k
(n = 12) (Figure 8). Among them, compound 21j showed the
best selectivity and degradation effect of HDAC6 compared to
HDACI, 2, 3,4, 7, 8 (DC5¢ = 7.1 nM). A comparison of the
above two studies, one can find that the linker length required
by degraders based on the VHL ligand is much longer than that
of PROTACSs based on the CRBN ligand. Thus, it is evident
that the linker's effect on PROTAC selectivity is not indepen-
dent, and it is often closely related to the E3 ligand and even the
POI ligand.
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In 2021, Fischer and colleagues provided a detailed study on
PROTAC: for selectively targeting the HDAC protein family
[87]. Some previous studies suggested that modifying the length
of the linker is an effective strategy to change the selectivity of
degraders, which was also confirmed in the study by Fischer et
al. [23,43,88]. To systematically explore the effect of the linker
length on HDAC degradation selectivity, they synthesized two
series of multitarget degraders based on dacinostat that can
recruit different E3 ubiquitin ligases (CRBN and VHL). In both
series, they designed molecules containing 1-5 ethyleneoxy
units as the linker. Then they compared the differences of each
series to reveal the key impact caused by the change in linker
length. Remarkably, for PROTACs: that recruit VHL XY-07-
093 (23, Figure 9), using shorter or longer linkers can afford
PROTAC: that selectively degrade HDAC3. However, when
the linker contains 4 ethyleneoxy fragments, HDAC degrada-
tion activity is completely lost. This is surprising because com-

pounds with similar linker lengths (containing 3 ethyleneoxy
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Figure 8: Structures of VHL-based degraders.
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Figure 9: Structures of VHL-based and CRBN-based selective HDAC PROTACs.

fragments and 5 ethyleneoxy fragments) are effective and active
degraders. Similarly, when using CRBN as the E3 ligand, they
designed the PROTAC molecule XY-07-096 (22). The degrada-
tion activity of HDAC is completely lost with the increase of
the linker (containing 5 ethyleneoxy fragments). In contrast, the
PROTAC with a shorter linker is a molecule that can selec-
tively degrade HDAC6 and HDACS.

p38 MAPK
The p38 mitogen-activated protein kinase (MAPK) family
comprises four members: p38a (MAPK14), p388 (MAPK11),
p38y (MAPK12), and p385 (MAPK13), with p38a being widely
expressed and the most abundant member in almost all cells
[89]. There is a high degree of homology among the p3SMAPK
family members with p38a and p38f having 75% homology,
p38y and p38d having 62% and 61% homology with p38a, re-
spectively, and p38y and p38d having 70% homology [90-92].
The p38MAPK family has been widely studied as a potential
therapeutic target for the past two decades. Many studies have
shown that p38a, p38p, p38y, and p38d all play a crucial role in
cellular processes related to cancer and inflammatory diseases
[93-96]. So developing corresponding small-molecule drugs

with the p38MAPK family as a key target is necessary. Howev-
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er, up to now, no small-molecule inhibitors targeting the
p38MAPK family have been approved by the FDA, since every
effort has failed in clinical trials [97-99]. The reasons for the
failure are rarely discussed but one of the factors is believed to
be due to the inhibition of several p38MAPK proteins [98].
Therefore, how to specifically target p38MAPK family
members has become a vital issue in the development of drugs.
In this regard, PROTAC again shows its unique advantages in
selectivity for highly homologous proteins compared with

small-molecule inhibitors [100].

In 2019, Crews et al. developed PROTAC:S, able to specifically
degrade p38a and p380 [23]. They used foretinib as the POI
ligand and two E3 ligands with different structures to target
VHL to explore the influence of the direction of VHL recruit-
ment of PROTACsS on selectivity (termed the “amide series”
and “phenyl series” individually). Simultaneously, they used
four linkers of different lengths to connect the E3 ligand and the
POI ligand to explore the influence of linker fragments on mo-
lecular selectivity (Figure 10).

As for the “amide series”, the authors discovered that in MDA-

MB-231 human breast cancer cells, the 10-atom and 11-atom
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Figure 10: Structures of the “amide series” and “phenyl series” PROTACs studied by Crews et al.
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linker PROTACSs (SJF-6693 (26) and SJF-6690 (27)) were not
selective and degraded both p38a and p38d nonspecifically with
DCsp < 100 nM (Figure 11). However, the 12-atom and
13-atom linker PROTACs SJF-8240 (28) and SJF-a (29) can
selectively degrade p38a (Figure 11). Compound 29 degraded
p38a with a DCs¢ of 7.16 = 1.03 nM and maximum degrada-
tion, Dy ax of 97.4%, but the effect on the degradation of p38d
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Figure 11: Structures of the “amide series” PROTACs.
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was much worse (Dpax = 18%, DCs¢g = 299 nM). Other p38
isoforms (B and y) were not degraded when the concentration
was up to 2.5 uM.

On the contrary, PROTACSs with the long linker in the "phenyl
series" showed almost no ability to degrade the p38 subtype
(30, 31, 32, 33, Figure 12). When the linker length in the "phe-
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Figure 12: Structures of the “phenyl series” PROTACs.

nyl series" was reduced to 10 atoms, the resulting PROTAC
showed a robust selective degradation of p38d. Compound 33
degraded p386 with a DCsg of 46.17 = 9.85 nM and Dy, of
99.41 * 3.31% but did not degrade a, f, or y at all.

In some cases, even changing single carbon atoms of the linker
segment may cause a surprising change in the degradation
selectivity of PROTACs. For example, compound 28 shows

submicromolar degradation of two p38 subtypes. Once the
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linker contains an additional carbon atom, the resulting
PROTAC 29 degrades p38a at a nanomolar concentration and
p38d at a micromolar concentration. Similarly, the 10-atom-
linker-containing compound 33 can almost completely degrade
p389, but in the degradation of p38a, it is restricted. In contrast,
the structure of compound 30 having additional carbon atoms
added to the linker, resulted in less than 50% degradation of
both subtypes at the maximum efficiency. It can be seen that the
length of the linker is crucial for the selective degradation of
PROTACs. The proper linker length enables PROTACS to
distinguish protein families with more than 60% homology.
Nevertheless, this characteristic is unimaginable for small-mol-
ecule inhibitors.

BET

Bromodomain and extraterminal domain (BET) proteins are
epigenetic readers. They comprise the ubiquitously expressed
BRD2, BRD3, and BRD4 and the testicular-specific expressed
BRDT [101]. The function of the BET protein family is mainly
to regulate gene transcription by recognizing acetylated lysine
residues on histones [102,103]. The imbalance of BET protein
activity, especially BRD4, is closely related to cancer and in-
flammatory diseases, so the BET protein family has become an
attractive drug target [102]. Because BET proteins play an
essential role in various diseases, many small-molecule inhibi-
tors against BET have been developed [104]. However, the clin-
ical studies for the BET inhibitors were not successful because
the compounds did not show good antitumor activity [105]. One
possible reason for the failure of these trials is that most of the
BET inhibitors that entered the clinical trials are pan-BET in-
hibitors so they can bind multiple BET protein members [106].
However, due to the varying expression levels of BET protein
members in different tumor types, these inhibitors failed in
displaying good therapeutic effects. Moreover, due to the lack
of highly selective BET inhibitors, the mechanism of cancer
signaling pathways related to BET proteins is not yet clear.
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Figure 13: Structures of JQ1 (34) and MZ1 (35).
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Therefore, it is necessary to develop drugs with high selectivity

towards specific BET members.

In order to solve this problem, Ciulli et al. developed a mole-
cule that selectively degrades BRD4 using the PROTAC tech-
nology in 2015 [107]. They used JQ1 (34), a non-selective BET
protein family inhibitor, as the POI ligand and selected linkers
of different lengths composed of PEG chains with three or four
ethyleneoxy units to connect 34 with the VHL ligand, thus
designing four PROTACs. The results showed that MZ1 (35,
Figure 13), whose linker is composed of three ethyleneoxy units
in the structure, has an excellent ability to degrade BRD4 selec-
tively (compared to BRD2 and BRD3). This indicates that the
linker affects the selectivity of PROTACS to degrade BET pro-
tein family members. The evidence that more directly proves
this view comes from another study reported by Ciulli et al. in
2017 [41]. In this study, they analyzed the ternary composite
structure of PROTACS for the first time and explained the
selectivity of compound 35 in detail.

In 2020, Ciulli et al. continued to develop a PROTAC with a
large ring linker (macro-PROTAC-1, 36, Figure 14) based on
their previous research [108]. This PROTAC also selectively
degrades BRD4, whereas BRD2 and BRD3 can only be
degraded at high concentrations. By comparing the structures of
the two molecules 35 (Figure 13) and 36, it becomes clear, that
the main difference between them is that in compound 36 the
POI ligand and VHL ligand are connected via a conformation-
restricting macrocyclic linker. Although this seems to be a
minor change, the comparison of these two studies reveals that
compound 36 is able to cooperatively form ternary complexes
with the BD2 domains of BRD4, BRD2, and BRD3. The coop-
erativity factor a, a factor reflecting effects of PPIs on ternary
complex formation, was found to be aBRD2BP? = 10.5,
aBRD3BD2 = 9 5 and «BRD4BDP2 = 4.0. Meanwhile, the study
did not observe a synergy between compound 36 and the
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Figure 14: Structures of macro-PROTAC-1 and SHD913.

first bromodomain (BD1) of BRD2, BRD3, and BRD4
(aBRD2BP2 = 0.7, aBRD3BP? = 0.9, «BRD4BD2 = 0.8). This
result is in sharp contrast to compound 35, which forms syner-
gistic complexes with all bromodomains of the BET protein
family (aBRD2BP! =29, «BRD2BDP2 = 2.3; aBRD3BP! =3 5,
aBRD3BD2 = 10.7, «BRD4BP! = 2.3, «BRD48D? = 17.6).
These results are promising because all members of the BET
protein family contain two highly homologous bromodomains
(BD1 and BD2) with 49% homology [88,109]. From here, it is
clear, that the change of linker fragments can not only play a
decisive role in the differentiation of BET protein family
subtypes but also allows distinguishing BD1 and BD2 domains
in the different subtypes. This discovery shows that the
PROTAC technology offers substantial advantages in terms of
selectivity and that the design of suitable linkers for the applica-
tion of this technology to the selective degradation of highly ho-
mologous protein families is of great significance.

In 2024, Ding et al. reported the "head-to-tail" macrocyclic
PROTAC, SHD913 (37) [110]. Based on the crystal structure of
the BRD4BD2:MZ1:VHL ternary complex, the authors de-
signed two short-chain linkers for macrocyclization, targeting
two critical distances (4.6 A and 7.1 A) between the warhead
molecule 34 and the VHO032 ligand. Through systematic optimi-
zation of linker lengths, it was found that the molecule achieved
optimal activity when the linker a consisted of six methylene
groups and linker b consisted of three methylene groups. The
resulting products 37 exhibited DCsq values of 7.7 nM and
5.0 nM for the long and short isoforms of BRD4 in PC-3 cells,
respectively (Figure 14). Regarding selectivity, compound 37
demonstrated a significant degradation advantage for BRD4
over other BET family members: Western blot analysis showed
that BRD4 was effectively degraded at a 30 nM treatment con-
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linker a

HN

linker b

SHD913 (37)

centration, while BRD2/3 remained largely unaffected. Global
proteomic analysis confirmed that BRD4 was the most signifi-
cantly downregulated protein; the downregulation of BRD3 was
markedly lower, and no significant change was observed for
BRD?2. Furthermore, while the DCs( values for BRD4 were in
the single-digit nanomolar range, the DCsq values for BRD2/3
were both well above 100 nM. Due to the conformational
constraint imposed by the macrocyclic linker, compound 37 did
not exhibit a "hook effect" even at concentrations as high as
60 uM, whereas the linear control molecule 35 showed a
decline in activity at 30 uM. NanoBRET and ITC experiments
indicated that compound 37 induces a stable protein—protein
interaction interface between BRD4BP2 and VHL through
linker-mediated conformational locking, achieving a coopera-
tivity factor (a) of 117, which is significantly higher than those
of compounds 35 and 36. Its co-crystal structure revealed that
linker b forms hydrophobic interactions with the ZA loop of
BRD4BD2 and stabilizes the PPI interface via a conserved salt-
bridge network, while linker a acts as a "hinge" to bring the two
proteins into proximity. This study systematically elucidated
how macrocyclic linker length and composition regulate
PROTAC selectivity, providing a reference design strategy for
the precise targeting of highly homologous protein families
through linker engineering.

The above highlighted examples summarized how to use the
PROTAC technology to achieve highly selective degradation
for some selected highly homologous proteins by changing the
linker. Based on the results, it can be concluded that for differ-
ent highly homologous proteins, there is no fixed conclusion
about what kind of linker can better improve the selective deg-
radation ability. What’s more, it is difficult to answer whether

more attention should be paid to the length of the linker or dif-
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ferent linker compositions when designing PROTACS. Facing
these problems, it is often needed to analyze, design, and
explore on a case by case basis. Even, when using different E3
ligands or POI ligands to explore the influence of the linker
fragments, completely opposite conclusions may be drawn. This
indicates that although the linker is vital for the design of
PROTACS, the impact of the POI ligand and E3 ligand need to
be considered. PROTACS function as a whole, not just one or
two parts and therefore, the POI ligands, linker, and E3 ligands
cannot be analyzed separately. Of course, this does not mean
that examinations and discussions of individual linkers are
pointless. A detailed knowledge of the SAR of a linker frag-
ment of PROTACs for different highly homologous protein
families allows to quickly and specifically select the linker seg-
ment with the best selectivity and activity to synthesize
PROTAC:S in the future. It also reduces the time required for
exploration during the development of highly selective
PROTAC :S. In addition, it can give full play to the remarkable
selectivity of the PROTAC technology compared with small-

molecule inhibitors.

Influence of E3 ligands on the selectivity of
PROTACSs in highly homologous protein
families

It is well known that PROTAC is a technology for the specific
degradation of proteins through the ubiquitin-proteasome
system [111]. Ubiquitination refers to the process of covalently

binding ubiquitin to target proteins under the catalysis of a
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series of enzymes [112]. The ubiquitinated protein can be
recognized explicitly by the proteasome to achieve degradation.
The whole process requires the participation of three enzymes:
ubiquitin-activating enzyme (E1), ubiquitin-conjugating en-
zymes (E2), and ubiquitin-ligase enzymes (E3) [113-115]. So
far, two E1 enzymes, about 40 E2 enzymes, and more than 600
E3 enzymes have been found in the human proteome [116]. As
the specificity of the substrate protein in the ubiquitination is
determined by E3 ubiquitin ligase, the E3 enzyme is a colossal
protein family compared with the E1 enzyme and E2 enzyme.
However, although there are many kinds of E3 enzymes, the
most targeted combination of E3 ligands when designing
PROTAC:Ss are Von-Hippel-Lindau (VHL), cereblon (CRBN),
"inhibitor of apoptosis" protein (IAP), and MDM?2 [117].
Among these four E3 ubiquitin ligases, VHL and CRBN are the
most commonly used E3 ubiquitin ligases when designing
PROTAC:S. This is because VHL ligands and CRBN ligands
often have several favorable characteristics: (1) specific, strong,
biophysically validated binding affinity for their target E3
ligases; (2) acceptable physicochemical characteristics such as
molecular weight, solubility, lipophilicity, lack of metabolic hot
spots; and (3) well characterized structural information of their
binding modes [118,119].

CRBN, one of the most commonly used E3 ligand to target E3
enzymes in PROTAC molecular design, has been successfully
used to target and degrade more than 30 different proteins [119]
(Figure 15). These proteins include proteins related to various
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Figure 15: Commonly utilized thalidomide-derived CRBN ligands and possible linker attachment styles. A1, A2: pomalidomide derivatives; B1, B2:
4-hydroxythalidomide derivatives; C1: alkyl-type attachment to thalidomide; D1-D3: lenalidomide derivatives.
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cancers, immune diseases, and even neurodegenerative diseases
such as Tau [120-122]. VHL (Figure 16), another E3 ubiquitin
ligase frequently used in PROTAC molecular design, has also
been successfully used to target and degrade more than 20 dif-
ferent proteins [123].

It is precisely because more and more E3 ligands are being de-
veloped that the design of PROTACs has become more rich and
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diverse. With the deepening of research, it is found that differ-
ent E3 ligands in the structure of PROTACs containing the
same POI ligand and linker fragments will also induce protein
degradation at different levels [117]. What is more important,
there will be some differences in the degradation selectivity of
POI. Therefore, this part of the review focusses on the influ-
ence of different E3 ligands in PROTACS on the overall molec-

ular degradation selectivity.
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Figure 16: VHL ligands frequently used in PROTACs. Linker attachment options are represented with curly bonds and are: (A) via an amide bond
after tert-leucine; (B) phenolic linkage point at the benzene ring; (C) via a thioether at the left-hand side amino acid; and (D) via the benzylic methy-

lene group.
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E3 ligands target different E3 ubiquitin ligases

During the design of PROTACS, the selected E3 ligands often
target CRBN or VHL, however, in current research there is a
preferential use of CRBN as E3 ubiquitin ligase instead of
VHL. This is because ligands targeting CRBN have better drug-
likeness properties, including lower molecular weight, fewer
hydrogen bond donors in their structures, and fewer rotatable
bonds [124]. However, in addition to influencing the physical
and chemical properties of molecules, according to many rele-
vant research results, it was found that when the selected E3
ubiquitin ligases are different, the selectivity of PROTACs
indeed show significant differences. As a result, different E3
ligands targeting different E3 enzymes will have a vital impact
on the selectivity of PROTACS in highly homologous protein
families.

BCR-ABL and c-ABL: Currently, the vast majority of chronic
myeloid leukemia and about 20-30% of acute lymphoblastic
leukemia are caused by chromosome translocation between
chromosomes 9 and 22 [125]. The gene rearrangement leads to
the expression of the oncogenic fusion protein, BCR-ABL and
the loss of autoinhibition of the c-ABL kinase domain in BCR-
ABL is the main cause of cancer [126]. Imatinib mesylate was
the first tyrosine kinase inhibitor (TKI) targeting BCR-ABL
[127,128]. It can competitively bind to the ATP binding site of
c-ABL to inhibit the functions of c-ABL and BCR-ABL,
thereby inhibiting cell proliferation [125]. Because long-term
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treatment with imatinib will lead to drug resistance in CML
patients, the second generation of TKI was subsequently de-
veloped for treatment [129]. Although TKIs targeting BCR-
ABL have achieved significant therapeutic effects, CML
patients often need to take such drugs for life to control the
disease's further deterioration. Based on these circumstances, if
the PROTAC technology can be used to target the degradation
of the BCR-ABL protein, it may maintain a good therapeutic
effect for CML and reduce the time for CML patients to take
medicine. Therefore, to achieve good degradation of BCR-ABL
by PROTACS has been the focus of intensive pharmaceutical
chemistry research. Interestingly, it was found that using differ-
ent POI ligands and E3 ligands combinations can achieve effi-
cient selectivity for BCR-ABL and c-ABL. This discovery is of
great significance for the subsequent development of PROTAC
targeting other proteins with high homology.

In 2016, Crews and colleagues designed different PROTACs by
connecting BCR-ABL TKI dasatinib (38) and bosutinib (39),
which target the binding of the c-ABL kinase domain, with
cereblon (CRBN) ligand 40 or Von Hippel-Lindau (VHL) E3
ligand 41 through a linker (Figure 17) [126]. Interestingly, it
was found that when molecule 38 was combined with poma-
lidomide to recruit CRBN, the resulting dasatinib-CRBN
PROTAC not only retained its ability to induce c-ABL degrada-
tion (1 uM > 85%) but also induced BCR-ABL degradation

(1 uM > 60%). However, when molecule 38 was combined with
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Figure 17: Varying the inhibitor warhead and the recruited E3 ligase permits targets to be accessed for degradation.
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a VHL ligand to recruit VHL for degradation, the dasatinib-
VHL PROTAC only degrades c-ABL and has no degradation
effect on BCR-ABL. Meanwhile, the study also found that the
PROTAC: targeting VHL can still effectively bind and inhibit
c-ABL and BCR-ABL in cell culture. This shows that the
failure of these PROTAC:S to achieve degradation cannot be at-
tributed to the loss of binding affinity. In addition, when mole-
cule 39 is combined with pomalidomide to recruit CRBN, the
formed PROTACS can degrade c-ABL and BCR-ABL. Howev-
er, when molecule 39 is combined with a VHL ligand to recruit
VHL for degradation, the bosutinib-VHL PROTAC does not
display any degradation function. The authors believed that the
proximity between the E3 ubiquitin ligase and the target pro-
tein is important for specific lysine residues required for ubiqui-
tination degradation. They speculated that to achieve the selec-
tive degradation of BCR-ABL, specific E3 ligands, linkers, and
POI ligands are needed when designing PROTACS to make POI
and E3 ubiquitin ligases spatially close to each other to achieve
ubiquitination. Thus, although many of the current PROTAC

Table 1: CDK4/6 PROTACs based on VHL, IAP, and CRBN ligands.

H
O<_N_ N _N
T
N\
o

Beilstein J. Org. Chem. 2026, 22, 628—661.

optimizations focus on linker fragments, the E3 ligands are also
crucial for PROTACS to play an overall role in drug efficacy

and selectivity.

CDK: CDK is a protein family with many highly homologous
members. In recent years, PROTAC technology has been
widely used in the specific degradation of CDK proteins to treat
related diseases. What’s more, as mentioned above, achieving
selectivity in the CDK protein family is crucial for certain
diseases, thus some studies have explored the influence of E3
ligands differences on the selective degradation of CDK pro-
tein family members.

In 2020, Benowitz et al. designed a series of PROTAC:sS, includ-
ing VHL ligands, CRBN ligands, and IAP ligands, to explore
the difference between the E3 ligands of PROTACs for the
selective degradation of CDK4 and CDK6 (Table 1) [57]. The
results showed that PROTACSs based on CRBN, VHL, and IAP
ligands can degrade CDK4 and CDK6 and show a specific
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selectivity for CDK6. Moreover, the PROTACS using CRBN
ligands have better selectivity, while the PROTACSs using VHL
and TAP ligands display poor selectivity.

This conclusion has also been demonstrated by Wu, Rao et al.
[60]. They found that PROTACS designed with other E3 ligands
(VHL, cIAP, and MDM2) except CRBN could not effectively
degrade CDKG6 at 1 uM. In contrast, PROTACSs designed with
CRBN ligands were effective degraders of CDK6. However,
unfortunately, only such a phenomenon was mentioned in their
study and no detailed research or discussion was conducted. We
look forward to conducting more relevant research on this inter-
esting phenomenon in the future.

In the same year, Calabretta, Salvino and co-workers also re-
ported their work on developing PROTAC:S for the selective
degradation of CDK6 [130]. In order to treat Philadelphia chro-
mosome-positive acute lymphoblastic leukemia (Ph™ALL), they
designed a series of PROTACS based on different E3 ligands
and linkers. The results showed that PROTAC YX-2-107 (43),
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Figure 18: Structures of YX-2-233 (42) and YX-2-107 (43).
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which recruited CRBN to degrade CDKG6, had the best effect
(DCs0 =4 nM, IC5p = 4.4 nM in BV173 cells). Compared with
YX-2-107, YX-2-233 (42) is structurally different from com-
pound 43 only in the E3 ligand fragment. The E3 ligand used in
42 is MDM2 (Figure 18). The results showed that the degrada-
tion ability of compound 42 decreased significantly, and it be-
came a CDK4/6 dual degrader, which did not show high selec-
tivity for CDKG6. It can be seen that the selection of appropriate
E3 ligand fragments may not only result in good selectivity for
highly homologous target proteins but also effectively enhance
the degradation effect of PROTACs.

Based on the above results, CRBN ligands seem to be a better
choice when developing highly selective PROTACS targeting
CDKG6 degradation. However, in 2020, Kronke, Giitschow and
colleagues reported a study denying this conclusion [131]. They
selected compound 44 as the lead compound and replaced the
E3 ligand CRBN with VHL to synthesize compound 45. The
compounds were tested in MM.1s cells to evaluate their activi-
ty. The results showed that although the degradation efficiency
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of compound 45 was close to that of compound 44, compound
45 showed significant advantages in selectivity for CDK4 and
CDKG6 (compound 45: DCs for cDK4/DCs50 for CDK6 (at 0.1 pM) =
19; compound 44: DCsq for cDK4/DC50 for CDK6 (at 0.1 p M) =
4.9). Form these results, it can be seen that when designing
PROTAC: for different highly homologous target proteins, it is
often necessary to consider the whole molecule rather than only
one segment (Figure 19). Maybe when different linkers are used
to connect the POI and E3 ligands, the difference in the E3
ligands may lead to the opposite result of selectivity.

SGK: Serum-glucocorticoid-induced protein kinase (SGK)
plays a key role in mediating resistance to phosphoinositide
3-kinase (PI3K)/Akt inhibition in breast cancer cells [132]. It
has been reported that different ATP competitive inhibitors
have similar affinity for all SGK isoforms [133,134]. Due to the
high homology and structural similarity of catalytic domains be-
tween different SGK subtypes, no specific inhibitors have been
developed [135]. To cope with this challenge and to better treat
corresponding diseases, Alessi, Ciulli et al. used the PROTAC
technology to develop effective and highly selective SGK3-
PROTAC:s [136] (Figure 20). In the study, they first designed
two types of POI ligands, Sanofi 308-R (46) and Sanofi 290-R
(47), which can inhibit the kinase activity of SGK3. However,
they lack specificity and have a particular inhibitory effect on

I )

I )

45

Figure 19: Structures of compounds 44 and 45.
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S6K1. Then they connected the two POI ligands to VHL ligand
VHO032 (48) and cereblon ligand pomalidomide (49) through a
medium-length linker composed of three ethyleneoxy units to
form PROTAC:S. The results showed that only DAT1 (50) could
significantly reduce the expression of SGK3 and did not affect
SGK1, SGK2, and S6K1. Other PROTACsSs had no good degra-
dation effect and high selectivity for highly homologous SGK
subtypes. Although there was no further study on the effect of
E3 ligands on the selectivity of SGK subtypes, it can be con-
cluded that when the POI ligands and linkers of PROTACs are
uniform, the E3 ligands may play a decisive role in the high
selectivity of the molecules.

HDAC: Regarding the influence of linkers on the selectivity of
PROTAC:S in highly homologous protein families, HDAC has
been also a widely studied highly homologous protein family.
Up to now, about 100 HDAC-PROTAC:S targeting CRBN,
VHL, or IAP E3 ubiquitin ligases have been reported [87,137].
In 2021, Fischer et al. reported their studies on the difference
between PROTACs based on CRBN, VHL, and IAP ligands for
HDAC degradation (Figure 21). In addition, when designing
PROTAC:Ss based on VHL ligands, they also studied the influ-
ence of two attachment points of VHL ligands on the molecular
degradation effect [87]. It has been previously reported that the
attachment point of the VHL ligand has a significant impact on

E3 ligase: improved potency
and selectivity

H
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Figure 20: Design of the SGK3 PROTACs.

the degradation characteristics of PROTACs [23]. In their
study, by using the same HDAC inhibitors and linkers to focus
only on the role of the recruited E3 ubiquitin ligase, they clari-
fied that there are differences in degradation efficiency and sub-
strate selectivity between PROTACs. They designed a group of
PROTACSs based on dacinostat. The results showed that
PROTAC S recruiting CRBN prefer to degrade HDAC6 and
HDACS (54), while PROTACs based on VHL ligands strongly
prefer to degrade HDAC3 (55 and 56). Differences in degrada-

tion efficiency were observed between two VHL-based
degraders with only different attachment points of VHL the
ligands, but degradation selectivity showed only slight differ-
ences. Interestingly, degraders based on IAP ligands showed
weak but selective HDAC6 degradation (57).

The above is a brief list of recent studies on the vital influence

of E3 ligands on the selectivity of PROTACsS in highly homolo-
gous protein families. These studies showed that VHL ligands
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Figure 21: CRBN, VHL, and IAP ligands used when designing HDAC-PROTACs.

maybe have better selectivity than CRBN ligands in most cases.
This view was put forward by Crews et al. as early as 2018
[138]. At that time, some studies showed that several
PROTAC:S recruited CRBN could bind and degrade all BRD
proteins bound by POI ligands [139,140]. However, when the
PROTAC:S are designed with VHL ligands, it was proved that
they can selectively degrade the target proteins [41,107]. To
confirm this view, Crews et al. designed a series of PROTACsSs
based on the c-Met tyrosine kinase inhibitor foretinib. Foretinib
is a hybrid kinase inhibitor and proteomics has revealed that it
can bind more than 130 kinases. When using foretinib as the
POI ligand to connect with VHL ligand or CRBN ligand, re-
spectively, through linkers, proteomic results show that the
PROTACS recruiting CRBN and VHL have a significantly im-
proved specificity compared with the individual POI ligand.

The results showed that PROTACSs recruiting CRBN could
degrade 14 kinases, while PROTACS recruiting VHL could
degrade 9 kinases. This shows that PROTAC technology can
significantly improve the selectivity for target proteins com-
pared with small-molecule inhibitors, and it seems that VHL
ligands have better selectivity than CRBN ligands. Perhaps
VHL ligands are an excellent choice for the development of
PROTAC: that specifically target highly homologous proteins
in the future. However, this view still awaits further verifica-

tion through additional research in the future.

E3 ligands with different structures target the same
E3 ubiquitin ligases

As established by the above discussed studies utilizing differ-
ent E3 ligands targeting different E3 ubiquitin ligases in
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PROTAC:S design can facilitate degradation selectivity. Howev-
er, when considering the impact of E3 ligands on the selectivity
of PROTACS, except considering the different types of E3 en-
zymes recruited by E3 ligands, it is also necessary to pay addi-
tional attention to the impact of changes in attachment sites on
the selectivity of PORTACS when targeting the same E3 ubig-
uitin ligase.

In 2020, Giirschow, Kronke and co-workers conducted a study
to explore the effect of E3 ligands on the selective degradation
of CDK4 and CDK6 by PROTACSs [131]. In this study, in
addition to the study of different E3 ligands targeting CRBN
and VHL, respectively, they also modified the structure of the
VHL ligand and replaced its junction site with a linker, and
finally synthesized compounds 58 and 59 (Figure 22).
The results showed that compound 59 (DCs¢ tor cDK4/
DCs0 for CDKS (at 0.1 uM) = 31) further enhanced the degradation
activity compared with compound 58 (DCsq for cDK4/
DCs0 for CDKG6 (at 0.1 uMy = 7-4) and improved the ability to selec-
tively degrade CDK6 compared with CDK4.

When talking about the HDAC protein family, we have intro-
duced that Tang and co-workers investigated the design of
PROTAC: for selectively degrading HDAC based on CRBN

Beilstein J. Org. Chem. 2026, 22, 628—661.

ligands in 2019 [22]. They used nexturastat A as the selective
inhibitor of HDAC6 with the CRBN E3 ligand pomalidomide to
design 18 PROTACs. According to the different amino sites on
the phthalimide ring of pomalidomide, these PROTACs were
divided into two series. As for these compounds, the difference
is the number of carbon atoms (1) between nexturastat A and
the triazole ring or the number of carbon atoms (m) between

pomalidomide and the triazole ring.

The results showed that the degradation effect of the C4-linker
series PROTACS (Figure 7) was slightly more potent than that
of the C5-linker series molecules (Figure 7), but the C5-linker
series compounds demonstrated better selectivity than the
C4-linker series compounds. This may be related to the differ-
ent ubiquitination sites of HDACG6 by E3 ubiquitin ligase. Thus,
as can be seen, in addition to the influence of the spatial dis-
tance caused by different linkers on the degradation efficiency
and selectivity of PROTAC:S, a slight change in the connection
position of the E3 ligands and linkers may also significantly

affect the two properties.

In addition, as mentioned above, Crews et al. conducted a study
to develop PROTAC: that specifically degrade p38a and p38d
of the p38MAPK protein family [23]. In this study, they used
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Figure 22: CDK4/6-PROTACs with different E3 ligands targeting the same E3 ubiquitin ligase.
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foretinib as the POI ligand and two E3 ligands with different
structures to target VHL together to explore the influence of the
direction of VHL recruitment of PROTACSs on selectivity
(termed the “amide series” and “phenyl series” individually).
Simultaneously, they used four linkers of different lengths to
connect the E3 ligand and the POI ligand to explore the influ-
ence of linker fragments on molecular selectivity.

According to the results, it was found that in the two series of
PROTAC s, when the linker and the POI ligand are consistent,
the molecular selectivity will also be widely different. For ex-
ample, compound 26, as example for the “amide series”
PROTAC, shows no selectivity for pP38MAPK protein family
subtypes. In contrast, SJF-0 (33), as member of the “phenyl
series” PROTAC, has a solid ability to degrade p38d selec-
tively (Figure 12).

At present, more studies still focus on the effect of linkers or
different E3 ligands targeting different E3 ubiquitin ligases to
design PROTACs with high degradation selectivity. There is
still very little research on the selectivity of E3 ligands with dif-
ferent structures targeting the same E3 ubiquitin ligases to
design different PROTACs. However, based on the above ex-
amples, it could be meaningful to study the effects of different
structural types and connection sites targeting the same E3
ubiquitin ligases on the selectivity of PROTACs. When
PROTAC S are designed with the E3 ligands targeting the same
E3 ubiquitin ligase, the replacement of the junction sites of E3
ligands and linker and the modification of E3 ligands may have
unexpected effects on the selectivity of PROTACs. In the
future, more research is needed in this field to better promote
the development of PROTACs with good selectivity for

members of highly homologous protein families.

Influence of POI ligands on the selectivity of
PROTAGCs in highly homologous protein

families

As it is well-known, PROTACSs are composed of three parts:
POI ligand, linker, and E3 ligand. When designing PROTACS,
research mainly focusses on the kind of linkers and E3 ligands
and often ignores the POI ligands. Many studies use already ap-
proved small-molecule inhibitors or compounds under clinical
research as POI ligands. This will lead to the effect of the POI
ligands on the selectivity of PROTACS in highly homologous
protein families, which is mainly determined by the selectivity
of the small-molecule inhibitors used by POI ligands
(Figure 17). However, multiple literature reports suggest that
pairing the E3 ligase with the target protein is one of the most
critical factors in generating potent and selective PROTACS
[87,131,138,141]. This is primarily driven by the differential

ability of varying E3 ligases to form a favorable ternary com-
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plex with a target POI [24]. Therefore, according to this view
and after comparison and summary of a large number of
studies, we are more convinced that the POI ligands are crucial
to the selectivity of PROTACS.

In 2016, Crews et al. reported that the optimal pairing between
the POI ligand and the recruited E3 ubiquitin ligase to achieve
potent and selective PROTAC-induced target POI degradation
is critical [126]. The important influence of E3 ligands on the
selectivity of PROTACS highlighted in this study was already
introduced above. This time, we look at this study from the
perspective of POI ligands. In this study, the authors designed
different PROTACs by connecting BCR-ABL TKI, which
targets the binding of the c-ABL kinase domain, with a VHL
ligand or CRBN ligand through the linker. Interestingly, accord-
ing to the results, it is found that when dasatinib and bosutinib
combine pomalidomide to recruit CRBN, the formed PROTACs
can degrade both c-ABL and BCR-ABL. However, when they
combined the VHL ligand to form PROTACS, the dasatinib-
VHL PROTAC only degrades c-ABL and has no degradation
effect on BCR-ABL. At the same time, the bosutinib-VHL
PROTAC does not display any degradation activity.

Based on this study, it can be noticed that POI ligands can
genuinely affect the selectivity of PROTACs. Although there
are not many literature reports on the impact of POI ligands on
the selectivity of PROTACSs, many research groups have started
to try to improve the selectivity of PROTACs through the opti-
mization of POI ligands. In addition, it is worth noting that the
effect of POI ligands on the selectivity of PROTACS is closely
related to E3 ligands, which was well confirmed in this study.
Moreover, it is believed that the impact of POI ligands is also
inseparable from linkers. POI ligands, linkers, and E3 ligands,
as the three parts of PROTACS, will influence and restrict each
other to jointly regulate the selectivity of PROTACsS.

Influence of protein—protein interaction on the
selectivity of PROTACs in highly

homologous protein families

The mechanism of PROTAC-mediated target protein degrada-
tion intrinsically relies on the formation of a ternary complex
[142]. This is a transient three-component assembly composed
of the target protein, the PROTAC molecule, and the recruited
E3 ubiquitin ligase. This process goes beyond the simple addi-
tive effects of the binary affinities between the POI ligand and
its target, and between the E3 ligand and the ligase. A critical
and often decisive factor governing the efficiency, stability, and
selectivity of the ternary complex is the protein—protein interac-
tion that arises between the POI and the E3 ligase under
PROTAC-induced proximity [143]. The induced PPI interface

can confer strong positive cooperativity, meaning that the
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affinity of ternary complex formation greatly exceeds that pre-
dicted from the individual binding events. In highly homolo-
gous protein families, whose members share highly conserved
active or binding sites that limit the discriminative capacity of
conventional small-molecule inhibitors, the geometric and
chemical complementarity of the induced PPI interface
becomes a powerful discriminator. Subtle conformational or
surface electrostatic differences among homologous proteins
can be amplified in the context of the ternary complex, enabling
PROTAC S to selectively engage and degrade one member
rather than others. This PPI-driven selectivity represents a para-
digm shift from traditional occupancy-based inhibition and
offers a unique solution to long-standing challenges in drug
discovery [144].

Molecular matching and spatial orientation

The ability of PROTACS to distinguish proteins with high se-
quence and structural similarity depends on precise molecular
matching within the ternary complex [145]. Homologous pro-
teins, such as kinases from the same family or bromodomains
within the BET family, typically share conserved core folds and
ligand-binding pockets. However, surface regions outside these
canonical pockets that participate in protein—protein interac-
tions may exhibit greater variability [146]. Through its specific
linker length, rigidity, and attachment points, a PROTAC posi-
tions the POI and the E3 ligase in a unique spatial orientation.
This orientation favors the formation of a specific PPI interface
that may be optimal only for one member within a homologous
family. For example, the surface of one subtype may present a
cluster of complementary charges or hydrophobic residues that

CDK-4

CRBN
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perfectly matches a region on an E3 ligase (such as VHL or
CRBN), thereby forming a stable ternary complex [147,148]. A
closely related subtype, although binding the POI ligand with
similar affinity, may display a slightly different surface
topology or charge distribution at this interface, resulting in
weaker or non-productive PPIs, reduced ternary-complex
stability, and consequently inefficient ubiquitination and degra-
dation.

CDK

For the CDK family, PROTAC molecules leverage the combi-
natorial design of their linkers and E3 ligands to shape finely
differentiated PPI interfaces between homologous isoforms,
thereby achieving a level of selectivity unattainable by tradi-
tional small-molecule inhibitors [149]. Taking CDK4 and
CDKG6 as examples, despite their 71% sequence homology, the
PROTAC molecule 2 selectively degrades CDK6 while having
no effect on CDK4 [34]. The fundamental reason is that this
molecule, via a specific PEG linker, recruits CDK6 and the
CRBN E3 ligase into a unique spatial conformation, forming a
stable and catalytically active PPI interface. Although CDK4
can also bind to the same POI ligand (palbociclib), its surface
cannot form a similarly compatible PPI interface with CRBN
under the geometric configuration induced by molecule 2, thus
precluding effective ubiquitination (Figure 23).

Similarly, in the differentiation of CDK9 from CDK2,
FN-1501-based PROTACsS shift the degradation profile from
dual CDK2/9 targeting to CDKO9-specific selectivity by
extending the linker length from 8-10 atoms to 11-12 atoms.
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Figure 23: Structural basis for the selective degradation of CDK6 over CDK4 by PROTAC 2. (A) CDK4—molecule 2-CRBN complex. (B) CDK6-mole-
cule 2-CRBN complex. (C) CDK2-molecule 2-CRBN complex. (D) CDK9-molecule 2-CRBN complex.
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This transition also stems from changes in the spatial orienta-
tion of the ternary complex caused by the variation in linker
length: only the surface characteristics of CDK9 can form a
complementary PPI interface with the E3 ligase under the new
distance requirements, while CDK2 is excluded due to inter-
face mismatch. These cases fully demonstrate that within ho-
mologous protein families, the spatial geometry regulated by
the linker in a PROTAC determines the isoform-specific PPI

interface, which in turn dictates selective degradation.

p38

Within the highly homologous p38 MAPK family, the selective
degradation capacity of PROTACSs primarily depends on the
stability and geometric configuration of PPIs within the in-
duced ternary complexes. In 2019, Crews et al. utilized the
promiscuous kinase inhibitor foretinib as a warhead [23],
combined with two VHL ligands featuring distinct linkage
modes (amide vs phenyl series) and varying linker lengths, to
develop two PROTAC molecules with orthogonal selectivity:
molecule 29 (13-atom linker, amide linkage) and molecule 33
(10-atom linker, phenyl linkage). Although both molecules can
bind to both p38a and p383, molecule 29 selectively degrades
p38a (DCsg = 7.16 nM, Dypax = 97.4%) while exhibiting almost
no degradation of p38d (Dyax = 18%). Conversely, molecule 33
selectively degrades p38d (DCsy = 46.17 nM, Dy, = 99.4%)
and has no effect on p38a. To investigate the mechanism under-
lying this differential selectivity, the authors performed in vitro

GST-pulldown assays, which revealed that molecule 29 effi-

p38%
CRBN
c p38a
CRBN
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ciently enriched p38a to form a ternary complex while mole-
cule 33 did not. However, for p383, both PROTACs were able
to induce ternary complex formation, suggesting that the mere
presence of a ternary complex is not a sufficient condition for
degradation. Further determination of the affinity and kinetics
of the p380—PROTAC-VHL ternary complexes using surface
plasmon resonance (SPR) showed that the complex induced by
SJF-8 (33) possessed stronger affinity (Kq = 436 nM) and a
longer dissociation half-life (¢, = 38 s). In contrast, the com-
plex induced by SJF-a exhibited weaker affinity (Kq = 1.2 uM)
and a shorter half-life (¢1,, = 8 s). Ternary complex capture
assays in cell lysates also confirmed that SJF-d could stably
enrich endogenous p380, whereas SJF-a could not. Molecular
dynamics simulations indicated that the two PROTACSs guide
VHL to dock with p383 in different conformations: in the pres-
ence of molecule 33, Arg108 of VHL forms favorable electro-
static interactions with Glu49/Glu160 of p38d; however, in the
presence of molecule 29, Argl08 makes unfavorable contacts
with Lys220/Thr221 of p38d. To validate this prediction, the
authors constructed a K220E/T221E double point mutant of
p38d. When expressed in cells, the mutant p385, which was
originally resistant to molecule 29, became effectively degrad-
able by molecule 29. This result directly demonstrates that
subtle differences in the PPI interface within the ternary com-
plex dictate the selectivity of PROTACs for highly homolo-
gous proteins, providing a theoretical foundation for the future
design of precision degraders based on PPI optimization
(Figure 24).
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Figure 24: Regarding the PPI-driven selectivity mechanism of two PROTAC molecules, SJF-a and SJF-6, for p38a and p385 MAP kinases.
(A) p383—molecule 29-CRBN complex. (B) p38a—molecule 29—CRBN complex. (C) p38a—molecule 33—CRBN complex. (D) p38d—molecule

33-CRBN complex.
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STAT

The members of the STAT (signal transducer and activator of
transcription) family exhibit high structural homology, particu-
larly within the SH2 domain [150].

In 2024, Wang and co-workers reported the discovery of
AK-1690, the first potent and highly selective STAT6
PROTAC degrader [151]. The breakthrough of this study lies
first in the optimization and acquisition of the ligand AK-068,
which possesses an extremely high affinity for STAT6
(Kj =6 nM) and >85-fold selectivity over STATS. Based on this
ligand, the researchers designed the PROTAC molecule
AK-1690. Experimental data demonstrated that AK-1690 effec-
tively induces STAT6 protein degradation in cells (with a DCsq
as low as 1 nM), while showing almost no degradation effect on
other STAT family members, including STAT1, STAT2,
STAT3, and STATS, at concentrations as high as 10 uM. The
researchers successfully resolved the first co-crystal structure of
STAT6 in complex with AK-1690, providing a structural basis
for understanding its ultra-high selectivity. This structure
revealed a precise complementary relationship at the binding
interface between AK-1690 and STAT6. Although the ligand
binding pocket of STAT6 shares some similarities with other
STAT members, the ternary complex interface formed by
AK-1690 and STAT6 contains numerous unique, non-conserva-
tive interactions (Figure 25). These PROTAC-induced interpro-
tein contacts render the entire complex highly sensitive to the
surface topology and amino acid residue characteristics of
STATS®, thereby excluding other family members and achieving
exceptional selectivity.
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The protein—protein interactions within PROTAC-induced
ternary complexes constitute a foundational mechanism for
achieving unprecedented selectivity against highly homologous
protein families. It goes beyond simple target engagement and
instead exploits subtle biophysical complementarity between
two proteins [145]. This selectivity arises from the cooperative
interplay among the POI ligand, the linker, and the E3-ligase
ligand. Quantitative frameworks for cooperativity, the explana-
tory power of structural biology, and the predictive capacity of
computational modeling are transforming PROTAC design
from empirical screening into a more rational, structure-guided
endeavor. Even when using the same or similar POI ligands, the
degradation profile of PROTACs against homologous proteins
can be significantly altered by optimizing the choice of E3
ligase ligand, the length of the linker, and the attachment site
(Table 2). Future advances will depend on discovering new
E3-ligase ligands to expand the “PPI toolbox,” obtaining more
ternary-complex structures across diverse target families, and
improving computational algorithms to accurately predict coop-
erative binding [152]. By harnessing the principles of PPI-
driven selectivity, the PROTAC paradigm holds promise for
delivering highly precise therapeutics capable of discriminating
between “sibling” proteins, thereby minimizing off-target
effects and opening new therapeutic avenues for diseases driven
by specific members of redundant protein families [153].

Conclusion

To sum up, this review mainly introduces the advantages of
PROTAC over small-molecule inhibitors in the selectivity of
highly homologous protein families. According to the system-

VHL

STAT-2

Figure 25: Co-crystal structure and ultra-high selectivity of the STAT6 PROTAC degrader AK-1690. (A) STAT6—AK-1609—CRBN complex.
(B) STAT5-AK-1609—-CRBN complex. (C) STAT1-AK-1609-CRBN complex. (D) STAT2-AK-1609—-CRBN complex.
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Table 2: Summary of representative PROTAC molecules and their degradation activities.

Molecule name (compound E3 ligase Target
number) (POI)
PROTAC-1 (1) CRBN CDK4/6
BSJ-03-123 (2) CRBN CDK6
PROTAC-6 (4) CRBN CDK6
PROTAC-pal-pom (5) CRBN CDK4/6
PROTAC-CP 10 (6) CRBN CDK6
compounds 9-11 CRBN CDK2/9
compounds 12-14 CRBN CDK9
compound 16¢ CRBN CDK9
compound 19¢ CRBN HDAC6
compound 20d CRBN HDAC6
compound 20h CRBN HDAC6
compound 20i CRBN HDAC6
compound 21j VHL HDAC6
MZ1 (35) VHL BRD4
SJF-8240/SJF-a (29) VHL p38a
compound 33 VHL p38d
SHD913 (37) VHL BRD4

atic summary, we can clearly find that both linker and E3 ligand
are crucial to the selectivity of PROTAC design (Table 3).
Whether it is an E3 ligand or a linker fragment, it may ulti-
mately affect the overall structure of the PORTAC to achieve
highly selective degradation through the subtle differences be-
tween PPI and ubiquitinated lysine sites. Meanwhile, the selec-
tive degradation of highly homologous protein families by
PROTACSs underscores the fundamental pharmacological shift
from occupancy-driven inhibition to event-driven target elimi-
nation. This shift allows selectivity to emerge from ternary
complex cooperativity, induced protein—protein interactions,
and spatial orientation, rather than solely from binding affinity
differences.

The difference between protein—protein interaction and ubiquiti-
nated lysine sites is currently widely accepted as two factors
affecting the selectivity of PROTAC molecules in highly ho-

Data values

in Jurkat cells:
CDK4 degradation rate >50% (0.1 pM);
CDK®6 degradation rate >95% (0.1 pM)

it exhibits superior degradation capability towards CDK®6, while
proteomic results indicate no degradation effect on CDK4

selectively degrading CDK6 in HPNE and MiaPaCa2 cells
does not affect CDK2, 4, 5, 7,9

MDA-MB-231cells:
DCs50(CDK4) = 13 nmol/L;
DCs50(CDK8) = 34 nmol/L

U251 cells:
DCs50(CDK6) = 2.1 nmol/L;
DCs50(CDK4) > 100 nmol/L

it is a dual degrader for CDK2/9
selective degradation of CDK9

it exhibits optimal CDK9 degradation activity and high
selectivity towards CDK9 compared to CDK5

it exhibits the best selective degradation effect on HDAC6
compared to HDACT, 2, and 4

DCsq = 1.64 + 0.24 nM

at a concentration of 100 nM, it can degrade 78.3—80.1% of
HDAC6

at a concentration of 100 nM, it can degrade 82.1-84.1% of
HDAC6

DCs0 = 7.1 nM (exhibiting the best selectivity compared to
HDACT, 2, 3, 4,7, 8)

it exhibits excellent selective degradation capability for BRD4
(compared to BRD2 and BRD3)

DCs0(p38a) = 7.16 + 1.03 nM;
Drmax = 97.4%

DCs0(p380) = 46.17 + 9.85 nM;
Dmax =99.41 £3.31%

in PC-3 cells: BRD4 long isoform DCsq = 7.7 nM, short
isoform DCsg = 5.0 nM

mologous protein families. It is generally accepted that the deg-
radation effect of PROTACSs requires the formation of ternary
complexes with POI and E3 ubiquitin ligase. However, before
Cullin et al. published their research in 2017, few people
believed that when PROTAC formed ternary complexes, the
protein—protein interaction between E3 ubiquitin ligase and POI
PPI would have a huge impact on the degradation of PROTAC
molecules, and even affect the selectivity of PROTAC mole-
cules to highly homologous protein families. The existence of
the PPI effect makes the formation of ternary complexes not
only depend on the affinity between POI ligand and POI but
also between E3 ligand and E3 ubiquitin ligase, which further
confirms that there is no inevitable relationship between the
binding affinity of PROTAC molecules and the degradation
effect. The existence of the PPI effect makes it easier or more
difficult to form ternary complexes among members of the

highly homologous protein family with only slight structural

655



Beilstein J. Org. Chem. 2026, 22, 628—661.

Table 3: Factors influencing the selectivity of PROTACSs in highly homologous protein families.

protein level surface lysine availability

the presence and spatial accessibility of specific lysine residues on the

protein surface that are required for ubiquitination

surface topology & residues

unique biophysical features and amino acid residues (even in highly

homologous proteins) that facilitate or hinder specific protein-protein
interactions (PPIs)

tissue and cell expression

differential abundance of the target protein or the recruited E3 ligase across

different tissues and cell types

subcellular localization

the specific cellular compartment where a protein resides can determine its

accessibility to the PROTAC and the degradation machinery

protein—protein complexes

target proteins existing within multiprotein complexes can have different

"degradability" compared to their monomeric forms

PROTAC level POI warhead selection

the choice of the ligand for the target protein (POI) and its specific binding

orientation or "exit vector"

ES3 ligase recruitment

selecting different E3 ligases (e.g., VHL vs CRBN) can drastically alter the

degradation profile of the same target

linker engineering

optimization of the linker’s length, flexibility, and chemical composition (e.g.,

PEG vs alkyl chains) to allow for productive orientation

linker attachment points

the specific positions on the ligands where the linker is attached, which

determines the spatial orientation of the recruited proteins

ternary complex stability

the ability of the PROTAC to induce stable and cooperative de novo

protein—protein interactions between the POI and the E3 ligase

differences, thus enabling PROTAC molecules to achieve
selectivity between different subtypes. This is a milestone for
the future development of highly specific PROTAC molecules
[154]. On this basis, in order to explore more about the
formation of ternary complexes, it is essential to analyze the
crystal structure of ternary complexes as much as possible to
explore the mechanism by which a PROTAC plays its high
selectivity in highly homologous protein families. Therefore, in
recent years, many researchers have devoted themselves to
building corresponding prediction models using computer
simulations to accurately predict the crystal structure of
PROTAC ternary composites, so as to better develop PROTAC
molecules for various targets in the future [155]. Furthermore,
following ternary complex formation, PROTACs promote the
ubiquitination of the POI by recruiting the E3 ubiquitin ligase,
thereby triggering its proteasomal degradation. Despite the
high sequence similarity within certain protein families,
differences in the accessibility and positioning of lysine
residues result in distinct ubiquitination patterns. This provides
an additional layer of selectivity for PROTAC-mediated
degradation. Although this concept has been proposed,
systematic investigations validating the relationship between
lysine site distribution and degradation selectivity remain
limited. Future studies in this area are therefore warranted
[154].

Looking forward, stimulus-responsive degraders such as light-
controllable PROTACs (opto-PROTACs) may further expand

the capabilities of event-driven pharmacology by integrating
structural precision with spatial and temporal regulation. Condi-
tional activation strategies could ultimately enhance selectivity
among highly homologous proteins by restricting degradation to

defined biological contexts.
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There is a wealth of structural data on peptides that bind potential drug targets, serving as rich inspiration for designing small mole-

cule inhibitors which can recapitulate key binding interactions while improving pharmacokinetic properties. With the rapid

advancement of artificial intelligence capabilities including powerful generative models, there is significant potential for new

Al-based tools to expedite the structure-based transformation of peptide hits into small molecule leads. In this Perspective, we high-

light how Al-enabled prediction and design tools can potentially span the entire workflow from peptide to small molecule: target

protein structure prediction, de novo peptide binder generation, diffusion models for generating novel small molecule scaffolds, and

deep-learning predictors of binding affinity to rapidly triage candidates.

Introduction

In drug discovery, peptides serve as accessible starting points
for designing molecules that bind and inhibit a chosen protein
target. Many enzyme targets (e.g., proteases) natively process
peptides as their substrates. Peptide domains are also common
motifs in protein—protein interactions, mediating the binding be-

tween protein partners that form functional complexes [1-3].

Furthermore, powerful high-throughput library screening tech-
nologies such as mRNA and phage display have revolutionised

our ability to identify novel peptide binders, frequently gener-

ating binders with nanomolar affinity directly from screening
campaigns [4-6].

While there has been increasing recognition of the translational
potential of peptides in drug discovery, significant optimisation
is typically required to convert a naive peptide into a bona fide
drug candidate [7]. Many promising peptide hits fail to trans-
late beyond academic research, hampered by pharmacokinetic

liabilities such as poor metabolic stability, limited membrane
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permeability, and low oral bioavailability. In some cases,
peptides may be suitable for therapeutic use after installing a
small number of chemical modifications (e.g., lipidation of
peptide hormones such as GLP-1 receptor agonists). In other
cases, however, challenging medicinal chemistry is required to
achieve clinical efficacy, as exemplified by the complex devel-
opment of the heavily modified tricyclic peptide MK-0616, a
PCSKO inhibitor in phase III clinical trials that was originally
derived from an mRNA display screen of monocyclic peptides

[8].

As an alternative to optimising peptide-based molecules, know-
ledge of key binding interactions exhibited by potent peptide
binders can be leveraged to inform small-molecule design. The
field of peptidomimetics seeks to design small molecules that
mimic the binding mode of a peptide, while mitigating the phar-
macokinetic liabilities associated with unmodified peptides.
This peptide-first approach to drug discovery is particularly
valuable for challenging targets such as protein—protein interac-
tions, where traditional small molecule high-throughput
screening often fails to yield hits [9]. While the term peptido-
mimetics has been used to describe a variety of molecular
classes, including modified peptides and molecular scaffolds for
display of amino acid side-chains, this Perspective focuses on
non-peptidic small molecules with the appropriate shape and
functionality to recapitulate the pharmacophore of the original
peptide (Class D according to the classification proposed by
Grossmann and co-workers [10]).

The challenge of transforming a peptide binder into a small
molecule mimic is not new [11]. Indeed, there are well-known
historical examples of blockbuster drugs derived from native
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peptide substrates. A classic example is the ACE inhibitor
captopril, an analogue of a snake venom peptide, the develop-
ment of which has been cited as an early success story for struc-
ture-based rational drug design [12,13]. Despite the long
history, there is still no straightforward and generalisable work-
flow with a reasonable success rate for achieving the transfor-
mation from peptide to small molecule inhibitor.

With the rapid maturation of computational tools based on
artificial intelligence (AI), this Perspective highlights
selected nascent examples where Al has been used for small
molecule design by leveraging data on peptide binders, and
proposes potential opportunities where generative Al and
machine learning (ML) tools may augment various stages
throughout the pipeline from peptide hit discovery to small mol-
ecule lead.

Perspective
Current workflows for designing small
molecules that mimic peptide

pharmacophores

lllustrative example of a non-Al workflow

To understand where generative Al may play a role in trans-
forming peptides into small molecules, we first briefly outline
how traditional non-Al tools are typically used in the field.
Starting from an experimental co-crystal structure of the bound
complex, standard medicinal chemistry principles are used to
probe structure—activity relationships (SAR) and determine the
key interactions that form a minimal pharmacophore, supported
by classical physics-based molecular modelling methods such
as molecular dynamics (MD) and docking (Figure 1).

Examples of classical methods

X-ray crystallography rational design rational design binding assays
cryo-EM display screening « physics-based modelling functional assays
Determine structure Discover Design small Evaluate
of target protein peptide binders molecule mimics inhibitors
~ /.\ /@
Al
Structure prediction Generative design Diffusion-based Affinity prediction

of de novo binders
(e.g. RFdiffusion)

by deep learning
(e.g. AlphaFold3)

design of scaffolds
(e.g. DiffLinker)

(e.g. Boltz-2)

Examples of potential Al/ML methods

Figure 1: An example of a typical workflow from peptide hit discovery to small molecule evaluation. The top half shows typical methods used in each
stage of the workflow, while the bottom half shows potential Al-based methods to augment the workflow. The left two images were generated using
PyMOL (The PyMOL Molecular Graphics System, Version 3.1 Schrddinger, LLC.)
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As an illustrative example, Yoshida and co-workers at Shionogi
reported the design of small molecule inhibitors of nicotin-
amide N-methyltransferase [14] and B-herpesvirus proteases
[15], starting from cyclic peptide hits obtained by mRNA
display with flexible in vitro translation (also known as RaPID,
random non-standard peptides integrated discovery [4]). Key
interactions that comprise the pharmacophores were experimen-
tally determined by alanine scanning and other amino acid sub-
stitutions to explore SAR, coupled with analysis of co-crystal
structures obtained for the bound complexes, including compu-
tational analysis of the amino acid interactions (SiteMap [16])
and hydration in the binding pocket (grid inhomogeneous solva-
tion theory [17] in AmberTools [18]). The pharmacophores
were then used as the basis for virtual screening with docking
(Glide [19,20]) to obtain candidate small molecules for experi-

mental validation in functional assays.

Nascent examples of ML approaches
In contrast to physics-based models for extracting pharma-
cophores and predicting small molecule binders, ML methods

are now emerging as alternatives for accomplishing these tasks.

An early application of ML for small molecule design based on
peptide datasets was reported in 2023 by Hou and co-workers,
where models were trained to classify ligands as ghrelin recep-
tor binders [21]. The complete dataset for training and evalua-
tion consisted of 548 peptides/peptidomimetics and 2193 small
molecules spanning known binders, non-binders, and random
compounds, each represented using one-hot encoding. A variety
of well-established machine-learning classifiers were tested, in-
cluding random forests, support vector machines, and gradient
boosted decision trees. Strategies that used a larger proportion
of the dataset for training showed reasonable predictive ability
when evaluated on the remaining compounds as the validation
set, as well as on an external set of 30 binders that was not in
the original dataset. This result hints at the potential of ML
models in predicting small molecule binders based on key
peptide attributes, although the classifier was trained on more
small molecules than peptides/peptidomimetics, making it
unclear if peptide and peptidomimetic data alone would provide
sufficient training to predict small molecule binders. The gener-
ality of this approach to other targets with no known small mol-
ecule binders has also yet to be evaluated.

Also in 2023, a deep learning-driven molecular generator for
designing peptidomimetics was reported by Nakamura, Bajo-
rath and co-workers [22]. Named DeepCubist, the method
superimposes scaffolds from an sp3-rich skeleton library onto
the target peptide to identify spatially aligned structures. Once a
scaffold is selected, a transformer model converts the three-

dimensional scaffolds into complete chemical structures by
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decorating the backbone with heteroatoms and unsaturated
bonds. The resulting small molecules are designed to be syn-
thetically tractable, although synthetic accessibility was noted to
be somewhat restricted by the highly sp3-rich nature of the
generated molecules. New iterations of these methods have
since been reported by the authors [23], though experimental
validation of predictions remains to be reported at the time of

writing this Perspective.

Opportunities for using generative Al and ML

tools

Here, we highlight how multiple stages of the typical peptide to
small molecule drug discovery workflow may be amenable to
Al-enabled structure-based tools (Table 1). Starting from a
target protein structure (which may be modelled by Al), genera-
tive models can be used to design de novo peptide binders.
Upon identifying the minimal peptide pharmacophore, frag-
ment-linking diffusion-based models can be used to recapitu-
late key binding features on a novel molecular scaffold. Subse-
quently, machine learning models can assist in triaging gener-
ated candidates prior to more resource-intensive modelling, lab-

oratory synthesis, and evaluation in functional assays.

Deep learning for protein structure prediction

The growing wealth of structural data in the Protein Data Bank,
along with ongoing improvements in computational processing
power, has fuelled the success of protein structure prediction
tools based on deep learning algorithms. Most notably, Deep-
Mind’s AlphaFold2 heralded a breakthrough in protein struc-
ture prediction with its exemplary performance in the 14th Crit-
ical Assessment of protein Structure Prediction (CASP14) ex-
periment in 2020 [24]. Since then, numerous models with ad-
vanced functionality have been released (Table 1), including
AlphaFold3 which incorporates diffusion-based components,
providing a range of options for predicting the structure of pro-
tein targets (including protein complexes and interactions with
other biomolecules) where no experimental structure has been
reported. While the accuracy of these models continues to
increase with time, protein structures modelled on experimental
data (X-ray crystallography, cryo-electron microscopy) still
remain the gold standard as starting points for structure-based
drug design.

Generative Al for peptide design

Building off the success of structure prediction tools, a major
area of growth has been in new Al-based tools for designing de
novo protein binders, many of which can be adapted to
peptides. The release of RFdiffusion [42] and ProteinMPNN
[35] from David Baker and co-workers at the Institute of Pro-
tein Design in 2022-23 popularised the use of diffusion models

to build de novo protein backbones followed by sequence
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Table 1: Selected examples of structure-based Al/ML tools for potential end-to-end coverage of the peptide to small molecule pipeline. Tools are
listed in alphabetical order. Year corresponds to the final publication date if peer-reviewed, or preprint date otherwise.

Capability

predicting structure of target protein (and complexes)

generative design of peptide binders (including cyclic
peptides)

fransforming peptides hits into small molecules

predicting affinities

Tools

AlphaFold3 (2024) [25]
Boltz-1 (2024) [26]
Chai-1 (2024) [27]
ESMFold (2023) [28]
RoseTTAFold (2021) [29]

AfCycDesign (2025) [30]
BindCraft (2025) [31]
BoltzGen (2025) [32]
EvoBind2 (2025) [33]
PepMimic (2025) [34]
ProteinMPNN (2022) [35]
RFpeptides (2025) [36]
DiffLinker (2024) [37]
Peptide2Mol (2025) [38]
ShEPhERD (2024) [39]

Boltz-2 (2025) [40]
RosettaVS (2024) [41]

Developer

Google DeepMind

MIT Jameel Clinic

Chai Discovery

Meta Al

Institute for Protein Design, UW

Institute for Protein Design, UW
Correia Lab, EPFL

MIT

Bryant Lab, Stockholm

Ma Lab, Tsinghua University
Institute for Protein Design, UW
Institute for Protein Design, UW

Correia Lab, EPFL

Ma Lab, Tsinghua University
Coley Research Group, MIT
MIT and Recursion

Institute for Protein Design, UW

design. As with structure prediction, there has since been an
explosion of new methods improving upon these initial methods
(Table 1), including RFdiffusion2 [43] and RFdiffusion3 [44],
along with integrated pipelines such as BindCraft [31] which
are built upon tools such as ProteinMPNN and AlphaFold2.
Other design tools that are specific for peptide binders also
include the evolution-based EvoBind2 that only requires the
protein target sequence as an input [33], and the diffusion-based
PepMimic that uses structural information from binding inter-
faces [34]. Ongoing evaluation by independent groups suggests
that reliable one-shot prediction of binders is currently target-
dependent [45], and continued improvements may see these
methods reach parity with traditional peptide discovery methods

in the future.

Diffusion models to generate small molecule mimics
The reliable design of synthesisable small molecules that can
accurately mimic a peptide pharmacophore remains the core
challenge in the overall peptide to small molecule workflow.
There are many Al tools for general ligand-based drug design
under active development, spanning a range of generative archi-
tectures (e.g., variational autoencoders, generative adversarial
networks). Here, we specifically highlight the potential of using
diffusion-based models for generating small molecules that

recapitulate key components of a peptide pharmacophore.

In general, diffusion models function by progressively adding
Gaussian noise to training data over a series of timesteps
(forward diffusion). A neural network is then trained to reverse
this process, iteratively reconstructing the original data struc-
ture through predicting and removing noise (reverse diffusion).

Once trained, the model initialises and iteratively denoises

random Gaussian noise to generate novel outputs (Figure 2a).
Diffusion models have been particularly adept at generating
new visual outputs such as images and videos, hence their suit-
ability for de novo molecular design is not unexpected. In the
case of small molecule design, the chemical inputs can be repre-
sented in different formats depending on the level of informa-
tion and complexity required [46]. One-dimensional SMILES
strings are the simplest form of molecular representation that
lacks spatial information, while two- and three-dimensional mo-
lecular graph and point cloud representations are less compact
but carry additional spatial information that is likely to be criti-

cal for small molecule binder design (Figure 2b).

In the context of transforming peptides into small molecules,
diffusion models can be applied using a workflow reminiscent
of fragment-based drug design. Starting from the key elements
of a peptide pharmacophore (e.g., critical side-chains or back-
bone functional groups that interact with the target), diffusion
models can generate candidate small molecules that spatially
link or merge all these elements together. To preserve three-
dimensional spatial information, the following examples of
diffusion models all use three-dimensional atomic point clouds
and an E(3)-equivariant (or SE(3)-equivariant) graph neural
network for symmetry-consistent modelling of molecular struc-
tures [47].

DiffLinker is an example of a conditional diffusion model de-
veloped by Correia and co-workers that enables linking of
multiple fragments in a predefined orientation [37]. After
pretraining on linkers extracted from molecules originating
from several compound databases (ZINC [48], CASF [49],
GEOM [50]), input fragments were represented as three-dimen-
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A) Denoising - gaining back information from noise (reverse diffusion)

»
1

000 - 0] . |00 0|20 0
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Adding Gaussian noise - iterative decay of information (forward diffusion)

8 OH

OCC1=CC=CC=C1

Chemical structure SMILES string

° et
I

2D point cloud 3D molecular graph

Figure 2: A) A non-technical schematic of a diffusion model, in which random noise is iteratively removed to reconstruct chemically valid molecules,
based on training with a supplied dataset. B) Models can use different chemical representations as inputs, such as SMILES strings, point clouds, or

molecular graphs.

sional point clouds, while the appropriately-sized linker was
iteratively generated and refined by sampling atom types and
positions using Gaussian noise as the starting point. The model
could also be trained on a protein-ligand dataset (from Binding
MOAD [51]) to factor in the constraints of typical binding
pockets.

ShEPhERD is an interaction-aware diffusion model developed
by Coley and co-workers that is capable of bioisosteric frag-
ment merging [39]. For fragment merging, the model was
trained on a subset from the MOSES database [52]. Then
starting with a set of published fragment data from an experi-
mental screen, ShEPhERD generated small molecule candi-
dates with high similarity in electrostatic and pharmacophore

scoring metrics.

Meanwhile, Peptide2Mol is a diffusion model developed by Ma
and co-workers that leverages peptide-binder structural data to
generate small molecules within the protein pocket. It is trained
on a range of target-bound complexes, including small mole-
cule ligands as well as peptides and protein binders [38]. Simi-
lar to DiffLinker, small molecule generation is initiated from
Gaussian noise, then after iterative denoising within the target
pocket, an additional pocket-aware refinement step is used to

remove steric clashes and shape complementary issues.

Development of this class of generative molecular design tools
is still in its infancy. Outputs typically require manual curation
or integration with traditional physics-based molecular model-
ling to filter out unstable functional groups, strained rings and
other unfavourable conformations. Experimental validation of

predicted small molecules also remains to be conducted. Never-

theless, continued improvements in model design and quality
input data may see these tools mature in future, potentially
mirroring the trajectory of the aforementioned structure predic-
tion and binder design tools.

Deep learning for predicting binding affinities

As a brief note, Al tools are also available for preliminary eval-
uation of small molecule candidates, providing potential alter-
natives to traditional computationally expensive physics-based
workflows such as docking, MD, and free-energy perturbation
(FEP) calculations for affinity estimation. For example, Boltz-2
features a strong emphasis on affinity prediction in addition to
its core capability of structure prediction [40]. Other tools inte-
grate Al methods into virtual screening pipelines, such as
RosettaVS which trains a target-specific neural network during
physics-based docking to prioritise candidates for more expen-
sive computational modelling [41].

Outlook

There is still significant progress that must be made before a
complete Al-assisted computational workflow for transforming
peptide hits into small molecule leads can be reliably achieved.
While the early stages of structure prediction and peptide binder
generation are rapidly maturing, small molecule design and
evaluation methods are far less advanced, likely reflecting the
more diverse and complex nature of small molecule chemical
space, and the relatively sparse coverage of this space in
training datasets. Nevertheless, early indications suggest that
there could be a significant future role for generative Al in
peptide to small molecule drug discovery workflows, even
though ultimately, all predictions require validation in an exper-

imental laboratory setting.
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An open question is whether a peptide-first approach to drug
discovery will continue to hold advantages in the future. Indeed,
many target-based computational drug discovery tools that are
ligand-agnostic are under development, along with small mole-
cule prediction methods that do not require experimental data
on target-specific peptide binders. Nevertheless, we envisage
that given the ease of binder design and screening, synthetic
accessibility, and in vitro assay validation, peptides will
continue to play a significant role in supporting the small mole-

cule drug discovery pipeline.

Just as the Critical Assessment of Structure Prediction (CASP)
competition supported the development of protein structure
prediction methods, the emergence of small molecule hit
prediction competitions, such as the CACHE (Critical Assess-
ment of Computational Hit-finding Experiments) challenge
[53], are driving a pivotal shift toward rigorous, blind, and
prospectively validated benchmarking. As methods improve,
we expect such competitions to raise the bar and focus on
increasingly challenging targets, such as protein—protein inter-
actions without any known small molecule binders. Additional-
ly, a focus on 'make-on-demand' constraints would allow gener-
ative models to move beyond the commercially available chem-
ical space and into the realm of truly novel, de novo chemical
space.

One potential barrier to rapid development and uptake of Al in
drug discovery is the restricted accessibility of some models
and datasets. While the development of proprietary Al-based
platforms in private organisations such as large pharmaceutical
companies and small start-up enterprises is driving local inno-
vation within their respective organisations, such platforms are
rarely shared for public use and may only be accessible through
licensing at substantial cost. At the same time, one could argue
that these platforms may have never been developed without the
corporate structure that private enterprise offers. Although such
debates are not new to drug discovery, we anticipate that the
balance between proprietary and open-source development will
have a disproportionate influence on the future of Al-based
drug discovery, due to the data-intensive nature of the disci-
pline.

Finally, if the full breadth of potential applications of Al in
drug discovery come to fruition, one could imagine a fully-
automated pipeline from target identification and virtual
screening through to retrosynthetic planning, and robotics
for hit-to-lead optimisation and functional evaluation in
cellular models. The examples highlighted in this Perspective
represent only a few of the many ongoing developments
in the broader field. With the field moving at such a rapid

pace, it is difficult to forecast which AI tools will become
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the next field standard akin to AlphaFold2 for structure
prediction, and which others will fall short of more traditional
computational or experimental methods. Only time will
tell whether Al optimism in drug discovery is well-founded or

not.
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Abstract

The synthesis and structural characterization of new brassinosteroid (BR) analogs, in which substituents with different electronega-
tivities and molecular sizes have been attached to a C-22 benzoate function, are described. The biological activities of all new com-
pounds were evaluated by using the rice lamina inclination test (RLIT) and inhibition of root growth of Arabidopsis thaliana. The
RLIT data is compared with those previously reported for two series of compounds having the same substitution pattern at C-22 but
different structure in ring A. This comparison revealed that a 2a,3a-dihydroxy configuration is more active than a 3-carbonyl or
3B-hydroxy function in this ring. Additionally, the accumulation of the dephosphorylated form of the BES1 protein, which is part of
the BRs signaling pathway and control their activity, has been evaluated as well. The results are analyzed in terms of BR analog’s
structure and compared with binding energies obtained from a docking study. In this ways, it is intended to assess the effect of chem-
ical structure on the initial and one intermediate step, and on the final plant response. Our results show that the binding of BR
analogs to the active site, which initiate the signaling process, and dephosphorylation of BES1 depend on the structure of BR
analogs in a similar way. However, the relationship between the BR analog’s structure and the final plant response is different. The

dependence on unknown factors which are able to activate or repress genes associated with growth and development is discussed.

Introduction
Brassinosteroids (BRs) are phytohormones that are widespread  important roles, such as, cell development, vascular differentia-
in the plant kingdom, and are found in very low concentrations, tion, reproduction, modulation of gene expression [5,6], and

i.e., in the of nano- to micromolar range [1-4]. BRs play various  other developmental processes [7,8]. Their natural occurrence
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and biological activities have been reviewed by different
groups, and brassinolide (1) and castasterone (2) are the most
active and widely distributed [4,9,10], whereas teasterone (3)
and 3-dehydroteasterone (3a), which are intermediates in the
biosynthetic pathway, exhibit much lower activities [11-14]
(Figure 1).

It has been established that BRs are sensed by the extracellular
part of a receptor kinase, NRI1, and then the activated BRI1
initiates a series of processes comprising the transduction path-
way of BRs [3,15]. The main consequence of this mechanism is
the accumulation of two transcription factors: BZR1 (Brassina-
zole Resistantl) and BES1 (BRI1-EMS-Suppressorl) in the
nucleus, which regulates the expression of a large number of
genes involved in different physiological processes in
Arabidopsis thaliana [15-17]. At the same time, BZR1 and
BESI repress thousands of genes associated to BRs biosynthe-
sis, helping to maintain BRs homeostasis [18]. As consequence,
BRs responses are inhibited.

Various bioassays have been developed to evaluate the effects
of different concentrations of exogenous application of BRs on
plant growth. The most widely used are bean second internode
bioassay (BSIB ) [19], rice lamina inclination test (RLIT)
[20,21], and inhibition of root and hypocotyl elongation in
Arabidopsis thaliana seedlings, among other bioassays. The
results show that for the same BRs, the measured effects vary
with the bioassay and concentration. For example, in the RLIT
the growing effect increases with increasing concentration,
whereas on root growth BRs act as root growth promoter at low
concentration and the opposite effect is observed at high con-

centrations [22].

As sensing of BRs by BRI is the starting point of the mecha-
nism by which plant responses are produced, this binding
process has been extensively studied and it has been shown that

HO™

brassinolide (1)

Figure 1: Structures of natural occurring brassinosteroids.

castasterone (2)
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bioactivity can be correlated with the binding of BRs to BRI1
[23,24], and some structure—activity relationships (SAR) have
been proposed [25,26].

The low abundance of BRs present in plants has prompted the
quest of synthetic pathways to obtain these compounds. Howev-
er, to synthesize molecules with the same stereochemical con-
figuration of natural BRs, both in the rings and side alkyl chain,
is an enormous synthetic challenge [27]. Consequently, synthe-
tic BRs and BR analogs are not affordable for large-scale com-
mercial applications and therefore, the search for more acces-
sible and bioactive analogs has become a matter of current
interest. For example, derivatives of teasterone (3), compounds
4-11, and castasterone, compounds 12-14, with benzoyl func-
tion at C-22 (Figure 2) have been synthesized, and their bioac-
tivities have been evaluated by BSIB, RLIT, and inhibition of
root and hypocotyl elongation in A. thaliana seedlings [28,29].

The obtained results indicate that compounds 10 and 11 are the
most active of teasterone analogs [28], whereas fluorinated
castasterone analogs 13 and 14 with a fluoro substituent in the
ortho- and para-positions, show interesting activities at inter-
mediate concentrations [29].

Based on the preliminary and promissing results obtained for
castasterone analogs 13 and 14, it was decided to expand this
study by considering the 2a,3a diol function in ring A, a ketone
function at C-6, and C-22 benzoate-function with various sub-
stituents, of different electronegativities and sizes in the aromat-
ic ring. In this way, we intend to assess the effect of these prop-
erties on the biological activity. Additionally, by comparing
RLIT results obtained for this new series of castasterone (2)
with those obtained for teasterone (3) [30] and 3-dehydroteast-
erone (3-DT, 3a) [31] analogs, it would be possible to evaluate
the contribution of different functions attached to ring A. Thus,
herein the synthesis of analogs 17-22, starting from the precur-

R = B-OH: teasterone (3)
R = =0: 3-dehydroteasterone (3a)
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12:R'=R2=H
13:R'=F,R2=H
14:R'=H,R2=F
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O

R1

AcO
23,24-bisnor-5-cholenic acid 3p-acetate (15)

:R=CHj
IR=OCH3
:R=ClI
:R=Br
‘R=1
:R=CN

Figure 2: Structures of C-22 benzoate-functionalized brassinosteroid analogs 4-14 and 17-22 prepared from the known precursor 16 [29], analog
16a [29] and structure of starting material 23,24-bisnor-5-cholenic acid 3B-acetate (15).

sor 16, is described. All compounds have been fully character-
ized by spectroscopic techniques (IR, 1D, 2D NMR and
HRMS).

The biological activities have been assessed by RLIT and inhi-
bition of root growth of A. thaliana. Additionally, the Western
blot technique has been applied for the detection and identifica-
tion of BES1 in A. thaliana seedlings, which has been used as a
model organism for this type of study [32].

Results and Discussion

Chemistry

The synthesis of new BR analogs 17-22 (Figure 2) and com-
pounds 23-28 has been carried out using the olefinic precursor
16 according to previously described procedures (Scheme 1)
[28,29].

Treatment of olefine 16 with p-R-PhCOCI in DMAP/py/
CH;,Cl,, leads to compounds 23-28 with high yields

Scheme 1: Synthesis of compounds 23—28 and new BR analogs 17-22, from 23,24-bisnor-5-cholenic acid 3B-acetate (15). Conditions: a) p-R-
PhCOCI/CHoClo/py, DMAP, rt, 2 h, 96.7%, 78.0%, 91.2%, 95.3%, 95.6%, and 93.6% yields for 23—28, respectively. b) DHQD-CLB, CH3SO2NH,
KoCOg3, K3[Fe(CN)gl, OsOy, t-BuOH/H20 (1:1 v/v), rt, 36 h, 77.8%, 67.9%, 65.8%, 84.9%, 77.5%, and 63.4% yields for 17-22, respectively. The
overall yields for compounds 17-22 are 75.2%, 53.0%, 60.0%, 80.9%, 74.1%, and 59.3%, respectively.
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(78.0-96.7%). All compounds have been characterized by IR,
NMR (1D and 2D) and HRMS spectroscopy techniques (see
Supporting Information File 1, Figures S1-S30). Thus, in the
TH NMR spectrum of compound 23, the presence of signals at
0 =791 ppm (2H, d, J = 8.1 Hz) and 7.21 ppm (2H, d,
J = 8.1 Hz) are assigned to aromatic hydrogens H-2’ and H-3’,
respectively. While the observed signal at 8 = 2.38 ppm (3H, s)
corresponds to CH3-Ar. Additionally, the signals observed
downfield (by the electron-withdrawing effect of the ester func-
tion) at 8 = 4.27 (1H, dd, J = 10.8 and 3.4 Hz, H-22a) and 4.01
(1H, dd, J = 10.8 and 7.2 Hz, H-22b), are assigned to carbinolic
hydrogens H-22a and H-22b, respectively. In the 13C NMR
spectrum, the signals observed at 6 = 166.57, 143.31, 129.40,
128.93, 127.65, and 21.52 ppm, are assigned to carbon ArCOO,
C-4’, C-2°, C-3’, C-1’, and CH3-Ar of the benzoate group,
respectively. All these signals show direct correlation (1/yc
coupling) in the 2D HSQC and 2Jgc or 3Jyc on the
2D HMBC spectra (Figures S1-S5, Supporting Information
File 1). The structural determination of compounds 24—28 has
been performed in a similar manner to that used for compound
23.

Next, Sharpless dihydroxylation of double bond on C-2 of com-
pounds 23-28, following a described procedure [29], leads to
BR analogs 17-22 with good reaction yields (63.4-84.9%)
(Scheme 1).

Structural characterization of BR analogs 17-22 was accom-
plished by using '3C NMR data, combined with 2D NMR tech-
niques (HSQC and HMBC). For example, in the 'H NMR spec-
trum of compound 17, the three signals appearing at d = 4.26
(1H, dd, J = 10.4 and 3.4 Hz), 4.02-3.97 (2H, m), and 3.71 (1H,
bd, J = 10.2 Hz) are assigned to carbinolic hydrogens H-22a,
H-2, H-22b, and H-3, respectively (Figure S32, Supporting
Information File 1). While from the 13C NMR spectrum, the
signals observed at 8 = 69.65, 68.38, and 68.27, are assigned to
carbinolic carbons C-22, C-3, and C-2, respectively (Figure
S33, Supporting Information File 1). In this way, the carbinol
signals of H and C were confirmed by correlations to 'Jyc,
2Juc, and 3Jyc from the 'H,13C HSQC NMR and !H,13C
HMBC NMR spectra data, respectively (Figures S35 and S36,
Supporting Information File 1).

Previous studies have shown that Sharpless dihydroxylation of
2,3-steroidal alkenes with OsO4/DHQD-CLB system, leads to
formation of "cis" glycols with C-2(R) and C-3(S) stereochem-
istry in the A ring of A/B trans-fused (5a steroids). This is the
consequence of the steric hindrance imposed by the 19-methyl
group, which prevents OsOy4 from approaching the top face of
the A ring, and thereby favoring the reaction from the lower
face of the double bond [29,33,34].

Beilstein J. Org. Chem. 2026, 22, 753-762.

The structural determination of compounds 18-22 has been per-
formed in a similar way to that used to characterize compound
17 (Figures S37-S66, Supporting Information File 1). In
summary, BRs analogs 17-22 have been efficiently synthe-
sized in a two-step pathway starting from 16. The overall yields
for 17-22 are 75.2%, 53.0%, 60.0%, 80.9%, 74.1%, and 59.3%,
respectively.

Biological activity

Rice lamina inclination test (RLIT)

RLIT is a standard, sensitive, and specific method widely used
to evaluate BRs activity [20,21]. BRs induce a greater cell
expansion of adaxial cells relative to abaxial cells in the attach-
ment regions, causing laminar inclination in a concentration-de-
pendent manner. Although the molecular mechanism of this
phenomenon remains elusive [35,36], this bioassay has been
used with a large number of BR analogs and the obtained
results have allowed the establishment of structure—activity
relationships [37,38]. Interestingly, the interpretation of the ob-
tained data is commonly carried out in terms of the binding
energy of BRs analogs to the active site of A. thaliana, which is

calculated from molecular docking studies [28].

Herein, the difference of bending angles induced by analogs 12,
14 and 17-22 have been measured at different concentrations
(Table S1, Supporting Information File 1). The activities, calcu-
lated as the difference of bending angles obtained for the
analogs and the negative control, and normalized respect to the
latter, are shown in Table 1.

Table 1: RLIT activities of BR analogs of 2a,3a-dihydroxy-5a-cholan-
6-0x0-23,24-dinor-22-(4-substituted)-benzoate-22-yl type, on seedlings
after 72 h of incubation.

RLIT activities + (standard error)2

Compounds 1 x 108 M 1x107M  1x108M

1 458+1.33 6.25+192 7.83+203
12 450 +1.67" 0.92+0.40" 0.58+0.28""
17 6.83+1.78* 4.08+1.13" 258+0.73"
18 2174065 6.33+1.49" 7.00+1.71nS
19 458+1.43" 417+1.02° 3.67+1.28"
14 325+0.89° 3.33+0.88" 1.83+0.79"
20 2.08+0.92" 275+0.82" 7.08+2.10n8
21 1.50+0.68"" 5.08+1.83" 3.83+154"
22 2.00+0.81" 275+1.01" 583+1.63

2Values are the mean of leaf—sheath bending angle, normalized to the
average of negative control (12 + 2.4). Data are expressed as mean *
standard deviation of two independent experiments, each with at least
six replicates (n = 12). Statistical significance was determined using
the Student’s t-test comparing each treatment to the positive control
(1). ns = not significant; *p < 0.05, **p < 0.01, ***p < 0.001. Brassino-
lide (1) was used as positive control.
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The data show that the plant response to exogenous application
of brassinolide (1) (positive control) or synthetic BR analogs
strongly depends on the chemical structure of the BRs. For ex-
ample, the activity increases with increasing concentration of 1,
and analogs 18, 20 and 22, whereas the opposite effect is ob-
tained by applying analogs 12 and 17. On the other hand, the
bioactivity of synthetic analogs 19, 14 and 21 does not vary
with increasing concentration. It is well established that lamina
inclination is promoted by brassinolide and that other phytohor-
mones participate in the regulation of this process as well
[35,39]. Thus, the concentration dependence of lamina inclina-
tion activity could be attributed to multiple factors such as inhi-
bition or activation of factors affecting BRs activity [40]. This
effect becomes more important at highest concentrations and
therefore, the relationship between activity and chemical struc-

tures should be made at the lowest tested concentration [28,41].

Comparison of activities at 1 x 1078 M show that the activity of
analogs with benzoate function at C-22 change with the nature
of the substituent in the para position. The unsubstituted deriva-
tive 12 and compound 19, substituted with a Cl atom, are as
active as the positive control 1, whereas compound 17, with a
p-methyl group, is more active than 1. On the other hand,
analogs 18, 20, 21 and 22, which are substituted with OCH3,
Br, I and CN groups, are half as active as 12. These results indi-
cate that small substituents with no electronegative effects on

the aromatic ring enhance the analogs’ bioactivity in the RLIT.

A comparison of results obtained for compounds with the same
substituent at C-22, but having just one hydroxy group at C-3
(3) (TE analogs) [28], or only a carbonyl group in this position
(3a) (3-DT analogs) [31] is given in Table 2.

Table 2: RLIT relative activity at 1 x 108 M, using brassinolide (1) as
reference compound, for different series of BRs analogs with the same
substituent at C-22 and structural differences in ring A, i.e., castas-
terone (CAT), teasterone (TE) and 3-dehydroxyteasterone (3-DT).

Analogue CAT TE 3-DT
12 (p-H) 0.98 0.95 0.72
17 (p-CHg) 1.49 1.05 0.80
18 (p-OCH3) 0.47 1.50 0.36
19 (p-Cl) 1.00 0.55 0.45
14 (p-F) 0.71 0.73 0.77
20 (p-Br) 0.45 0.68 -

21 (p-l) 0.33 1.73 0.77

The data indicate that derivatives with a OH group at C-3 (TE
analogs) are much more active than derivatives with a carbonyl
group in this position (3-DT analogs). However, the addition of
another OH group at C-2 (CAT analogs) increases the activity

Beilstein J. Org. Chem. 2026, 22, 753-762.

of analogs substituted with p-methyl (17) or p-Cl (19). The
opposite effect is observed for those analogs substituted with
p-OCHj (18) or p-1 (21).

Inhibition of root growth in Arabidopsis thaliana
seedlings assay

The root of A. thaliana has been used as a model to study cell
division and elongation processes [42]. It has been shown that
BRs affect root growth of Oryza sativa and A. thaliana in a
dose-dependent manner. At low concentrations a slight root
elongation is observed, whereas at higher concentrations a
marked inhibition of growth is obtained [43,44]. These observa-
tions are consistent with reports showing that BRs modulate cell
division and elongation processes in a concentration-depending
manner [45]. The inhibitory effects on root growth of
A. thaliana seedlings (Columbia ecotype, Col-0), caused by
exogenous application of brassinolide (1) and 2a,3a-
dihydroxylated analogs, 14, 17-20 are shown in Figure 3.

The root lengths measured for A. thaliana grown in presence of
1, 12, 16a, analogs 17-22 at 1 X 107® M are summarized in
Table 3.

The activities displayed by the unsubstituted analog 12, and that
with a Cl atom at the para-position, 19, are comparable to that
shown by brassinolide (1). Interestingly, those analogs contain-
ing F and OCHj at the para-position, 14 and 18, respectively,
exhibit activities that are higher than that measured for 1 at the
tested concentration (1 x 107® M). On the other hand, the com-
pound with no benzoyl function in the side chain, 16a, and
analogs with I and CN substituents, 21 and 22, respectively,
show the lowest activities at 1 x 107 M. These results are quite
similar to those previously reported for compounds 4-11, in
which ring A has one hydroxy group at C-3 [28]. However,
analogs with I and CN substituents in that series, 10 and 11, are
much more active than analogs 21 and 22.

In summary, for this type of dihydroxylated analogs the biologi-
cal root inhibitory activity follows the order: 14 > 18 > 17 >
20 > 1> 19 > 12 > 21 = 22. The highest activity observed for
both mono- and dihydroxylated analogs is compound 14 having
a small and very electronegative substituent, i.e., F atom at the
para-position.

Western blotting analyses of compounds 2a,3a-
dihydroxy-5a-cholan-6-ox0-23,24-dinor-22-(4-
substituted)-benzoate-type treatment on BES1
protein

Western blot is a very useful, sensitive, specific and efficient
technique for the detection and identification of specific pro-

teins from a complex mixture of proteins. In addition, it is
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Figure 3: Effect of brassinolide (1), and BR analogs 14, 17-20) and analog 1 on root system inhibition of A. thaliana Col-0 wild type. Seedlings were
grown on medium containing 1 and analogs (1 x 10-8 M) for 6 days. DMSO was used as negative control. For each treatment, more than 20

seedlings were analyzed. St = steroidal skeleton of the structure.

Table 3: Effect of brassinolide (1), and BR analogs with 23,24-bisnor-
5a-cholane-type side chains (12, 14 and 17-22) and analog 16a,
applied at 1 x 10-% M, on root growth of A. thaliana Col-0 wild type?.

Treatments Root length Treatments Root length

[em] [em]
control 0.93+0.05% 19 0.98 +0.1618
1 0.93+0.121# 14 0.49+0.11
16a 1.13+02288 20 0.87 +0.08t
12 1.07 +0.231# 21 1.16 + 0.058
17 0.86 + 0.141 22 1.16 +0.18%
18 0.67 +0.24°t

aFive days old A. thaliana seedlings (Columbia ecotype, Col-0) treated
with 1 x 1078 M of 1 (positive control) and BR analogs, whereas 0.1%
of DMSO was used as negative control. For each treatment, more than
20 seedlings were analyzed. Means followed by the same symbol (1, ¥,
§, and *) do not differ significantly according to Duncan’s multiple range
test (p < 0.05)".

possible to quantify their expression by using suitable primary
and secondary antibodies to visualize it.

It has been established that the dephosphorylated forms of
BZR1 and BESI, and their concomitant accumulation in the
nucleus, control the activity in the BRs signaling pathway
[32,46], whereas their phosphorylated forms remain inactive
and unstable and can be degraded by the proteasome under
normal conditions [46]. On the other hand, accumulation of
non-phosphorylated BES1 protein is specific to BRs, as other
plant hormones such as auxin, cytokinin, abscisic acid and
gibberellin do not cause BES1 accumulation [47], therefore this
assay is accurate and complements the biological tests per-

formed above.

Thus, in this study, the Western blot analysis was used to detect
BESI in presence of different exogenously applied BR analogs
(12, 14 and 17-22). The main idea is to correlate the amount
and form of BES1 with the activity exhibited by these analogs
on the root growth assay.

The results of the immunoblot analysis of proteins with an anti-
body specific for BES1, in roots of A. thaliana ecotype Col-0
plants are shown in Figure S67, Supporting Information File 1.
The results are expressed as percentage of dephosphorylated
BES1 (dBES1) for a negative control, brassinolide (used as pos-
itive control), and exogenously applied BR analogs. In Figure
S68, Supporting Information File 1 values are represented of
experimental percentages relative to both the negative control
and positive control. From comparison of data with the nega-
tive control relative values of 1.33, 2.56 and 3.70, have been ob-
tained for treatment with 1, 12 and 19, respectively, at
1 x 107 M . So, by considering the negative control it becomes
clear that these compounds induce significantly high dBES1
overexpression. The following discussion has been made using
the values relative to 1, i.e., the expression values shown above
the bold columns are relative to brassinolide, the positive
control. The data show that the highest relative accumulation
in dBES1 overexpression, 1.93 and 2.79, are observed for
analogs 12 and 19, respectively. The relative values follow the
order 19 > 12> 1> 21> 22 > 14 > 18 > 20 > 17. These values
suggest that these compounds should follow a similar trend in
activities related to the BRs signaling process. However,
this assumption is not validated by the results obtained in
the root inhibition assay which gave a different order of

activities (Figure 3, Table 2). In this assay the most active
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analogs are 14 and 18. However, even though RLIT was per-
formed at much lower concentrations and in rice instead of
Arabidopsis, the dBES1 overexpression data and the RLIT
results obtained at 1 x 1078 M follow a similar pattern. This
result is probably a mere coincidence, but we believe it is worth
to mention it.

Molecular docking study

Molecular docking is a computational tool that is widely used to
evaluate the association process of BR analogs to the active site
of A. thaliana. The results provide information on the most
probable configuration, the main interactions, and the binding
energy as a function of the chemical structure of BR analogs.
The lower binding energy is commonly associated to the most
active BR analog. Thus, docking results have allowed to explain
experimental correlations between activity and chemical struc-
ture of BR analogs [34,48,49]. For example, previous molecu-
lar docking studies have predicted similar or better binding
energies than brassinolide (1) for compounds with a phenyl ring
with small groups such as fluorine, chlorine, or methyl [34]. In
this work, molecular docking simulations were performed for
all dihydroxylated analogs using the crystal structure of the
BRI1-BAK1 complex (PDB ID: 4M7E) (Figure S69 and Table
S2, Supporting Information File 1). This heterodimeric
complex is commonly used because it represents the most
structurally and functionally comprehensive model system
resolved by X-ray crystallography. Unlike BRL1 and BRL3, for
which only monomeric ectodomain structures are available,
the 4M7E structure enables modeling of the full receptor—co-re-
ceptor assembly required for the “molecular glue” mechanism
involving BAK1 [50,51]. Furthermore, BRL2 was also
excluded from the analysis because it does not exhibit high-
affinity binding to brassinolide and is therefore considered
non-functional in ligand perception within this signaling
context. The calculated binding energy values are presented in
Table 4.

TYR 597

TYR842 p— j
L7 {_ SER647

TRP 564
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Table 4: Average binding energies calculated over at least 10 poses,
for brassinolide (1) and synthetic analogs (12, 14, 16a and 17-22).

Compounds  AEy, kcal/mol Compounds  AE, kcal/mol
1 -13.0 19 -14.0
16a -11.6 14 -13.1
12 -13.2 20 -13.1
17 -12.9 21 -12.9
18 -12.9 22 -13.0

Interestingly, the estimated binding energy of compound 19,
—14.0 kcal/mol, is lower than that obtained for brassinolide (1)
(=13.0 kcal/mol). As the predicted conformations are similar,
this difference is attributed to six H-bond interactions: two of
them involve the ArCO carbonyl group, which interacts with
Ser647 (1.89 A) and Tyr597 (2.4 A), other two are established
between the hydroxy group at C-2 and residues Tyr642 (2.7 A)
and Val62 (2.8 A), and finally two extra H-bonds are formed
between the hydroxy group at C-3 and residues His61 (2.1 A)
and Asn705 (2.4 A). Additionally, the aromatic ring of com-
pound 19 generates two m— stacking interactions with Trp564
and Tyr597. Finally, there are also van der Waals interactions
with residues Phe60, Phe681, 11682, 11e706, Tyr642, Tyr599,
Pro648, 11540, 11e563, and Trp564 (Figure 4).

The calculated binding energies suggest the following order of
activity 19> 12>14=20>22=1>21> 17 > 18 > 16a.

Considering that binding to the active site is the initial step in
BRs signaling process it is interesting to verify if this calcu-
lated pattern is in line with the experimental results obtained for

dephosphorylation of BES1 and root inhibitory activity.

From a comparison of binding energy and relative accumula-
tion in dBES1 overexpression it might be expected that there is
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Figure 4: Binding modes of compound 19 into BRI1-BAK1 heterodimer. Hydrogen bonds are represented in green segmented lines. m— stacking is
represented by dark pink segmented lines. Hydrophobic interactions are represented by pink segmented lines.
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an acceptable correlation between both parameters. For exam-
ple, compound 19, possessing a chlorine substituent on the phe-
nyl ring, has an outstanding molecular coupling in BRI1, and at
the same time shows a significant increase of BES1 dephospho-
rylation. However, an increase in dBES1 should induce a
greater root inhibition and lower cell growth at high concentra-
tions of exogenously applied BRs. However, in the presence of
compound 19 the root inhibition is as high as that observed for
brassinolide, but much lower than that obtained for compounds
14 and 18. The latter is poorly docked into the binding site and
its dBES1 is equally poor. But surprisingly, its root inhibition
activity is one of the highest. Similar results are found for com-
pounds 14 and 20.

Consequently, the data suggest that the initial step of the
signaling process and the subsequent dephosphorylation of
BESI1 depend on the structure of BRs analogs in the same way.
In other words, the interaction between BRs analogs and the
binding site determines the response of the plant and one inter-
mediate step. However, it seems that on the signaling cascade
this structural effect is lost, and the outcome do not follow the

initial pattern.

It is known that plant cells can synthesize most hormones and,
therefore their regulation is decentralized. In addition, each
hormone modulates its own synthesis, degradation, conjugation
and oxidation via dynamic interaction with different phytohor-
mones and on homeostasis mechanisms [52]. Consequently,
exogenous application of a growth regulator initiates not only
the process leading to a phenotypic response but also all those
associated to its own regulation. Thus, only a fraction of the
whole exogenous applied BRs effectively reaches the receptors
and once bound, the active form can result in a positive or nega-
tive feedback on its own biosynthesis, adding an additional
level of regulatory complexity.

For these reasons, establishing a direct correlation between one
of the possible phenotypic responses (inhibition of root growth)
and the level of activation of BR-dependent transcription factors
(such as dBES1) is particularly difficult to achieve. In other
words, the intensity of the signal does not necessarily reflect the
amount applied nor does it translate linearly into the accumula-
tion of the transcription factors responsible for activating or
repressing the genes associated with growth and development.
Other factors such as tissue type, plant development stage and
environmental conditions might also influence the different

steps of the signaling process.

Conclusion
In this study, a series of new BR analogs with C22 benzoate-

function, 17-22, has been synthesized. The synthesis was
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carried out in two steps with high yields. The bioactivity of
these analogs has been evaluated by two bioassays, rice lamina
inclination test, and inhibition of root growth in A. thaliana
seedlings. In the former test the best biological effects were ob-
served for the analogs with 2a,3a-dihydroxy function (castas-
terone derivatives) as compared to those obtained for analogs
with 3B-hydroxy (teasterone derivatives) and 3-carbonyl func-
tion. This result confirms that the best activity results in RLIT
are given by analogs having the 2a,3a-dihydroxy configuration
in ring A. Additionally, western blot analyses were performed
to determine the amount of dBES1 produced in A. thaliana
seedlings by each exogenously added analog. The results indi-
cate that the measured bioactivity depends on the analogs’
structure and on the used bioassay. Interestingly, the plant
response, western blot, and docking results obtained in
A. thaliana do not follow the same structure—activity pattern.
For example, analogs 14 and 18, are more active than brassino-
lide (1) in the inhibition of root growth, whereas the highest
relative accumulation in dBES1, are exhibited by analogs 12
and 19. On the other hand, analogue 19 forms the most stable
complex in the active site. From these results it can be con-
cluded that the efficiency of BR analogs to initiate the signaling
process is not a determining factor in the final plant response.
Intermediate processes such as dephosphorylation of BES1
depend on the structure of BR analogs in the same way, but it
becomes obvious that on following steps this relation is
changed. Thus, additional research is needed to evaluate the
BRs structure effect on additional subsequent steps of the
signaling process.
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The dual modulation of FXR and ASK1 is considered a promising therapeutic strategy for metabolic dysfunction-associated fatty
liver disease (MAFLD) and its progressive form, metabolic dysfunction-associated steatohepatitis (MASH). GW4064 and GS-4997
are effective regulators for FXR and ASK1, respectively. Through the effective functional group splicing strategy, a new dual-target

modulator is designed. Compound Z8, which acts on both targets, was found to more potently reduce intracellular lipid droplet
accumulation in OA-treated HepG2 cells than the FXR agonist GW4064 and the ASK1 inhibitor selonsertib (GS-4997).

Introduction

The pathogenesis of metabolic dysfunction-associated fatty
liver disease (MAFLD) is characterized by multifactorial inter-
actions between environmental, genetic, extrahepatic, and intra-
hepatic factors. These factors can act in a parallel or sequential
manner to drive the development of steatosis, inflammation, and
fibrosis [1]. MAFLD is a clinical entity that encompasses a
spectrum of disease, with metabolic dysfunction-associated
steatohepatitis (MASH) denoting a more advanced form [2].
The condition is characterized by steatosis, hepatocyte injury,
and inflammation [3], which can progress to fibrosis, cirrhosis
and hepatocellular carcinoma (HCC) [4]. Although isolated

hepatic steatosis often follows a benign and non-progressive

course, untreated MASH carries a significant risk of severe
sequelae [5]. These conditions constitute a substantial and
growing burden on healthcare systems, yet treatment options
remain limited. Presently, resmetirom, a THR-f agonist, stands
as the sole pharmacotherapy to have received approval, thus
underscoring the critical and as yet unmet medical need in this

domain [6].

The farnesoid X receptor (FXR), a bile acid-activated nuclear
receptor highly expressed in the liver and intestine, is a key
regulator of genes involved in cholesterol and bile acid homeo-

stasis, hepatic gluconeogenesis, lipogenesis, inflammation, and
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fibrosis. It has been demonstrated that the substance under
discussion also helps to maintain intestinal barrier integrity, to
prevent bacterial translocation, and to support a balanced gut
microbiota [7]. In view of this pleiotropic role, FXR activation
has emerged as a well-established pharmacological target for
MASH [8]. Consequently, a diverse range of FXR agonists —
categorized as bile acid derivatives, non-bile-acid steroidal
agonists, non-steroidal agonists, and partial agonists — are in ad-
vanced clinical development [9,10]. CDCA is the most pharma-
cologically active FXR agonist in natural bile acids. OCA and
TC-100 were derived by a series of derivations using CDCA as
a lead compound. Among the non-steroidal agonists, GW 4064,
a classical isoxazole FXR agonist, served as the lead compound
for a series of derivatives, such as cilofexor (GS-9674). Unfor-
tunately, these agonists have failed in clinical trials because of
side effects such as itching or a failure to meet primary
endpoints. Despite the failure of several FXR agonists to
achieve the desired outcomes, recent research has shifted
towards investigating the potential of dual FXR agonists. A

>

nidufexor (LMB763) 0O ~OH

Cl Cl
Cl
HO L 0

OH

. N
cilofexor =

Scheme 1: Steroidal and nonsteroidal FXR agonists.

FXR agonists

Beilstein J. Org. Chem. 2026, 22, 771-781.

number of dual-targeting drugs, which engage FXR in conjunc-
tion with other pathways, have demonstrated considerable
potential in enhancing the efficacy of MASH treatment
outcomes [11,12] (Scheme 1).

Apoptosis signal-regulating kinase 1 (ASK1), a member of the
MAP3K family, is known to be activated by various cellular
stressors. These can be induced by diverse factors, spanning
from reactive oxygen species (ROS) and endoplasmic retic-
ulum stress to calcium influx and inflammatory agents (e.g.,
TNF and LPS) [13,14]. One such factor is the activation of
ASK1, a complex process that involves homodimerization and
autophosphorylation. Two major aspects characterize the role of
ASKT1 in liver pathophysiology. First, its phosphorylation initi-
ates a signaling relay that activates both JNK and p38 MAPK
pathways, resulting in apoptotic cell death, production of proin-
flammatory cytokines, and fibrogenic gene activation. Second,
clinical data reveal that this same signaling node is overactive in
the livers of individuals with obesity or MASH, where its func-
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tional output correlates directly with the severity of insulin
resistance, inflammation, and hepatic steatosis [15]. The most
advanced ASKI1 inhibitor in clinical development is the com-
pound celonsertib (Scheme 2). Following this, a series of new
ASKI1 inhibitors were derived using selonsertib as a lead com-
pound in a variety of structure-optimized ways. Given its
central role, there are several dual-target drugs being developed
that inhibit ASK1 alongside other pathways as antifibrotic
agents for MASH treatment [16,17].

ASKI1 activation has been demonstrated to drive key patholog-
ical processes in the liver, including hepatocyte dysfunction, ap-
optosis, inflammation, and myofibroblast activation [18-20].
Conversely, intestinal FXR agonism has been demonstrated to
promote the release of fibroblast growth factor 19 (FGF19)
[21,22], which in turn has been shown to downregulate hepatic
bile acid synthesis, lipogenesis, and gluconeogenesis [23-25]. A
previous study demonstrated that in a liver fibrosis model and a
chronic fast food diet (FFD)-induced MASH mouse mode
[26,27], the combination of an ASK1 inhibitor and an FXR
agonist led to a more pronounced reduction in hepatic fibrosis

than either monotherapy [28].

Recently, several publications reported many dual-target drug
molecules based on FXR and other relevant therapeutic targets,
such as FXR/sEH (soluble epoxide hydrolase), FXR/PPARJ
(peroxisome proliferators activated receptor 8), FXR/LTA4H
(leukotriene A4 hydrolase), and FXR/FABP 1 (fatty acid
binding protein 1) [12,29-31]. In this study, we present the
rational design and characterization of a balanced dual modu-
lator targeting the nuclear receptors FXR and ASK1 [32], with
the objective of advancing this experimental therapeutic concept
(Scheme 3) [33,34]. The conception of this class of dual ligands
was achieved by the merging of the minimal pharmacophores of
the selective FXR agonist GW4064 and the selective ASK1 in-
hibitor selonsertib (GS-4997) [35-37]. Published structure—ac-
tivity relationship (SAR) studies have identified the isoxazole

Scheme 2: ASK1 inhibitors.
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moiety and terminal carboxylic acid of GW4064 [38], along
with the 4-aliphatically substituted 4H-1,2,4-triazolopyridine
biaryl scaffold of selonsertib [31,39,40], as key pharma-
cophores. In the co-crystal structure of hFXR-LBD with
GW4064 [41], the isoxazole core coordinates the m-cation inter-
action between His 447 and Trp 469; the 5-isopropyl group is
embedded into a hydrophobic pocket formed by Phe 284, Leu
287, Trp 454, and Phe 461; the dichlorophenyl moiety engages
in 71— stacking with Phe 329; and the meta-positioned carboxy
group forms a strong electrostatic interaction with Arg 331. The
modification strategies for GW4064 are as follows: The stil-
bene moiety can be replaced through conformational restriction
to reduce potential toxicity. The hydrophobic spacer element
offers some flexibility in shape and size, but the linker length
must remain conserved. Furthermore, to address the issue of
poor aqueous solubility, heteroatoms can be introduced into the
aromatic ring systems or the phenyl ring at the 3-position of the
isoxazole to enhance hydrophilicity and improve pharmacoki-
netic properties [42]. Co-crystallization of GS-4997 with ASK1
unveiled key stabilizing interactions in the active site. Specifi-
cally, the amide carbonyl forms a hydrogen bond with the back-
bone amide of Val 757, and concurrently, a triazole nitrogen
engages in a hydrogen bond with the amine moiety of Lys 709
[43]. By merging the key pharmacophores of the two drugs and
systematically optimizing the resulting bipharmacophoric struc-
ture, we ultimately obtained balanced dual-target modulators,
including the highly active component Z8. Despite a significant
decrease in solubility due to its relatively high molecular
weight, the compound's overall performance remains excellent.
It was demonstrated that, in the absence of receptor overexpres-
sion, Z8 effectively activated FXR and inhibited ASK1
signaling. Furthermore, treatment of hepatic cell lines with Z8
validated its dual-target engagement in native cellular environ-
ments. In view of this favorable profile, Z8 emerges as a highly
promising lead compound for further investigation of dual FXR/
ASK1 modulation as a polypharmacological strategy for
MASH.

N— =

DA AL,
N\ N x N
-7
F \(N

selonsertib GS-4997
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Scheme 3: Dual FXR/ASK1 modulation strategy for MASH.

Results and Discussion
Chemistry

The synthetic routes to the target compounds are outlined in
Schemes 4-8. The synthesis of isoxazole intermediate 2
commenced with the condensation of commercially available
benzaldehyde I with hydroxylamine to afford oxime intermedi-
ate II. Subsequent treatment of IT with NCS, followed by cycli-
zation with methyl 3-cyclopropyl-3-oxopropionate, furnished
isoxazole IV. Reduction of IV with lithium aluminum hydride

gave alcohol V, which was then brominated with phosphorus

tribromide to yield the desired isoxazole intermediate 2 in five
steps (Scheme 4) [31].

The preparation of triazole intermediates IXa—d is shown in
Scheme 5. Firstly, compound VI was reacted with hydrazine
hydrate in methanol to obtain hydrazide VII which was mixed
with DMF/DMA and heated to provide intermediate VIII. The
obtained VIII was not purified and directly reacted with differ-
ent amines to afford triazoles IXa,c,d or, in case of product IXb

with (R)-alanine methyl ester. The absolute stereochemistry of
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2

Scheme 4: Synthesis of compound 2. Conditions: (a) NH,OH-HCI, NaOH, EtOH/H»0, 70 °C, 12 h; (b) NCS, DMF, 40 °C, 2 h; (c) methyl 3-cyclo-
propyl-3-oxopropanoate, triethylamine, EtOH, rt, 12 h, 64% yield; (d) LiAlH4, THF, 0 °C, 2 h, 68% yield; (e) PBrg, DCM, 0 °C, 12 h, 79% yield.
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Scheme 5: Synthesis of compounds IXa—d. Conditions: (a) NoH4H20, MeOH, rt, 12 h; (b) DMF-DMA, 80 °C, 12 h; (c) amines (for IXa,c,d) or
(R)-alanine methyl ester (for IXb), AcOH, MeCN, 90 °C, 16 h, 66—80% yield; (d) absolute stereochemistry is R.

IXb is R. All compounds with defined absolute configuration
described below were synthesized from IXb, thereby preserving
the absolute stereochemistry and affording the corresponding R

enantiomer.

The synthetic routes of compounds Z1-15 are shown in
Scheme 6. First, intermediates 2 and 3 were reacted under basic
conditions in MeCN to obtain intermediate 4 which was subse-
quently reacted with bromides IXa—c to get compounds Z1-3 in
80-91% yield. Then, compounds Z1-3 were treated with with
LiOH or lithium aluminum hydride to obtain compounds Z4-7.
The synthesis of compounds Z8-15 followed a similar prepara-
tion procedure as for Z1-7.

The synthesis of target compounds Z16-29 is illustrated in
Scheme 7. Intermediates 8 and 10 were synthesized by the
Suzuki cross-coupling reaction using dioxaborolane 7 or
boronic acid 9 and IXa—c. Next, Z16-18 and Z23-25 were ob-
tained by Williamson ether synthesis from the intermediates 8,
10 and isoxazole intermediates 2. Finally, hydrolysis in the

presence of LiOH and reduction in the presence of lithium alu-

minum hydride provided target compounds Z19-22 and
726-29.

The synthesis of target compound Z30 is illustrated in
Scheme 8. Treatment of intermediate 2 with N-Boc-4-hydroxy-
piperidine (11) in the presence of sodium hydride produced
ether 12, followed by removal of the Boc-protecting group, pro-
vided intermediate 13. Coupling of intermediate 13 with IXa
under the catalytic conditions of Pd,(dba); provided compound
730.

Molecular simulation

To elucidate the binding modes of compound Z8 with FXR and
ASKI1, molecular docking simulations were performed as
shown in Scheme 9. The results revealed that within the FXR
binding pocket, the isoxazole and triazole moieties of Z8
formed hydrogen bonds with the key residues ARG-331 and
HIS-447, respectively. Similarly, in the ASK1 binding pocket,
the isoxazole, carbonyl, and triazole groups of Z8 engaged in
hydrogen bonding with residues GLY-759, VAL-757, and
LYS-709, respectively. Notably, the binding sites of Z8 over-
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Scheme 6: Synthesis of compounds Z1-15. Conditions: (a) KoCOg, KI, MeCN, 50 °C, 6 h, 86-96% yield; (b) Pdx(dba)s, Xantphos, Cs,COs3, 1,4-
dioxane, 80 °C, 12 h, 80-91% yield; (c) LIOH-HoO, THF/MeOH/H20, rt, 4 h, 55-76% yield; (d) LiAlH4, THF, 0 °C, 4 h, 43-89% vyield; (e) absolute

stereochemistry is R.

lapped with those of the reference compounds, GW 4064 and
selonsertib, indicating that Z8 likely engages with FXR and
ASKI through a similar binding mode [45-47].

Biological evaluations
FXR agonist activity
The evaluation of the FXR agonist activity was conducted

through the implementation of a dual-luciferase reporter gene

assay. As demonstrated in Figure 1, among the designed dual-
target modulators, compounds Z8, Z11, Z17, and Z30 exhib-
ited the most potent effects at a concentration of 10 uM.

ASK1 Inhibition

The inhibitory activity against ASK1 was evaluated using the
ADP-Glo™ kinase assay. A screen of the designed dual-target
modulators identified 17 compounds that inhibited ASK1
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Scheme 7: Synthesis of compounds Z16-29. Conditions: (a) Pd(PPhg)4, NaoCOs, 1,4-dioxane/H20, 80 °C, 18 h, 64-90% yield; (b) KoCO3, KI,
MeCN, 50 °C, 6 h, 53-95% yield; (c) LIOH-H20, THF/MeOH/H20, 11, 4 h, 55-76% vyield; (d) LiAIH4, THF, 0 °C, 4 h, 43-89% yield; (e) absolute con-

figuration is R.

(Figure 2). Among the compounds examined, Z8 demonstrated
the greatest potency, exhibiting an inhibition rate of 84.59% at a
concentration of 10 uM.

Lipid-modifying activity
In light of the prevalence of the reduction of lipid levels as a

therapeutic objective in MASH, the present study sought to

evaluate the lipid-modifying potential of modulators Z8 and
Z.30. Utilizing an in vitro model of oleic acid (OA)-induced
steatosis in HepG2 cells, the study evaluated the effects of these
compounds on hepatic lipid accumulation. The presence of lipid
droplets was confirmed through direct visualization using Oil
Red O staining (Figure 3A). The combined treatment with
GW4064 and GS4997 exerted a stronger lipolytic effect than
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Scheme 8: Synthesis of compound Z30. Conditions: (a) NaH, DMF, rt, 16 h; (b) TFA, DCM, 0 °C, 3 h; (c) Pdy(dba)s, Xantphos, Cs>COs3, 1,4-dioxane,
80 °C, 18 h, 21% yield.
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Scheme 9: Molecular docking of dual-target modulator Z8 to the ligand binding sites of FXR (PDB ID: 3DCT, https://doi.org/10.2210/pdb3DCT/pdb)
[41] and ASK1 (PDB ID: 60YT, https://doi.org/10.2210/pdb60OYT/pdb) [44].
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Figure 1: FXR agonist activity of all compounds. Results of the dual-luciferase reporter assay in CHO cells cultured for 24 hours following addition of
GW4064 and test compounds. Compared to the control group, **p < 0.01 and ns indicate no significant difference, with control; DMSO serving as the

control group.
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Figure 2: ASK1 inhibition of all compounds. Results of the ADP-Glo™ kinase assay after treating ASK1 kinase with selonsertib and test compounds
for 1 hour. Compared to the control group: **p < 0.01 and ns indicates no significant difference; control: DMSO control group.
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Figure 3: Effects of Z8 and Z30 on OA-induced lipid accumulation in HepG2 cells. Cells were treated with GW4064, selonsertib, Z8, Z30, or the com-
bination of GW4064 and selonsertib for 2 h prior to OA stimulation (600 pM). (A) Representative Oil Red O staining images (40x). (B) Quantification of
staining intensity by Imaged. Data are presented as mean + SD (n = 3). Statistical significance was analyzed by one-way ANOVA followed by the
appropriate post hoc test; ***p < 0.001 versus OA control. Additional pairwise comparisons between Z8 and the positive-control groups are described

in the text. (C) Cell viability at 10 uM under the same treatment conditions.
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either positive control alone, and its activity was comparable to
that of Z8. As anticipated, both Z8 and Z30 demonstrated a
dose-dependent attenuation of OA-induced lipid accumulation.
As illustrated in Figure 3B, Z8 demonstrated significantly
higher activity in comparison to the positive controls selon-
sertib and GW4064. To ascertain whether the viability of the
cells was impaired by the compounds, an MTT assay was con-
ducted. The results of this assay demonstrated that neither com-
pound caused a decrease in cell viability at concentrations of up
to 10 uM (Figure 3C).

Conclusion

Given the respective pharmacological roles of FXR and ASK1
in MASH, we hypothesized that a dual modulator targeting both
could potentially serve as an excellent therapeutic agent,
concurrently activating FXR and inhibiting ASK1. In this work,
a new modulator was designed by hybridizing GW4064 with
GS-4997, aiming to overcome the limitations of GW4064 and
potentiate the inhibitory activity against ASK1. Following
comprehensive multiparameter optimization, compound Z8
emerged as a lead FXR/ASK1 dual modulator, demonstrating
suitable liver microsome stability and high target selectivity.
Collectively, compound Z8 holds great promise for the treat-
ment of MASH.
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Abstract

Site-specific modifications of native-sequence proteins are technologies that underpin progresses in chemical biology, diagnostics
and next-generation biotherapeutics. However, the pursuit of site-specificity has often come at the expense of scalability and
usability, ultimately limiting translational potential of a modification tool. This review critically compares current key strategies, in-
cluding terminal, disulfide-rebridging, small-molecule, glycan and enzyme-based modifications. Finally, we present a decision tree
for method selection and highlight opportunities for innovation in next-generation native-sequence protein modification technolo-

gies.

Introduction

Protein and peptide modifications introduce functionalities not
achievable through recombinant methods alone, making them
vital for fundamental research and biomedical applications
[1-4]. Such chemistry underpins wide-ranging biological inves-

tigations including microscopy, proteomic analyses and tissue

sampling. Their translational power is evident from the success
of biotherapeutics: antibody—drug conjugates (ADCs), in which
cytotoxic payloads covalently linked to targeting antibodies, are
at the forefront of cancer therapy, delivering tumour-selective

killing for improved patient outcomes; Neulasta, an N-terminal
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PEGylated granulocyte colony-stimulating factor (G-CSF), is
administered to reduce risk of neutropenia in patients receiving
chemotherapy. Despite clinical successes, unsolved technical
challenges remain. Taking ADC development as an example, a
single payload can be insufficient to overcome resistance, high-
lighting the need for complementary site-specific antibody
labelling strategies. Meanwhile, advances in high-throughput
screening and Al-guided design have been creating new scaf-
folds, including nanobodies, de novo binders and peptoids,
where tailored modification chemistries have strong potential to
generate novel biotherapeutics.

As the development of protein-based therapeutics and diagnos-
tics continues to expand to address global health challenges, the
demand for tailored protein-modification strategies is increas-
ing in parallel. Indeed, protein-modification chemistry is a key
area of chemical biology in which academic discoveries can
rapidly advance from fundamental research (technology readi-
ness level, TRL 1) to patentable, preclinical-stage technologies
(TRL 4-5), with some ultimately reaching real-world applica-
tions approaching TRL 9. The ADC market alone is projected
to reach USD 32 billion by 2034 (https://www.precedencere-
search.com/antibody-drug-conjugates-market), with advanced

modalities such as bispecific antibody—drug conjugates
(BsADC) gaining traction [2]. Leading suppliers, including
ThermoFisher Scientific (Molecular Probes/Invitrogen),
LI-COR Biosciences, Roche, Jena Bioscience, Merck (Sigma-
Aldrich), New England Biolabs, Promega, Agilent and Cytiva
(Danaher), offer a plethora of reagents and kits, from fluores-
cent tags, crosslinkers to enzymatic tools. Meanwhile, compa-
nies such as EnzyTag, Shiru, and Revvity offer bespoke conju-
gation services. Beyond therapeutics, advances in protein modi-
fication have the potential to partially replace solid-phase
peptide synthesis (SPPS), reducing environmental impact by
minimising protecting groups and harmful solvents. Driven by
scientific innovation, clinical demand and sustainability goals,
the global protein-modification market is expected to reach
USD 6.02 billion by 2034 (https://www.towardshealthcare.com/

insights/protein-labeling-market-sizing).

Review

Key criteria for effective native-sequence
modifications

Effective protein modification relies on tools that balance three
interlinked factors translating basic research to commercial ap-
plications: site-specificity, usability and scalability.

Site-specificity. The ideal modification chemistry targets a
single, well-defined site without stochastic off-site reactions.

Product homogeneity enhances safety by mitigating toxic

Beilstein J. Org. Chem. 2026, 22, 857-881.

by-products that require excessive chromatography, while also
offering well-defined pharmacokinetic and pharmacodynamic
profiles. Homogeneous batches of labelled proteins thus
improve therapeutic indices and reproducibility, key determi-

nants of clinical trial outcomes.

Usability. Effective strategies act directly on native proteins,
avoiding substrate engineering and minimising risks such as
aggregation and immunogenicity, and hence site-specific modi-
fications of commonly found surface residues are desired. Tools
are also expected to be easy to prepare and apply, yet remain
reliably functional in vitro and in vivo settings. The use of harsh
reagents, organic solvents or chaotropic agents must be avoided
to preserve protein stability, preventing folding heterogeneity

and supporting sustainability.

Scalability. For therapeutic and industrial applications, modifi-
cation methods should minimise waste and curtail costs, re-
flected in low process mass intensity (PMI). Reagents should be
near-stoichiometric, purification steps minimal, and catalysts
effective in substoichiometric quantities. Compatibility with
one-pot system and automation, such as flow chemistry and
robotic synthesis, further enhance scalability.

Existing tools and techniques

While numerous native-sequence protein-modification tools
exist with many being site-specific, few can fulfil all the afore-
mentioned criteria simultaneously. Cysteine modification is
among the most effective strategies due to the high reactivity of
the thiolate, enabling selective chemical transformations [3,4].
However, the limited abundance of free cysteine residues in
proteins has driven the development of alternative approaches
targeting other chemical motifs. This review summarizes
current strategies for site-specific modifications of these
alternative sites, followed by a comparative analysis and
outlook on future developments. The strengths, limitations
and opportunities are also discussed. Given the diversity
and breadth of protein-modification chemistry, more detailed
reviews on specific topics are referenced within relevant

subsections.

Protein terminal modifications

The majority of proteins are linear polypeptide chains,
possessing a single N- and C-terminus and hence presenting
these regions as attractive targets for site-specific modification.
Indeed, over 80% of protein termini are solvent-exposed
and chemically accessible [S]. Notably, the N-terminal amine
and C-terminal carboxyl group exhibit subtle biophysical
differences from those of internal residues (lysine,
aspartate and glutamate), allowing development of tailored

chemistries.
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The first chemical modification of an N-terminus was reported
by Frederick Sanger in 1945 [6], when 1-fluoro-2,4-dinitro-
benzene (Sanger's reagent, 1) was used to label the
a-amino group of insulin during sequence determination
(Scheme 1a). Its selectivity over lysine’s e-amine originates
from the low pKj, of the N-terminus, influenced by the adjacent
carbonyl group and systematically characterized at ~6-7
(Scheme 1b) [7]. Building on this principle, pH-controlled
N-terminal PEGylation has been applied to the labelling of
filgrastim, producing Neulasta®, a long-acting chemotherapy
support drug [8].

Enhanced N-terminal modification selectivity can be achieved
with dinucleophilic residues. Native chemical ligation recruits

N-terminal cysteine to form amide bonds via trans-thioesterifi-

Beilstein J. Org. Chem. 2026, 22, 857-881.

cation, though often under denaturing conditions (Scheme 1c)
[9]. Intein-mediated ligation is a recombinant alternative but
often requires linker sequences. Newer reagents such as
2-cyanobenzothiazole 2 (CBT) react with N-terminal cysteine to
form luciferin-like linkages (=9 M~! s7I; Scheme 1d) [10],
whereas 2-formylphenylboronic acid 3 (FPBA) generates thia-
zolidino boronate with noticeably improved kinetics
(103 M~! s7L; Scheme le) [11,12]. Aldehydes can be intro-
duced at protein N-termini through several strategies: oxidation
of serine or threonine with sodium periodate (Scheme 2a) [13],
selective modification of glutamate using Rapoport’s salt (4)
which has generated modified trastuzumab in moderate yield
(67%; Scheme 2b) [14], or pyridoxal phosphate (PLP,
5)-mediated carbonyl formation at residues such as serine,

threonine, glycine, alanine, or cysteine [15]. These inter-
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R 2. HCI ON R Q
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Scheme 1: a) Sanger’s reagent (1), b) reductive amination by sodium cyanoborohydride, c) native chemical ligation, d) cysteine-reactive 2-cyanoben-
zothiazole 2 and e) formylphenylboronic acid 3 (FPBA) reacting with N-terminal cysteine.
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5), c) payload attached via Pictet-Spengler or Horner—Wadsworth—-Emmons (HWE) reaction, and d) C-terminal modification through photoredox catal-

ysis.

mediates enable downstream chemical conjugations
such as Pictet—Spengler condensation [16-18] and
Horner—-Wadsworth—-Emmons (HWE) olefination [19]
(Scheme 2c¢).

With respect to C-terminal modification, one of the earliest
strategies involved the use of intein-mediated protein splicing to
generate a C-terminal thioester from recombinantly expressed
proteins [20-22]. One distinctive feature of the C-terminal
carboxylate is its lower oxidation potential compared to the side
chains of aspartate or glutamate, making it more amenable to
selective redox-based modifications. This has led to the devel-
opment of labelling techniques, wherein the C-terminal carbox-
ylate can be functionalized via visible-light photoredox
decarboxylative catalysis (Scheme 2d) [23]. Similarly,
decarboxylative alkylation has been applied to complex

proteomes to enable proteome-wide C-terminal profiling [24].

Despite significant advances, major challenges persist. Current
N-terminal labelling strategies often require engineered
residues, operate only under narrow pH conditions, or involve
multistep procedures that hinder practical application. Efficien-
cies often depend on methionine excision, linker or cleavable

leader peptides. C-Terminal labelling typically suffers from

modest conversions (=50% for photoredox strategies). While
selectivity has been improved, few approaches are fully specif-
ic. For further discussion, see reviews [25,26].

Rebridging agents

Protein sidechains frequently form complementary pairs, such
as disulfide bonds (cystine), salt bridges, hydrogen bonds, and
cation— interactions. Among these, disulfide bonds between
cysteine residues are the most widely used for native-sequence
protein labelling, due to their unique nucleophilicity and low
abundance. Therapeutically relevant proteins, including somato-
statin, immunoglobulins (across all isotypes and subclasses),
insulin and interleukin-10 naturally contain disulfide bridges.
These can be selectively reduced to yield two nucleophilic
thiols for reaction with bis-electrophilic reagents to rebridge the
cysteines, while introducing a chemical label or crosslinking

functionality (Scheme 3a).

One of the earliest rebridging strategies employed bis-sulfone
reagents 6 which, upon in situ activation, generate monosul-
fone Michael acceptors that selectively react with a reduced
cysteine pair (Scheme 3b) [27]. This approach was later adapted
for native-sequence ADC design on IgG|, where four acces-

sible interchain disulfide bonds can be reduced and rebridged to
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yield conjugates with a drug-to-antibody ratio (DAR) of 4,
offering optimal pharmacokinetics and reduced aggregation
versus a stochastic maleimide-conjugated antibody. Incorporat-
ing cytotoxic payloads into bis-sulfone reagents yielded func-
tional conjugates that exhibited stability in the presence of
albumin in vivo [28]. Notably, this technology offers one of the
few established routes to generate highly homogeneous ADC
candidates, with a moderate level of drug loading, from native

antibody sequences.

The bis-sulfone ADC discovery spurred the development of a
wide range of rebridging systems, with the apex goal of creating
ADCs with a DAR of 4. For example, dihaloacetones 7 have
been utilized for rebridging by alkylation, whereby the ketone-
containing rebridged antibody product can be reacted with
hydroxylamine-containing payloads to afford oxime-linked
conjugates (Scheme 3c) [29,30]. Additionally, dibromoma-
leimides 8 [31,32] and dibromopyridazinediones 9 (Scheme 3d)
[33] bearing payloads at the N-position can rebridge cysteines
through an addition—elimination mechanism. These reagents
have been extensively explored for protein conjugates, espe-
cially as ADCs [34]. Similarly, divinylpyrimidines 10 [35] and
arylenedipropiolonitriles 11 [36] have also been investigated for
analogous purposes but via a conjugate addition mechanism
(Scheme 3e). Exploiting the unique oxidation state of phospho-
rous, diethynylphosphonites 12 also utilize conjugate addition

to provide a versatile three-point conjugation platform [37].

Related technologies have been adapted to link multiple disul-
fide residues simultaneously. Using bis-dibromopyridazine-
diones bis-9 [38] or bis/tetra-divinylpyrimidines bis/tetra-10
[39], the toolbox of native sequence modification has been
expanded to enable the construction of homogeneous conju-
gates bearing 1 or 2 payloads (Scheme 4). In the case of tetra-
divinylpyrimidines tetra-10, antibody conjugates have been
constructed that bear a single fluorophore, cytotoxin or
SpyCatcher protein [40]. Despite the considerable modification
of the chemical space around the antibody’s hinge region,

antigen affinity and antibody stability are largely retained.

Translating disulfide chemistries into therapeutic applications
requires optimisation of key parameters including reaction
kinetics, minimisation of reaction steps, conjugate stability and
solubility. Furthermore, disulfide rebridging carries an inherent
risk of scrambling, compromising homogeneity. In the case of
DAR 4 ADCs, this approach enables conjugation with fairly ho-
mogeneous loading, yet heterogeneity within populations of the
same DAR species exists, with bis-reactive reagents forming a
mixture of half- and full-antibody conjugates through intra- and
interchain rebridging, respectively (Scheme 5). Nevertheless,
the two halves of the half-antibody are still held tightly together
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by non-covalent interchain interactions. It remains unclear
whether half-antibody structures are less stable or efficacious
than their full counterparts [41], however, it can be posited that
the technology has not yet entirely fulfilled its original promise
of completely homogeneous conjugate generation.

More broadly, this strategy is limited by its reliance on native
cystine residues, making it unsuitable for proteins that lack
disulfide bonds or that aggregate upon reduction. Its applica-
tion to endogenous protein labelling is also restricted, as disul-
fide reduction may destabilise native protein structures, limiting
uses in biological research. Perhaps, to expand applicability,
future efforts may target alternative functional pairs, such as ar-
omatic—m systems and the N-/C-termini (which are often in
close proximity). One related example is cross-linking histidine
residues by use of monosulfone [42]. For in-depth discussions
of rebridging technologies, see references [34,43-45].

Affinity-guided protein modifications

Affinity-guided protein labelling, also known as affinity-
directed conjugation, is a native-sequence modification strategy
founded on supramolecular recognition. It employs a bifunc-
tional probe composed of (1) an affinity ligand that binds to a
localised region of a target protein, and (2) a reactive moiety,
either a pre-installed electrophile or a catalytic unit that gener-
ates one. Once bound, the reactive group is transferred to the
target protein, enabling covalent modification. This concept has
become a cornerstone of biological research and therapeutic de-
velopment, with applications including in vitro systems, live
cells and animal models.

The earliest form of affinity-guided labelling traces back to
mechanism-based inhibitors, which exploit heightened reactivi-
ty of active-site residues for enzyme modification [46]. This
concept evolved into activity-based protein profiling (ABPP),
pioneered by the Cravatt group, where peptides or small mole-
cules bearing electrophilic groups covalently react with active-
site residues, enabling phenotype-driven functional profiling in
a complex biological environment [46]. In a related concept, the
Chin group reported the genetic incorporation of the unnatural
amino acid 2,3-diaminopropionic acid (DAP, 13), a nucleo-
philic amine that has a relatively low pK, (6-8) and is struc-
turally analogous to serine or cysteine, enabling identification
of native-sequence protease substrates through site-specific

hydrolysis and isopeptide-bond formation (Scheme 6) [47].

Labelling residues on protein surfaces is noticeably more chal-
lenging due to a lack of residues with heightened reactivity.
Substantial progress has been made to address this issue, with
current strategies broadly classified into non-catalytic and cata-

lytic approaches.
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Scheme 6: Use of 2,3-diaminopropionic acid (DAP, 13) for native-sequence substrate profiling.

Non-catalytic approaches often involve tethering a reactive
electrophile to a protein-binding ligand, thereby positioning the
electrophile near a neighbouring nucleophilic residue. Example
electrophiles include 4-methylbenzenesulfonates 14, N-acyl-N-
alkyl sulfonamides 15, acylimidazoles 16, Baylis—Hillman-type
17 reagents, among others (see reviews [48,49] for a compre-
hensive summary; Scheme 7a). Highlighting the challenges in
pursuing both reactivity and stability, the N-acyl-N-alkyl sulfon-
amide possesses superior kinetics [50], whereas tosylation is
one of the few procedures compatible with red blood cells and
animal labelling [51]. Alternatively, benzophenone 18, which
can be incorporated in the form of an unnatural amino acid, can
form a UV-induced diradical for protein modifications
(Scheme 7b) [52-55]. Proteins, including IgG (trastuzumab)
[56], EGFR [57], the adenosine A1l receptor [58] and P2X7

[59], have been labelled in vitro and/or in cellular systems.

Catalytic approaches generate reactive species in situ, thus
enhancing both selectivity and efficiency. A notable example
involves rhodium (Rh)-based catalysis, which mediates carbene
transfer to modify electron-rich residues (Scheme 7c). This was
first demonstrated in a coil dimer (Jun/c-Fos), where a
dirhodium complex on one subunit enabled selective labelling
of tryptophan, tyrosine and phenylalanine residues on the
partner subunit [60]. This Rh-based method (19) was later
adapted for modification of an asparagine (Asn) residue in the
Fc domain of trastuzumab [61]. Rhodium has also been used in
visible-light-triggered single-electron transfer (SET) reactions,
enabling labelling under mild conditions with spatiotemporal
control. Another strategy employs a 4-dimethylaminopyridine-
containing binder 20, in which dimethylaminopyridine (DMAP)
acts as nucleophilic base catalyst mediating acyl cation transfer,

that was successfully applied to label lectins and cell-surface re-
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ceptors (HER2 and EGFR; Scheme 7d) [62,63]. More recently,
genetic code expansion has enabled pyridinium aldoxime 21
(PyOx) incorporation into protein scaffolds (Scheme 7e) [64].
Acting as a catalytic centre for acyl cation transfer, PyOx reacts
with a selected N-acyl-N-alkyl sulfonamide 15’ to generate a
reactive ester intermediate. This strategy has successfully modi-
fied lysine residues in model proteins Z-DM, Fc domains and
trastuzumab.

Affinity-guided protein labelling has proven highly valuable for
both biological and translational research. Approaches involv-
ing genetic code expansion are especially promising, as this
technique is now widely implemented in most molecular
biology laboratories. The diversity of binder templates has also
expanded rapidly with advances in Al-based and high-through-
put technologies [65-77]. Nevertheless, design considerations
remain critical; for example, benzophenone could cross-link an
entire binder to its target protein [52-55], whereas incorpora-
tion of DAP requires photodeprotection [47]. Furthermore, all
current proximity-directed reagents, including catalytic systems
such as the reactions mediated by DMAP and PyOx (Scheme 7d
and 7e), still require extensive screening and substantial stoi-
chiometric quantities, which significantly limits their up-scaling
potential. For further discussion, including non-specific
labelling for protein interactome analyses, see reviews [48,49].

Small molecule residue modifications

Small-molecule reagents are generally user friendly and scal-
able, with many already commercially available. Their small
size makes them atom-economical but achieving site-speci-
ficity remains challenging since identical residues are often dis-
tributed across protein surfaces. The first example was Sanger’s
reagent (1-fluoro-2,4-dinitrobenzene, 1) mentioned above [6].
Other early examples include cysteine modification of ribonu-
clease A (RNase A) using iodoacetic acid [78]. Early enzyme

OH

phenylmethanesulfonyl fluoride
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engineering also explored single-atom modifications,
converting subtilisin’s serine residue into a cysteine analogue
through a three-step chemical sequence (sulfonylation — thio-
acetate substitution — hydrolysis; Scheme 8) [79], laying the
groundwork for ligase development [80,81]. Lysine residues are
abundant and typically solvent-exposed [82], hyper-reactive
variants have been reported, and have led to the development of
tools such as “K-lock™ [83-85]. Unfortunately, the reactivity
difference is often not sufficient for site-specific modifications.
Consequently, recent effort has shifted towards targeting alter-
native less-frequent amino acid residues [82], as well as novel
mechanisms such as linchpin-directed modifications summa-
rized below.

Various chemoselective methods for alternative residues have
recently emerged. Methionine has gained traction as a labelling
site due to its electron-rich thioether sulfur atom, which pos-
sesses versatile bond-forming capacity. The redox-activated
chemical tagging (ReACT) platform employs oxaziridines 22 to
form stable sulfimide (S=N) linkages, with applications in ADC
development, radiolabelling and ROS/Ca?* imaging
(Scheme 9a) [86-91]. Methionine can also be modified via
sulfonium conjugates using hypervalent iodine (23, Scheme 9b)
[92] or photoredox approaches (24a/b, Scheme 9c) [93]. Histi-
dine has been targeted using thiophosphorodichloridate reagents
25, as shown with hexahistidine-tagged proteins (Scheme 9d)
[94]. Aspartate and glutamate, while weakly nucleophilic, can
undergo O-alkylation via diazo compounds 26 (Scheme 9e)
[95,96]. Arginine, traditionally difficult to modify due to its
high pK, values, can be targeted with dielectrophilic glyoxal-
based amidine formation (27, Scheme 10a) [97-100], aldehyde
generation via phenanthrenequinones 28 (Scheme 10b) [101],
diketopinic acid (DKPA, 29) conjugation (Scheme 10c) [102],
and methylglyoxal (30)-mediated arginine-lysine cyclisation
(Scheme 10d) [103].
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Scheme 8: Chemical sequence to convert subtilisin serine residue into a cysteine analogue.
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A different approach has been the development of linchpin-
directed modification (LDM) [104]. These bifunctional reagents
contain two reactive groups separated by a spacer: one engages

in a reversible interaction with a common surface residue, while

the other is an irreversible chemical handle that covalently
modifies a nearby target residue such as histidine (Scheme 11a)
[105], aspartate (Scheme 11b) [106] and lysine (Scheme 11c)

[107]. For example, reagents containing o-hydroxybenzalde-
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hyde (31, 32) and B-nitroalkene (33) can reversibly engage
lysine and cysteine residues, respectively, while a proximal
electrophile, such as an epoxide, sulfonate ester or ester, enables
targeted covalent modification of amino acids [105-107]. In ad-
dition to the choice of electrophiles, selectivity can be refined
by tuning the length and flexibility of the linker, which controls
the spatial proximity of the reactive groups. While simple, the
LDM approach, with appropriate use of linker, could label ex-
clusively cytochrome C out of a mixture of proteins (ubiquitin,

RNaseA, myoglobin, ubiquitin, lactalbumin, lysozyme C,

a-chymotrypsinogen A). This approach can be extended to
native-sequence labelling of Trastuzumab, enabling site-specif-
ic histidine modification of the Fc region, albeit at a modest
yield (37%). Another related and noteworthy technology is the
cysteine-to-lysine transfer reaction, which operates via a mecha-
nism analogous to native chemical ligation in Fab fragments
[108].

Together the advances of small-molecule modifications provide

powerful strategies for site-selective modification of otherwise
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intractable residues, as summarised in a comprehensive review
[109]. However, most new conjugation reagents are not yet
commercially available, requiring in-house synthesis, and the
resulting conjugates often exhibit uncertain and incompletely
characterised stability. Moreover, depending on the conjugated
epitope, modifications can cause loss of function or aggrega-
tion, underscoring the need for further innovation.

Post-translational modification (PTM) chemical
labelling

Post-translational modifications (PTMs) refer to chemical
changes to a protein in-cell after it is synthesised by the ribo-
some, encompassing over 650 types of transformations, includ-
ing phosphorylation, methylation, acylation, ubiquitination and
glycosylation [110]. While numerous naturally occurring PTMs
have been repurposed for bioconjugation chemistry [111-113],
manipulating the composition of native protein glycans, known
as glycoengineering, has become a privileged strategy for site-
specific modification without altering the protein’s native
amino-acid sequence. This approach requires the target protein
to be N- or O-glycosylated (Scheme 12a). N-Linked glycans,
prominently present on antibodies, have been extensively
exploited for antibody—drug conjugate (ADC) development,
while O-linked glycans remain less explored but represent an
emerging opportunity.

Glycan remodelling strategies are typically dissected into two
main branches: metabolic and in vitro glycoengineering. Meta-
bolic glycoengineering introduces a non-natural sugar precur-
sor, such as Ac4GlcNAz (34), Ac4sManNAz (35) and
AcyGalNAz (36, Scheme 12b) into living cells. These ana-
logues enter the cellular glycosylation pathway, thereby incor-
porating azide motifs into native glycans for chemical attach-
ment through bioorthogonal chemistry (e.g. strain-promoted
azide—alkyne cycloaddition/SPAAC) [114-119]. While this
strategy enables visualisation and derivatisation of native glyco-
proteins in their natural environment, metabolic labelling rarely
achieves complete functionalisation due to competition from
natural substrates, limiting its utility for recombinant protein
production. GALaXy technology is a notable exception
[120,121]; however, as the technology requires a tag sequence,
it is outside the scope of this review.

In vitro glycoengineering, a technology that uses engineered
glycoenzymes such as glycosyltransferases and glycosidases to
modify glycans, has been widely adopted for native protein
labelling, with particular emphasis on antibodies (Scheme 12c).
This section aims to give an overview of general strategies
adopted for in vitro glycoengineering, and the reader is directed
to specialised reviews for in-depth discussions [122-124].

Periodate oxidation of the non-reducing end of N-glycans

Beilstein J. Org. Chem. 2026, 22, 857-881.

is perhaps the oldest and most straightforward approach to
generate an aldehyde biorthogonal handle on a glycoprotein,
which can then be subjected to conjugation such as hydrazone
or oxime ligation [125-128]. However, while this approach is
still a valid strategy for protein functionalisation, potential
undesired side reactions such as amino acid oxidation need to
be carefully taken into consideration. Use of galactose oxidase
(GOase) to site-specifically oxidise galactose to galactoalde-
hyde on the non-reducing end of a glycan represents a
mild alternative, as showcased by its combination with
Horner—Wadsworth—-Emmons (HWE) chemistry in a one-pot
oxidation olefination strategy [19], as well as its implementa-
tion with tandem Knoevenagel-Michael addition (TKM) conju-
gation to enable production of glycoengineered high DAR
ADCs [129].

Qasba’s engineered bovine galactosyltransferase
(B4GalT1(Y289L)) is an elegant example of using glycosyl-
transferases to remodel glycans of target protein with non-
natural sugars (e.g., GalNAz), leading to its wide adoption in
academic glycan remodelling research and the development of
commercial kits [130-132]. Based on structural data, Tyr289 of
bovine f4GalT1 was found to be important for determining
UDP-Gal specificity and its mutation to a less hindered leucine
residue broadens the scope of azido-carrying nucleotide sugar
analogues (UDP-GalNAz), thereby introducing the bioorthogo-
nal handle on the glycan [131,132]. Similarly, sialyltrans-
ferases, featuring remarkable substrate promiscuity, have also
been exploited to install non-natural sugars on glycans [115-
119].

Glycosynthases are engineered variants of glycosidases widely
used for glycan remodelling. By substituting the catalytic
nucleophile with a non-nucleophilic residue, the engineered en-
zyme can catalyse glycosidic bond formation with abolished
hydrolase activity [133-137]. One such example is the mutation
of endoglycosidase S2 (EndoS2) catalytic Asp184 residue into
Met (EndoS2 D184M), generating a variant capable of transfer-
ring a pre-assembled azido-glycan oxazoline donor substrate
onto an antibody with high homogeneity [137]. However, while
the elegance of this strategy is undeniable, synthesis of glycan
oxazolines remains challenging thus limiting its wider adoption.
In an alternative strategy, wild-type EndoS2 can be used for
antibody glycan trimming, before the aforementioned
B4GalT1(Y289L) can be used to mediate GalNAz transfer
generating homogenised N-glycan, a patented technology called
(GlycoConnect®) used in ADC manufacturing [138,139].

In summary, glycan-directed labelling excels by omitting engi-

neering or denaturation of the protein substrates. Often, the pro-

tein function is mostly preserved, for example, the antigen-
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a) general examples of glycan structures
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Scheme 12: Overview of glycan-directed strategies for site-specific protein modification. a) Structural motifs of N-linked and O-linked glycans com-
monly targeted in bioconjugation; b) metabolic glycoengineering introduces azido-functionalised sugars such as Ac4GlcNAz (34), AcsManNAz (35)
and Ac4GalNAz (36) into cellular glycosylation pathways for bioorthogonal labelling; c) in vitro glycoengineering employs chemical (e.g., periodate)
and/or enzymatic remodelling including the use of engineered oxidases (galactose oxidase), glycosyltransferases (B4GalT1 Y289L) or glycosyn-

thases to install reactive handles on native glycans, enabling precise conjugation for applications such as antibody—drug conjugates (ADCs).
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binding (Fab) region of antibodies is free of glycan modifica-
tion. The chemical or enzymatic steps are generally mild (room
temperature, aqueous buffer) yet highly specific. However, the
main limitation is that only glycosylated proteins (especially
IgGs) can be targeted. Intrinsic glycan heterogeneity can also
lead to incomplete functionalisation. Biological activity of the
modified protein, recyclability and manufacturing cost of the
enzymes also need to be carefully considered, as costs can
easily balloon in process development. Nonetheless, the use of
glycan remodelling is expanding for applications such as site-
specific protein labelling, with ADC development exempli-
fying its significant potential.

Enzyme-mediated modifications

Enzymes are highly attractive tools for native-sequence protein
modification, offering exquisite spatial precision under mild,
biocompatible conditions and easy access via recombinant tech-
nologies. Their catalytic activity supports scalability, making
them suitable for both academic and industrial applications.
Moreover, enzymes enable a broad spectrum of chemistries,
targeting both amino acid sidechains and the protein backbone
[140-142]. Despite these advantages, the repertoire of enzymes
applied for native-sequence modifications remains limited. The
following examples illustrate recent advances in recruiting en-

Beilstein J. Org. Chem. 2026, 22, 857-881.

zymes for native-sequence labelling, all of which rely on reac-

tion mechanisms that activate carbonyl groups (Scheme 13).

One of the most studied protein-modifying enzymes is sortase
A. Recognising the LPXTG motif, the enzyme cleaves the
Thr-Gly peptide bond to form an acyl intermediate that is
ligated to an incoming primary amine nucleophile, such as an
N-terminal glycine or lysine e-amine (Scheme 14a) [143].
Native proteins with an N-terminal glycine and sufficient flexi-
bility can thus be directly modified by sortase. Optimisations
using depsipeptides or coupling strategies have further im-
proved conversion efficiency and reduced reagent consumption
[144]. Due to its ease of preparation, large libraries of sortase
variants have been generated and screened to expand substrate
scope [143]. In one example, sortase variants and N-terminal
polyglycine tags were fused to yeast surface proteins AGA-1
and -2, respectively, while peptides carrying GG alternative
motifs and reporter tags were introduced as substrates. Active
variants covalently attached the reporter to the yeast surface,
allowing isolation via FACS (Scheme 14a). After 16 rounds of
selection from a library of 107 variants, enzymes capable of
recognising LMVGG, a sequence absent from wild-type speci-
ficity but present in endogenous amyloid protein Af in human
cerebrospinal fluid, were obtained [145].
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Scheme 13: Generic reaction mechanisms recruited by various native-sequence modifying enzymes.
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Scheme 14: a,b) Engineered biocatalysts including sortase. Proteins AGA1 and AGA2 are surface proteins naturally found on yeast surface.

An affinity-guided strategy was used to evolve sortase A vari-
ants for antibody conjugation [146]. Exploiting the ability of
sortase to accept the e-amino group of lysine, the enzyme was
fused to an antibody Fc-binding domain protein (protein Z/pZ),
positioning it near surface-exposed lysine on the target anti-
body for isopeptide bond modification (Scheme 14b). These
fusion constructs, developed based on the concept of affinity-
guided labelling, were immediately active and served as starting
points for further engineering. After only one to three rounds of
mutagenesis via colony screening with glycosylated
trastuzumab and cetuximab, variants 1M (N127K) and 3M
(T156S/D170E/D176E) with enhanced labelling activity were

isolated. Although this system offers switchable activity by
removing calcium ions from the buffer, it achieves only moder-
ate site-specificity; labelling was found in K5, K123, K135,
K292, and K441 on the heavy chain and K207 on the light
chain of cetuximab, out of ~80 lysine residues. However,
antigen binding was largely unaffected, and a range of payloads
including TAMRA, biotin and the cytotoxic drug MMAE could
be incorporated to yield a DAR ratio of 2-3 [146].

Microbial transglutaminase (MTG), which forms isopeptide

bonds between a target protein and glutamine (or other small

primary amides) is another frequently used enzyme for biocon-
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jugation. The primary amide in glutamine is converted into an
acyl intermediate that is subsequently attacked by amine
nucleophiles such as lysine e-amines and glycine a-amines. Al-
though MTG can modify GIn295 on the antibody Fc, this
residue is close to the Asn297 glycan and hence normally
requires deglycosylation or N297A mutation for enzyme access,
both of which reduce structural stability and diminish antibody-
dependent cell-mediated cytotoxicity (ADCC) [147,148]. To
enable labelling of fully native antibodies, two complementary
strategies have been developed (Scheme 15a). First, rational
engineering of MTG yielded active-site mutants, with modifica-
tions located in a loop projecting into the catalytic pocket
(G250S), which enhanced reactivity towards native antibody
Asn297 [149]. Further optimisation delivered double variants
G250S/E300D (“S2”) and G250S/K327T (“S13”), both capable
of generating ADCs with DAR close to 2.0. Second, substrate
engineering revealed that MTG preferentially processes posi-
tively charged peptides, with an RAK-containing motif support-
ing efficient ligation to fully glycosylated antibodies [150].
Collectively, these enzyme- or substrate-engineering ap-
proaches enabled native-state labelling of multiple antibodies
(avelumab, matuzumab, cetuximab, and rituximab), producing

stable conjugates with favourable biodistribution [149,150].

Another example is the engineering of the hydrolase penicillin
G acylase (PGA) for the selective modification of insulin [151].
After screening 100 commercially available PGA homologs and
initial optimisation for expression and handling, Kluyvera
cryocrescens PGA was chosen for directed evolution
(Scheme 15b). The goal was to selectively protect or deprotect
key amines on insulin, including the N-terminal glycine of chain
A, the N-terminal phenylalanine of chain B and the e-amino
group of lysine B29. Using a colony picker and UPLC analysis,
mutations were introduced within the binding pocket (to en-
hance localised recognition of insulin) and at distal sites (to
improve stability and solvent tolerance). The engineered en-

Rd3

zyme PGAp.ac % selectively introduced a benzoyl group at

the N-terminus of chain A, whereas PGAdimer_]_[Rd3

catalysed
deprotection enabling formation of dimerised insulin candi-
dates under mild chemoenzymatic conditions. Chromatography-
free precipitation gave yields up to >90%, and scalability was

demonstrated at >120 grams.

These enzyme-based examples are elegant but not without limi-
tations, largely due to the labour-intensive workflows and the
intrinsic design constraints associated with the use of naturally
derived enzymes. The sortase variant engineered to recognise
amyloid proteins was highly selective for the altered sequence
(Kv = 128 uM) but achieved only modest catalytic efficiency
(143 M1 57!, compared with 103-10* M~ 57! in wild-type),

likely because the FACS-based screening was based on single-
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turnover events. The sortase A-protein Z system has limited site
specificity; it also requires equimolar enzyme-to-antibody ratios
and additional purification steps. MTG, similarly, requires near-
stoichiometric enzyme to function, restricting scalability; this
enzyme is also produced as a zymogen and requires activation
post-purification, complicating the engineering workflow. PGA
optimisation benefited from the simplicity of insulin, which
contains only three primary amines whose labelling can be
readily resolved by UPLC, but such strategies become imprac-
tical for larger, lysine-rich proteins. For a broader overview,
Zhu et al. [141] provide a comprehensive summary of recent
advances in engineering amide-bond-forming enzymes for mod-
ifications, including asparaginyl endopeptidase (AEP), omnili-

gase and other emerging biocatalysts.

Comparative Analysis, Outlook and
Future Directions

In Table 1, we compile a bird’s-eye overview of current site-
specific native-sequence protein modification strategies. The
check marks represent best-case scenarios reported in the litera-
ture. Native chemical ligation offers high precision for N-termi-
nal cysteine modifications and synthesis of diverse proteins,
whereas disulfide-rebridging approaches provide scalability due
to the relative ease of reagent preparation (see above for
detailed discussion). Overall, however, the success of any given
method is often case-dependent, reflecting the diversity of pro-
tein and peptide sequences and structures. Factors such as pro-
tein preparation can also influence labelling efficiencys; this is
often the case for N-terminal and glycan modifications where
composition of the protein may vary with the recombinant host.
Protein precipitation and unintended side reactions, which are
often underreported, can further complicate the anticipated
outcome. The limitations listed in Table 1 reflect intrinsic
constraints of the tool design, such as the requirement for acces-
sible cysteine or disulfide motifs in the corresponding technolo-
gy. For modifications by naturally derived enzymes, a balance
often needs to be struck between substrate promiscuity and
selectivity. In general, highly substrate-promiscuous enzymes
require more complex preparation procedures, which can hinder
their engineering, whereas highly selective enzymes are easier
to handle but depend on defined recognition sequences. Ulti-
mately, we found that there is no single strategy simultaneously
fulfilling all criteria, and trade-off(s) are inevitable. Hence, we
hope this overview will help readers identify opportunities for
developing new strategies that address these current limitations.

For readers seeking to adapt existing technologies for protein
modifications, we present a generic decision framework for
selecting a site-specific native-sequence protein modification
strategy (Scheme 16). The first step is to evaluate cysteine

content, as these residues are the most established targets with a
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Table 1: Comparison of existing site-specific, native-sequence protein modification strategies.

Cysteine N-Terminal Affinity-guided  Disulfide- Small Glycan Existing
modification labelling chemistry rebridging molecule modification enzymes
technology
precision \/ \/ \/ \/ limited \/ \/
positional
control,
though often
residue
specific
scalability complex may require
\/ \/ reagents used \/ \/ \/ stoichiometric
in stoichiometric portion
portion
usability only for highly \/ only for low \/ glycan must may require
low-abundance sequence abundance be present recognition
cysteine dependent disulfide motif motif
may require
extensive
engineering

Free cysteine?

Yes! Commercial kit

Yes! Commercial lit
*check PTM is maintained from expression

Reactive and/or solvent-exposed N-terminal residues
(Cys, Ser, Thr, Trp, Gly...)?

Yes! Commercial kit
*often case-dependent

Disulfide bond?

Yes! Literature tools
*must withstand dissociation and refolding

i

Solvent-exposed residues (Met, His, Trp, Arg)?

Yes! Literature tools
*varied site-specificity

Binder or ligand?

Yes! Affinity-guided labelling
*extensive screening expected

i

Enzyme recognition motif?

No. Consider non-specific

Yes! Literature or comm. kit
*extensive engineering maybe needed

labelling or incorporation of
reaction motif

Scheme 16: Selection scheme of a suitable native-sequence labelling tool.
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wide range of stable, commercially available reagents. Simi-
larly, if the target protein is glycosylated, numerous glycoengi-
neering strategies and commercial tools can be considered. In
the absence of free cysteines or glycans, the N-terminus can be
chemically targeted, particularly when it contains dinucle-
ophilic residues such as cysteine, serine, threonine, or trypto-
phan. Enzymes such as sortase (for glycine-containing motifs),
omniligase and AEP can be also considered as tools when the
N-terminal modification site is sufficiently solvent exposed. Al-
ternatively, disulfide bonds may provide modification sites
through rebridging, provided that the protein tolerates reduc-
tion-and-rebridging reaction sequences. If these options are
unsuitable, other solvent-exposed nucleophilic residues (e.g.,
methionine, histidine, tryptophan, tyrosine or arginine) can be
targeted, although such reagents are often prepared in-house
and may lack positional control. When high-affinity ligands or
binders are available, affinity-guided conjugation strategies can
be implemented, though probe design and optimisation are
often required. Finally, if an enzyme recognition motif is avail-
able, biocatalytic approaches can be pursued, particularly for
commercially accessible enzymes, although at times they
require in-house screening and/or engineering to achieve the
desired specificity. As a general guideline, the final choice
depends on multiple factors, including protein properties (se-
quence, flexibility, post-translational modification status,
stability) and reagents availability (commercial reagents,

in-house preparations, or enzyme accessibility).

In summary, a fundamental barrier associated with native-se-
quence protein modifications arises from the presence of
multiple identical residues within a protein, each complicated
by its specific structural context. Moreover, all chemistries must
operate under biocompatible conditions, restricting the scope of
viable options. Nevertheless, continued innovations at the
interface of synthetic chemistry and biology are expected to
address these barriers, enabling the development of broadly
adaptable platforms for the efficient production of modified

proteins.
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Abstract

Silicon-rhodamine (SiR) dyes are among the most important fluorophores for super-resolution imaging owing to their far-red emis-
sion, high photostability, and tunable lactone—zwitterion equilibrium. However, their broader application in targeted probe develop-
ment has been limited by the challenging synthesis of 5,6-carboxylated SiR derivatives, which are essential intermediates for bio-
conjugation. Here, we report a practical CO,-mediated strategy for the synthesis of 5,6-carboxylated SiRs from brominated SiR
precursors via lithium—halogen exchange and direct carboxylation. Using n-BuLi and readily available CO,, this method delivers
carboxylated SiR derivatives in 60-93% yields while avoiding the use of #-BuLi, toxic CO, and expensive palladium catalysts. In
addition, the crude carboxylation mixtures can be directly subjected to amide coupling without chromatographic purification,
enabling one-pot access to HaloTag-targeted SiR probes. The resulting probes were successfully applied to long-term live-cell
super-resolution imaging, allowing visualization of filopodial dynamics and mitochondrial remodeling. This work establishes a
concise and efficient route to functionalized SiR dyes and facilitates the rapid development of targeted SiR probes.

Introduction

Rhodamine dyes, which enable fluorescence imaging in living
cells — a powerful technique for studying biological systems in
vivo [1,2] — have emerged as one of the most important fluoro-
phores for live-cell bioimaging [3-7] by virtue of their high
brightness, excellent photostability [8-10], and, most important-
ly, tunable lactone—zwitterion (L-Z) equilibrium [11-13]. This

distinctive feature enables controllable fluorescence switching
and fluorogenic responses, making rhodamines particularly
valuable for advanced imaging beyond the optical diffraction
limit [14-19]. Replacement of the conventional bridging oxygen
atom with silicon shifts the emission of rhodamines from red to

the far-red region (typically Ay, ~ 650—-670 nm) while retaining
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high brightness and excellent photostability [20-24]. As a result,

silicon-rhodamines (SiRs) have become the most practical
rhodamine scaffolds for live-cell imaging, benefiting from
reduced cellular autofluorescence and phototoxicity, together
with favorable cell permeability [25,26]. Johnsson and

a) ligand
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b) general routes
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co-workers further showed that SiRs can exist in a nonfluores-
cent spirolactone form, whereas target binding shifts the equi-
librium toward the fluorescent zwitterionic form, thereby gener-
ating a strong fluorogenic response (Figure 1a) [27-29]. This
behavior makes SiRs highly attractive as fluorogenic probes for

super-resolution fluorescence imaging
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Figure 1: (a) Modular structure of spirocyclic rhodamines. (b) Conventional carboxylation strategies. (c) CO»-based direct carboxylation method de-

veloped in this work.
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precise super-resolution imaging by enabling target-specific
recognition and significantly improving signal-to-noise ratio
(SNR). In addition, hydroxymethyl-substituted SiR derivatives,
including HMSiR [30,31] and Aze-HMSiR [32-34], can
undergo spontaneous blinking and have become indispensable
tools for live-cell single-molecule localization microscopy
(SMLM), highlighting the versatility of SiR dyes in live-cell
imaging [35,36].

Building on this foundation, structural modification of SiR dyes
has evolved into a well-established molecular design frame-
work (Figure 1a). Conformational restriction and optimization
of amino substituents have been widely employed to enhance
brightness and photostability [8,37-39], whereas extension of
m-conjugation and electronic tuning have expanded the emis-
sion of SiR dyes from the far-red to the near-infrared region,
reaching up to 740 nm [21,22,40]. In addition, modulation of
the L-Z equilibrium through tuning of N-substituents has
enabled the development of fluorogenic and spontaneously
blinking SiR probes with finely controlled off-on behavior
[11,26,28,41]. However, despite the maturity of photophysical
optimization, the broader expansion of SiR chemistry is increas-
ingly constrained by the limited accessibility of 5,6-carboxyl-
ated SiR derivatives. The carboxy groups provide a general and
efficient handle for amide coupling with targeting ligands and
are therefore central to the construction of SiR-based probes, in-
cluding HaloTag, SNAP-tag, peptide-, and small-molecule-
conjugated derivatives [18,35]. The synthetic accessibility of
5,6-carboxylated SiRs has thus become a central bottleneck in
the diversification and broader application of SiR chemistry.

Traditional approaches to the synthesis of 5,6-carboxylated
SiRs generally rely on the prior installation of protected
carboxy-containing precursors (Figure 1b), followed by cycliza-
tion to construct the SiR framework and subsequent deprotec-
tion [41-44]. In these routes, the strong electron-withdrawing
effect of the carboxy substituent reduces substrate reactivity,
thereby diminishing the efficiency of the key ring-closing
step and often resulting in low overall yields [45]. Moreover,
these methods commonly rely on strongly basic conditions, par-
ticularly the use of highly reactive ferz-butyllithium, which
further reduces their practical utility. In addition, the prepara-
tion of protected carboxy-group containing substrates is often
cumbersome [46], especially in the synthesis of (hydroxy-
methyl)rhodamine intermediates, thereby further increasing
synthetic complexity [41]. To overcome these limitations,
Butkevich developed an improved strategy based on brominat-
ed precursors [45]. Owing to the weaker electron-withdrawing
effect of bromine relative to carboxy groups, these precursors
exhibit higher reactivity and enable the construction of bromi-

nated SiR scaffolds in improved yields (60—70%) under milder

Beilstein J. Org. Chem. 2026, 22, 915-924.

conditions. Subsequent Pd-catalyzed carbonylation using in
situ-generated CO then furnished the corresponding carboxyl-
ated SiRs in 50-90% yields. Although this approach significant-
ly improved synthetic efficiency, it still relies on specialized
setups for CO generation and expensive palladium catalysts,
thereby increasing operational complexity, safety concerns, and
overall cost.

Herein, inspired by the limitations of existing methods, we
report a direct CO,-mediated carboxylation strategy for the effi-
cient synthesis of 5,6-carboxylated SiR derivatives from bromi-
nated SiR precursors (Figure 1¢). By introducing the classical
carboxylation of metallated aryl halides with CO, into SiR
chemistry, this method enables the efficient conversion of bro-
minated SiRs into the corresponding carboxylated products
using n-BuLi and readily available CO, under standard Schlenk
conditions. The target products are obtained in 60-93% yields
under relatively mild conditions. Compared with previous ap-
proaches, this strategy avoids the need for specialized appa-
ratus for in situ CO generation as well as expensive palladium
catalysts, thereby significantly reducing experimental complexi-
ty and synthetic cost. Importantly, the resulting carboxylated
SiR derivatives can be directly used in subsequent amidation
reactions with targeting ligands without column chromatogra-
phy, facilitating the rapid construction of high-performance
targeted fluorescent probes. Overall, this strategy provides a
straightforward, efficient, and practical synthetic route for the
functional derivatization of SiR dyes and the development of
targeted probes.

Results and Discussion
Synthesis of carboxy-substituted silicon-

rhodamine

Inspired by Butkevich’s work [45], we envisioned that carbox-
ylated SiRs might be accessed through brominated SiR interme-
diates, thereby avoiding the traditional multistep synthesis from
protected carboxylated precursors. Butkevich convincingly
demonstrated the generality of Pd-catalyzed carbonylation
conditions employing ex situ CO for the conversion of bromo-
oxorhodamines, carbo-rhodamines, and silicon-rhodamines into
their corresponding carboxylated forms. However, the opera-
tional complexity of these conditions may limit their practical
utility. In particular, the generation and handling of CO remain
major concerns because of its toxicity and limited accessibility
in standard synthetic laboratories. To address this limitation, we
explored a CO-free carboxylation strategy using CO, as an
inexpensive, readily available, and non-toxic C1 source. In prin-
ciple, CO; can serve as a carbonyl source through nucleophilic
addition followed by protonation to furnish the corresponding

carboxylic acid.
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On the basis of this design (Figure 2a), brominated SiR precur-
sors la—c were treated with 2.5 equiv of n-BuLi in anhydrous
THF at —78 °C under a nitrogen atmosphere to generate the cor-
responding aryllithium intermediates, followed by introduction
of CO; via a balloon. The reaction mixture was then allowed to
warm to room temperature and stirred overnight to ensure com-
plete trapping of the aryllithium intermediates by CO,. After
aqueous quenching and extraction, the crude products were
directly subjected to HPLC analysis.

Beilstein J. Org. Chem. 2026, 22, 915-924.

To evaluate the generality of this strategy, three brominated SiR
precursors la—c, all accessible by reported procedures, were
selected as model substrates (Figure 3). Direct HPLC analysis
of the crude reaction mixtures at 640 nm revealed clear separa-
tion between substrates and products. The retention times of 1a,
1b, and 1c were 8.5, 7.5, and 7.4 min, respectively, whereas
those of the corresponding carboxylated products 3a, 3b, and 3c
were 5.2, 4.4, and 3.2 min, allowing unambiguous distinction

between starting materials and products. On the basis of peak
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Figure 2: (a) Direct carboxylation of brominated silicon-rhodamines 1a—c under n-BuLi/CO5. (b) Strategy for the one-pot functionalization of brominat-

ed silicon-rhodamines 1a—c to construct SiR-halo fluorescent probes 4a—c.
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Figure 3: (a—c) Conversion of three bromo-SiR precursors 1a—c in the CO» carboxylation reaction and their corresponding HPLC results.

integration, products 3a, 3b, and 3¢ were obtained in 93%,
60%, and 77% yields, respectively. Compared with previously
reported routes, this protocol provides a simpler and safer ap-
proach to carboxylated SiR derivatives while delivering good to

excellent yields.

Sequential one-pot functionalization of

brominated silicon-rhodamine

In the carboxylation of 1b, a prominent side peak was observed
in addition to the desired product peak (Figure 3b). NMR (Sup-
porting Information File 1, Figure S17) and HRMS (Figure
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S24) analysis identified this side product as the uncarboxylated
rhodamine formed by lithium-halogen exchange followed by
protonation. This byproduct likely arises from protonation of
the aryllithium intermediate before efficient trapping by CO»,
possibly due to trace moisture or other proton sources in the
reaction system. Improving the CO,-trapping efficiency and
maintaining strictly anhydrous conditions may help suppress
this side reaction. Similar uncarboxylated rhodamine
byproducts were also present in the reaction mixtures of the
other two precursors, although in lower amounts. Importantly,
these species lack a carboxy group and therefore cannot partici-
pate in subsequent amide coupling reactions. Moreover,
although small amounts of these byproducts were formed,
they did not significantly interfere with the subsequent
reactions. Thus, the reaction mixtures could be extracted
with ethyl acetate and concentrated before being directly
subjected to amide coupling without chromatographic purifica-
tion.

To demonstrate the utility of this strategy for probe construc-
tion, we selected three representative SiR scaffolds 1a—c, which
were widely used in super-resolution imaging, for direct func-
tionalization with HaloTag ligands through a one-pot sequence
(Figure 2b). After treatment of compounds 1la—c with n-BuLi
and CO,, the reaction mixtures were extracted with ethyl
acetate and concentrated, and the resulting crude carboxylated
intermediates were directly subjected to amide coupling with
the HaloTag amine using HATU/DIPEA as the activation
system. This strategy afforded three high-performance fluores-
cent probes 4a, 4b, and 4c, in overall yields of 62%, 37%, and
46%, respectively. The absorption and emission spectra of 4a,
4b, and 4c (Figures S1-S3 in Supporting Information File 1)
showed characteristic SiR fluorescence with emission maxima
around 640 nm, making them suitable for far-red fluorescence
imaging. These results demonstrate that the present CO,-medi-
ated strategy provides a simple, safe, and efficient route to
carboxylated SiR derivatives and enables their rapid conversion
into targeted SiR probes.

Long-term live-cell super-resolution imaging
using one-pot-functionalized silicon-

rhodamine probes

Encouraged by the successful one-pot functionalization of
silicon-rhodamine scaffolds, we next evaluated the perfor-
mance of the resulting HaloTag-targeted SiR probes in long-
term super-resolution imaging. Among them, probes 4a and 4b,
corresponding to HMSiR-Halo and AzeHMSiR-Halo origi-
nally reported by the Urano and Xu groups [30,32-34], respec-
tively, are widely used fluorophores for single-molecule
imaging because of their excellent spontaneous blinking proper-

ties. Accordingly, the two probes obtained through our one-pot

Beilstein J. Org. Chem. 2026, 22, 915-924.

strategy were first examined by single-molecule localization
microscopy (SMLM) imaging (Figure 4).

Lifeact-HaloTag, HyB-HaloTag, and TOMM?20-HaloTag fusion
proteins were transiently expressed in HeLa cells to label actin
filaments, the nucleus, and the mitochondrial outer membrane,
respectively. Both 4a and 4b enabled high-quality super-resolu-
tion imaging of these distinct subcellular structures (Figure 4a),
with localization precisions ranging from 24 to 46 nm
(Figure 4b). In the reconstructed SMLM images, both probes
clearly resolved microfilament structures with high localization
precision. Probe 4b exhibited a localization precision of
24.9 nm due to its high brightness, superior to that of 4a
(45.9 nm). In addition, filopodia displayed a width of 69.4 nm
in the SMLM images, whereas the corresponding width
measured by wide-field (WF) imaging was 348.8 nm (Figure S4
in Supporting Information File 1), further demonstrating the
excellent performance of these probes in super-resolution
imaging.

On the basis of its superior localization precision, compound 4b
was further used to investigate microfilament dynamics by
long-term live-cell SMLM imaging (Figure 4c). Segmental
reconstruction using continuously acquired image sequences
enabled real-time tracking of filopodial growth and wiggling
dynamics (Figure 4d). During the first 0-160 s, the filopodium
indicated by the blue arrow underwent slight retraction, fol-
lowed by gradual extension. Its length increased from 6.03 ym
to 11.16 um over the subsequent approximately 240 s (Figure
S5 in Supporting Information File 1). In addition, the
filopodium labeled by the orange arrow exhibited a pronounced
wiggling process, with the angle between the filopodium and
the cell membrane edge increasing from 50° to 95° (Figure S6
in Supporting Information File 1). This demonstrates that com-
pound 4b is suitable for long-term dynamic super-resolution
imaging.

Compound 4c is a practical fluorogenic HaloTag probe for live-
cell imaging. In previous studies, HaloTag-compatible
rhodamine probes have been used to visualize a variety of intra-
cellular proteins, including histone H;B, Sox2, vimentin,
clathrin, and ensconsin [15,16,39], underscoring the broad
utility of this labeling strategy for protein-specific imaging.
Subsequently, the 4¢ probe obtained through our one-pot
strategy was applied to SIM imaging of multiple subcellular
structures, including actin filaments, nucleus, and mitochondria
(Figure 5a). Long-term live-cell imaging of mitochondria over
20 min was successfully performed, revealing pronounced
temporal remodeling of the mitochondrial network, including
recurrent twine-unfasten events (Figure 5b). Specifically, at

20 s, two neighboring mitochondria marked by the white arrow
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Figure 4: SMLM imaging of different organelles in live HelLa cells stained with 4a and 4b (150 nM). (a) SMLM and wide-field images of actin labeled
with Lifeact-HaloTag fusion protein, nucleus labeled with HoB-HaloTag fusion protein, and mitochondria labeled with TOMM20-HaloTag fusion protein.
(b) Average localization precisions of 4a and 4b for different organelles. (c) Long-term SMLM imaging of actin with 4b in live HelLa cells. (d) Schematic

diagram of filopodia growth and wiggling process in (c). Scale bars: 5.0 pm.
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Figure 5: SIM imaging of different organelles in live HeLa cells stained with 4c (200 nM). (a) SIM images of actin labeled with Lifeact-HaloTag fusion
protein, nucleus labeled with HoB-HaloTag fusion protein, and mitochondria labeled with TOMM20-HaloTag fusion protein. (b) Long-term SIM imaging

of mitochondria with 4c in live HelLa cells. Scale bars: 5.0 ym.

were in a twined state. By 490 s, they gradually unfastened, fol-
lowed by further separation at 510 s. At 570 s, the twined state
reappeared, whereas at 900 s, a clearly unfastened state was
again observed, followed by gradual re-twining. These observa-
tions demonstrate the reversible and highly dynamic nature of
mitochondrial twine-unfasten behavior and highlight the utility

of 4c for long-term dynamic super-resolution imaging.

Conclusion

In conclusion, we have developed a practical CO,-mediated
strategy for the synthesis of 5,6-carboxylated silicon-rhodamine
(SiR) derivatives from brominated SiR precursors via
lithium-halogen exchange and direct carboxylation. This
method enables efficient access to carboxylated SiRs under
mild conditions while avoiding the use of -BuLi, toxic CO, and
expensive palladium catalysts. The crude carboxylation mix-
tures can be directly advanced to amide coupling without chro-
matographic purification, allowing streamlined one-pot con-
struction of functionalized SiR probes. Using this approach,
several high-performance probes were readily prepared and suc-

cessfully applied to long-term live-cell super-resolution

imaging. Overall, this work improves the synthetic accessibility
of functionalized SiR dyes and provides a concise and versatile
platform for the rapid development of targeted super-resolution
probes.

Supporting Information

Supporting Information File 1

Experimental details and characterization of compounds by
NMR and ESIMS.
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