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Abstract: Small molecule modulators are powerful tools for selectively probing and manipulating proteins in native
biological systems. However, the development of versatile modulators that exhibit desired properties is hindered by the
lack of a rapid and robust synthetic strategy. Here, we develop a facile and reliable one-step methodology for the
generation of multifunctional toolboxes encompassing a wide variety of chemical modulators with different desired
features. These modulators bind irreversibly to the protein target via a selective warhead. Key elements are introduced
onto the warhead in a single step using multi-component reactions. To illustrate the power of this new technology, we
synthesized a library of diverse modulators designed to explore a highly challenging and poorly understood protein,
human 15-lipoxygenase-1. Modulators made include; activity-based/photoaffinity probes, chemosensors, photocros-
slinkers, as well as light-controlled and high-affinity inhibitors. The efficacy of our compounds was successfully
established through the provision of on demand inhibition and labeling of our target protein in vitro, in cellulo and in
\vivo; thus, proving that this technology has promising potential for applications in many complex biological systems. )

~

Introduction

Small molecule modulators play a crucial role in chemical
biology, where they are used to probe and manipulate
biological processes at the molecular level.'*! These mole-
cules typically have low molecular weight and are equipped
with certain functionalities that render them ideal for
studying specific molecular targets within complex biological
systems.! Commonly reported types of these “smart”
bioactive molecules include covalent inhibitors,” activity-/
affinity-based ~ probes,™”  sensors,®!  photobiological
switches”’ and photoactivated cross-linkers.'"”) Although
these modulators provide numerous advantages in under-
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standing biological processes and developing therapeutic
interventions, they also have some disadvantages, such as;
lack of specificity, poor pharmacokinetics, and, most
importantly, challenges incurred during development.!'™'?
Often, the discovery and development of small molecule
modulators can be time-consuming and costly, requiring
extensive screening and optimization. In addition, poor
development may also yield compounds that exhibit off-
target effects, low bioavailability and limited cell membrane
penetration, leading to questionable results.”) A generic and
reliable methodology which could be consistently applied to
the development of new tools capable of selectively target-
ing proteins within complex biological systems, would be
game-changing.

In our prior research, we encountered many of the
aforementioned challenges while developing the first activ-
ity-based probes for the enzyme human 15-lipoxygenase-1
(15-LOX-1)."! 15-LOX-1 belongs to lipoxygenase family
and catalyzes the insertion of oxygen into polyunsaturated
fatty acids, such as, arachidonic (AA) or linoleic acid (LA),
resulting in signaling inflammatory molecules.'" This en-
zyme possesses a regulatory role in respiratory and other
inflammatory diseases, such as asthma and inflammatory
bowel disease (IBD),*7! various CNS diseases like ische-
mic strokes, Alzheimer’s and Parkinson’s,'*'®2% as well as in
many aspects of various cancers, including; leukemia and
colon cancer.™™" It has been proposed that 15-LOX-1 is
involved in two different mechanistic pathways; it both
causes inflammation and can trigger  apoptosis
(ferroptosis).”'*"! Full understanding and exploitation of the
role of 15-LOX-1 in these highly complex pathways will not
be possible without “smart” molecules that modulate its
function. For this reason, we selected this challenging and
complex enzyme as the model protein to test the scope of
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our new rational methodology and its ability to afford a
variety of tools necessary for probing structure and function,
in just one synthetic step. Success in this difficult case would
indicate potential for future applications of our technology
in other biological protein targets.

We have recently revealed that bis-alkyne (BA) sub-
strate mimics bind covalently to 15-LOX-1 through a
possible mechanism via a radical allenic intermediate.>#*!
Leveraging this observation, we sought to harness this unit
as a warhead to covalently anchor different modulators to
the enzyme’s active site (Figure 1). We envisaged generating
diverse libraries of BA modulators (BAMs) by employing a
suitably adapted BA unit as a partner in a number of
powerful and highly economic (atom/time/energy) multi-
component reactions (MCRs). MCRs are uniquely suited to
rapid expansions into new chemical space because, in just
one step, a large variety of scaffolds/motifs can be accessed
and these products can have a range of highly variable
properties and desired features. Herein, we have employed
a BA covalent anchor bearing a suitably spaced reactive
functional group (an aldehyde) in 2CRs or MCRs, with the
other components being fluorescence compounds, benzo-
phenone, azobenzene and (acyl)hydrazone derivatives, al-
lowing us to isolate after a single synthetic operation the
corresponding activity-based probes, chemosensors, photo-
crosslinkers, as well as light-controlled and high affinity
inhibitors (Figure 1).

Results and Discussion
Strategic Design of Effective Modulators

We developed a versatile synthetic strategy designed to
explore an extensive chemical space through the efficient
generation of diverse small molecule modulators. The core
of this generic strategy involves a modular approach that
utilizes a covalent anchor (herein the BA moiety) with the
reactive group (herein the aldehyde). This setup allows for
the incorporation of various bioactive moieties via 2CRs and
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MCRs. Our approach leverages the flexibility of MCR
chemistry, including Groebke-Blackburn-Bienaymé (GBB-
3CR), Passerini (P-3CR), Ugi (U-4CR), and Ugi tetrazole
(UT-4CR) reactions, to introduce a wide range of functional
groups and structural motifs. This strategy facilitates the
rapid synthesis of complex scaffolds with diverse physico-
chemical properties, enabling the potential generation of a
vast array of compounds with varying shapes, molecular
weights, and lipophilicities, laying the groundwork for
identifying effective binders (herein 15-LOX-1 inhibitors).
The portfolio of tools we were targeting had been
rationally designed guided by a virtual database of known
15-LOX-1 inhibitors (>6.100) we had constructed in-house
(Supporting Information, Dataset 1). This database enables
exploration of the key structural elements and potential of
each compound based on physicochemical properties and
molecular features. Our analysis revealed that the enzyme
has the tendency to bind tightly (ICs,<5 uM) to lipophilic,
linear molecules with large molecular weight and polar
surface area (clogP>35, shape index>0.5, MW >500 Da,
tPSA >100) (Figure 2a). Moreover, in order to utilize the
most active MCR components when synthesizing our
modulators, we investigated separately the inhibitory activ-
ity of amine, carboxylic acid and isocyanide fragments
against 15-LOX-1 (Figure 2b). From the database, we
identified the most potent amine and carboxylic acid frag-
ments (MW <200 Da), revealing diverse pharmacophore
models, which we then employed in our syntheses (Fig-
ure 2b). Since isocyanides have not previously been reported
as 15-LOX-1 inhibitors, and, therefore, were not covered by
our database, we have performed an inhibitory screening of
a small library against our enzyme, identifying few relatively
active isocyanide fragments (ICs; <50 uM) (Figure 2b).

Expanding the Chemical Space
We began with the facile synthesis from 5-hexyn-1-ol of the

common starting point for all our portfolio of tools; namely,
diynal building block BAMI1. 5-Hexyn-1-ol was oxidized
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Figure 1. Strategy for the development of BAM compounds. The covalent anchor (BA) was incorporated through a reactive group (aldehyde) in
2CRs and MCRs to yield BAM probes, sensors, photocrosslinkers, as well as light-controlled and high-affinity inhibitors. Modulation of 15-LOX-1
activity occurred following a time-dependent binding of the respective BAM compound, accomplished in a single step.

Angew. Chem. Int. Ed. 2025, 64, €202418291 (2 of 10)

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

851801 SUOLLILLIOD BAIRID) B[ [dde U} Aq pauBA0B 912 D1 YO ‘SN J0 S9N 0y ARIgITBUIIUO AB]IM UO (SUONIPUOD-PUE-SLLLBIALICY" A3 1M ARG BU1[UO//:S1Y) SUONIPUOD PLE S | U} 885 *[5Z02/50/90] U0 ArIqiTauIluO AB1IM ‘YLO- 4o 1. 9 Say puno Aq T628THZ0¢ 91UE/Z00T OT/I0p/00" A AT U |uo//Sdny Lo popeo|umod ‘9 ‘S20e ‘€LLETZST



GDCh
~~

clLogP
IS

0.9 .

700,

Research Article

.
L]
.
C
L]
x
o
A
7\
=
=
5
X I
EIN 3
o o© S
2 F
2
g ¢ o
le] {e}
o
S ’

Angewandte

intemationaldition’y) Chemie

s

\

j\ s by AR @ |

e o ® o NHz N S0 I

. e a1 ava aws '

H I

o & cl\/\I,NH, I/\j,ﬂ 2 HO)Aj\JHz H

| i

° ° S oH SN Ho AN

) AMm16 Amig Amaa OH |

ﬁ\ o NHE o N |

< J I

0. Se Se/\é" o C,INU oS~ A |

1

R TR IO O ’ /
AM9/ACL AMSS AM11/AC2

100,

1C5o value )
(nM) 2000 4000 6000 8000 10000 15000 20000

1
'
'
'
'
'
Polar Surface Area !
1
'
I
I
I
\

Neighbor Count © 5 10 20 15 \

TT
HEREREREREBREEREEREREE

z
2
-
z
2
5

Compound Number o

Figure 2. Rational development of potent binders. a) 2D plot analysis of previously identified 15-LOX-1 inhibitors, based on lipophilicity (clogP) and
shape index, as well as the molecular weight (MW) and the polar surface area. The size and the color of every dot represents the quantity of similar
scaffolds and the inhibitory value (nM), respectively. b) Representation of the inhibitory potency of amine (nM), acid (nM) and isocyanide (at

50 pM) fragments against 15-LOX-1. The active fragments are presented and the common structural component is highlighted. The color gradient

represents the inhibitory potency, ranging from high (green) to low (red).

using PCC to yield 5-hexynal (C1). Subsequently, the
desired compound BAMI1 was efficiently synthesized
through a C—C Sonogashira-type coupling reaction with 1-
bromo-2-butyne. Compound BAMI has an aldehyde func-
tional group on one terminus of the molecular chain that
can readily be engaged in condensation reactions with
primary amines, yielding in a straightforward manner imines
(Figure 3a). To employ the correct linear shape and after
optimizing the reaction conditions, we achieved efficient
imine formation between BAMI1 and three disparate
amines, yielding imines BAM2-4. In order to generate more
complex scaffolds with the suitable physicochemical proper-
ties and introduce new modalities via multiple key compo-
nents, each time in a single step, we employed MCR
chemistry. To this end, we elegantly converted fluorescein,
coumarin and benzophenone moieties into isocyanide
components (Supporting Information). Utilizing a GBB-
3CR reaction, straightforward access to imidazo[l,2-
a]pyridines was provided in only one step.” In this 3-
component reaction, we used BAM1, 2-aminopyridine, and
four different isocyanides, to furnish compounds BAMS-8.
Next, the P-3CR was harnessed as an alternative 3-
component reaction. It involves a carbonyl compound, a
carboxylic acid and an isocyanide and yields products
characterized by a more compact and less intricate core. In
all cases, BAMI1 reacted with acetic acid and different
isocyanides to yield compounds BAM9-11,13,14. In case of
BAMI12, to introduce the azobenzene moiety, acetic acid
was replaced by azobenzoic acid 5. Finally, to further
investigate the scope and limitations of the new BAM
compounds, we attempted to synthesize compounds with

Angew. Chem. Int. Ed. 2025, 64, €202418291 (3 of 10)

increased complexity. The U-4CR reaction was performed
between BAMI, acetic acid and different isocyanides and
amines, resulting in the formation of the compounds
BAMI15-17. We also employed the UT-4CR." The tetrazole
ring imparts valuable properties to drug molecules, influenc-
ing their bioavailability, metabolic stability and target
interactions."*! BAM18 and 19 were synthesized, using
BAMI1, TMSN;, isocyanocyclohexane and benzylamine or 2-
isocyano-2-methylpropane and propan-1-amine, respec-
tively. All the synthesized BAM compounds were isolated in
good to excellent yields (Figure 3b). Additionally, control
compounds (C1-11, Figure 4e) lacking the bis-alkyne moiety
or other important structural elements, were also purchased
or synthesized (Supporting Information).*!

Inhibitory Characterization of BAMs

We next sought to characterize their binding potencies and
kinetics. The newly synthesized BAM compounds were
screened for inhibition against human 15-LOX-1 as de-
scribed previously.'** =% IC,, values were determined for all
the compounds, which showed potencies in the low-micro-
molar range (Figure 3b, 4d). In line with our initial chem-
informatic analysis, we have found that linear lipophilic
compounds proved to be more potent, with BAM3, for
example, having an ICs, of 0.15uM. Furthermore, the
identified pharmacophore components from the fragments
(e.g. 4-bromophenyl isocyanide, propylhydrazine, acetic
acid) seem to contribute positively in the inhibitory activity
of compounds, such as, BAMS and BAM11. Conversely,

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Synthesis of BAM compounds. a) Reagents and conditions: a) PCC, dry DCM, rt, 2 h; b) 1-bromo-2-butyne, Cul, Nal, K,CO;, DMF, rt,

48 h; c) hydrazine, MeOH, rt or benzohydrazide, THF, rt, 16 h; d) 2-aminopyridine, isocyanide, Sc(OTf);, MeOH, r.t. or 45°C, 16-24 h; e) carboxylic
acid, isocyanide, DCM, rt, 12 h; f) amine, isocyanide, carboxylic acid, MeOH, r.t., 1624 h; g) amine, isocyanide, TMSN,, MeOH, 45°C, 16-24 h. b)
The libraries of the synthesized BAM compounds obtained from different reactions with their corresponding yields. The color represents the
inhibitory value (ICso in nM scale, 20 min preincubation) as shown. The symbol represents the potential application of the compound,

: photo-switchable; magnet: inhibitor; star: probe; anchor: cross-linker.

branched and bulky components (e.g. tert-butyl- or
cyclohexyl isocyanide) demonstrated lower activity, as seen
in BAM9 and BAM18.

As expected from our conceptual design, the ICy, values
for all BAM compounds proved to be time-dependent, with
a difference observed between preincubation times of 10
and 20 min, indicating irreversible inhibition (Figure 4b, d).
This difference varies between the BAM compounds, from
slightly, in the case of BAMS3, to a lot, in the case of BAM2
(Figure 4b, d), possibly as a result of their initial binding
pose. The same is not true for the control compounds
missing either the BA unit or where the BA has a
substituted methylene group (Figure 4b,e and Figure S1).
Further analysis using Lineweaver—Burk plots showed non-
competitive inhibition for BAM1 (Figure 4a and Figure S2).
This result supports the model in which the compounds bind
irreversibly through the BA moiety. To verify this and
further investigate the mechanism of covalent modification,
we pre-incubated BAM3 with purified 15-LOX-1, followed
by an in-gel digestion protocol and mass spectrometry (MS)-
based proteomics,” mapping for the first time the preferred
target residues from binding site of human 15-LOX-1. The
analysis identified the tryptic peptide sequence [YTLEINV-
RAR] with amino acids 395-404 displaying a mass increase
of +230 Da, corresponding to an adduct of BAM3. Our
findings pointed out the area at the entrance of the active

Angew. Chem. Int. Ed. 2025, 64, €202418291 (4 of 10)

site, close to the iron and specifically at the amino acids
Y395, T396 and L397, as the attachment site (Figure 4c and
Figure S4,5). These findings align with our current struc-
tural understanding of 15-LOX-1, suggesting that the
formation of the radical allenic intermediate, which requires
iron, preferentially occurs near these residues due to their
proximity to the active site.

Another remarkable finding is that the complexity
achieved with some BAM compounds translates into
substrate-specific inhibition, which may impact the regula-
tion of specific mediators without impacting the biosynthesis
of others formed from different fatty acids."”” While the
more compact BAMS exhibits higher potency when LA was
used as substrate (1.5 folds), the extended BAM10 behaves
conversely, demonstrating inhibitory potency only for the
oxygenase activity of AA (14 fold) (Figure 4f). Finally, we
examined the target selectivity profile of our most potent
inhibitor BAM3, between human 15-LOX-1 and soybean
LOX, which is an isoenzyme from plants with high structural
similarity.’” We found a 4-fold difference in the inhibitory
potency in favor of human 15-LOX-1, showing that BAM3
has a significant degree of selectivity (Figure 4g).

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. Exploring the nature of inhibition. a) Lineweaver—Burk plot of BAM1. b) Inhibition of 15-LOX-1 with the 1Cs, graphs of 10 and 20 minutes
of incubation with BAM2 (left) and C6 (right). c) The active site of human 15-LOX-1. Residues Y395, T396 and L397, identified by MS experiments,
are shown in orange sticks. d) Table of ICy, values (10 and 20 minutes) of the synthesized BAM compounds. All values are reported with their
standard deviation. e) Chemical structures of control non-covalent compounds, with key structural elements highlighted. f) 1Cs, curves showing
the different inhibitory potencies of BAMS5 (left) and BAM10 (right), using AA or LA as substrates in the enzymatic reaction. g) Inhibition of 15-
LOX-1 and soybean LOX with the 1Cs; curves after 30 min incubation with the compound BAM3. All experiments were performed in triplicates

(n=3), and the standard error is reported.

Exploring the Features and Potential of BAMs

Our versatile portfolio of BAM tools covers a wide range of
applications in chemical biology, where they can be used to
probe and manipulate biological systems at the molecular
level. With this new generation of activity-based probes, we
are able to detect our enzyme in a single step, without the
need of additional biorthogonal reactions for protein
labeling.l*#7**Y Using our rapid and innovative synthesis,
we have developed a range of BAM probes, having different
molecular features and fluorescence tags (Figure 3b). An
appropriate probe must exhibit good and fast binding to the
target-enzyme, alongside  optimum  physicochemical
properties.”” BAM10 and BAM14 proved to be our best
examples, carrying a fluorescein and coumarin tag, respec-
tively, with the necessary linker. After characterizing their
time dependent inhibitory potency and absorption/emission
spectra (Figure 5a,b), BAM10 or BAM14 were applied in
labeling experiments on the recombinant purified enzyme
15-LOX-1. Initially, the probe was incubated for a short
time with the purified enzyme, followed by an acetone
precipitation. BAM14 clearly labeled the enzyme 15-LOX-1

Angew. Chem. Int. Ed. 2025, 64, €202418291 (5 of 10)

in contrast to the control experiment, while the excess probe
remains in the supernatant (Figure 5c). Moreover, reduced
labeling of the enzyme (dot-blot experiments) was observed
when ThioLox, a known 15-LOX-1 inhibitor,*! was applied
prior to the probe BAM10, whereas a control experiment
without 15-LOX-1 demonstrated no differences (Figure 5S¢
and Figure S6). This result demonstrates an activity-based
labeling of 15-LOX-1 in a single-step, using this approach.
Another remarkable feature of BAM14 is its ability to sense
Fe*", highlighting its potential as an advanced molecular
chemosensor for ferroptosis.”®”) In the presence of an
accumulated amount of iron, the absorbance of BAMI14
increased (Figure S7) while at the same time its fluorescence
decreased accordingly due to specific quenching (Figure 5d).

Subsequently, employing the principles of high-precision
photo-pharmacology,®® our novel light-controlled com-
pounds gave us access to on demand local photoactivation
of 15-LOX-1 inhibition. We incorporated azobenzene and
(acyl)hydrazones moieties into our BAM compounds (Fig-
ure 3b), aiming for easy geometric conversion upon UV
irradiation which should allow us to harness the significant
differences in inhibitory potency that are predicted to exist
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Figure 5. The photo-induced features of BAMs. a) The absorption/emission spectra of BAM14. b) The absorption/emission spectra of BAM10. c)
The fluorescence of BAM14 (left) or BAM10 (right) after labeling of 15-LOX-1. Emission spectra for the supernatant (yellow) and resuspended
pellet (cyan) after acetone precipitation. A blank sample of acetone is represented with black (left). Dot-blot (fluorescence) of BAM10-treated 15-
LOX-1, with or without preincubation with ThioLox. Control experiments in the absence of 15-LOX-1 is shown in the bottom. Experiments were
performed in duplicates (n=2). d) Emission spectra of BAM14 in presence of 5 and 20 equivalents of Fe’". e) Absorption spectra of BAM12
showing the conversion from the E to Z conformation upon increasing exposure time of UV light, and return to the E conformation after heat
treatment. f) Reversible photochromism of BAM12 (5 cyclic irradiations). g) Inhibitory potency of BAM12 before and after UV irradiation. h)
Inhibitory potency of BAM13 before and after UV irradiation. All ICs, experiments were performed in triplicates (n=3), and the standard error is
reported. i) SDS-page reveals increasing crosslinked protein species, after incubation of BAM13 (or DMSO: C) with cell lysate (with overexpressed
15-LOX-1) and application of UV irradiation for 0, 10, 20 and 30 min (L: protein ladder).

between the E- and Z-conformer. BAMI12 emerged as the
optimal choice, displaying swift isomerization from the E- to
Z-conformer within only 2 min (!) under UV irradiation at
365 nm with reversion to the E conformer upon heating
treatment (10 min at 40°C) (Figure 5Se, f and Figure S8). To
investigate the above, we used NMR characterization to
look at the products obtained after UV irradiation, revealing
a 1:1 ratio of E- to Z-isomers with the appearance of
distinct characteristic peaks (Figure S9). This light-induced
isomerization leads to structural changes that consequently
modify the inhibitory activity. Indeed, the inhibitory potency
of BAM12 increases significantly when it acquires the Z-
conformation (Figure 5g). The advantage and uniqueness of
our BAM-light-controlled inhibitor lie in the covalent nature
of the anchoring that enables prolonged therapeutic efficacy
at reduced doses.”

In addition, we developed a BAM photo-crosslinker,
functionalizing a benzophenone moiety via our novel
methodology (Figure 3b). The BAMI13 compound is
switched from bio-silent (ICs, >100 uM) to bioactive upon

Angew. Chem. Int. Ed. 2025, 64, €202418291 (6 of 10)

UV irradiation (10 min), with an ICy, value of 4.8+1.8 uM
(Figure 5h). Control experiments that verify equal enzyme
activity upon UV irradiation have been successfully per-
formed (Figure S10a). To explore the potential of BAM13
to be used as a protein crosslinker, we performed gel-based
experiments using 15-LOX-1-overexpressing cell lysates
treated with BAM13 and subjected to UV irradiation for
different exposure times. We observed three distinct protein
bands that increased in intensity in an irradiation time-
dependent manner, which were not visible in the negative
control (Figure 5i and Figure S10b). The bands with MW
higher than that of 15-LOX-1 (indicated with arrows in
Figure 5i) suggest that the benzophenone of BAM13 may
crosslink to protein partners of 15-LOX-1, including poten-
tial homo-oligomers or interaction partners. These findings
indicate that BAM13 may be a valuable tool for investigat-
ing 15-LOX-1 oligomerization and mapping its interactome
in complex biological systems.
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Applications of BAM Compounds in a Cellular Model

We next explored the applicability of our newly synthesised
BAMI10 in a cellular model. Previously, 15-LOX-1 has been
visualized in cells using a biotinylated probe, necessitating
additional steps such as cell fixation and subsequent
fluorescent labelling via conjugation to streptavidin.*!! The
presence of the fluorescein moiety on BAM10 on the other
hand eliminates this need and may enable live-cell imaging.
RAW 264.7 macrophage cells that express endogenous 15-
LOX-1 were chosen as a model system, as in previous
studies.!7*% Tnitially, we evaluated the cell permeability
of BAMI10 by treating live cells (in situ, on the microscope)
and immediately recording images to follow its cellular
uptake. BAM10 was taken up by cells rapidly and reached
saturation within 8 minutes (Figure S11). On the other hand,
free fluorescein was impermeable within the timeframe of
our experiment (Figure S12), suggesting that our BA
scaffold is highly permeable. Thus, BAMI10 is a cell-
permeable probe suitable for live cell imaging.

In cellulo target engagement of 15-LOX-1 by BAM10
was then investigated in a cell-based competition assay
(Figure 5a, top) using a confocal microscope. We reasoned
that if the observed labelling by BAM10 corresponds to 15-
LOX-1 in cellulo engagement, then competition with 15-
LOX-1 inhibitors will result in lower total cell intensity;
especially, if this occurs in dose-dependent manner. As
competitors we used BAM3, as an untagged derivative of
BAM10, and ThioLox."™¥! 5 uM of BAM10 was used in the
competition assay, as this is close to its ICs. While
competition with an equimolar concentration of either
BAM3 or ThioLox was not significant, increasing the
concentration of either competitor 10-fold, resulted in a
reduction of BAM10 fluorescence intensity (Figure 6b, ¢ and
Figure S13). For the latter competitor, the intensity de-
creased almost to background levels, indicating that Thio-
Lox has superior permeability and/or stability in cells
compared to BAM3 (given that both have high binding
potency, low ICs,). These results indicate that BAMI10
engages with 15-LOX-1 in live cells.

Our MS and acetone precipitation experiments showed
that BAM10 binds covalently with purified 15-LOX-1. In
order to evaluate whether this reaction takes place in the
complex environment of cells, we took images of live cells
following excessive washes of BAMI10 (following a 16-
minute incubation). While the total BAM10 fluorescence
had decreased following the washes, our analysis clearly
indicated that BAM10 labelling is retained for at least 30
minutes post washing (Figure S14). To further explore
whether this is due to binding, we designed an irreversibility
assay where live cells are initially incubated with BAM10 for
various durations and then treated with ThioLox for 1 hour
before imaging (Figure 6a, bottom). In line with our
permeability assay, BAM10 intensity without competition
reached saturation at just 3.75 minutes (it is important to
note that BAM10 incubation was at 37°C in this instance, as
opposed to the permeability assay which was performed at
rt) and remained constant even in the 2-hour time period.
On the other hand, BAMI10 fluorescence intensity in
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samples with a 10-fold excess of ThioLox was highly
dependent on time. The higher the pre-incubation time of
BAMI10, the less effective the competition from ThioLox
became. Given that BAM10 labelling does not increase with
time, collectively these results indicate that prolonged pre-
incubation may enable a higher percentage of covalent
BAM10 complexes to form (which do not simply rely on
proximity and non-covalent binding), reducing the ability of
ThioLox to competitively displace the BAM10.

Investigating Novel Protein Targets in Vivo

Finally, we set out to explore whether BAM10 can be used
as a probe to detect lipoxygenases in another model system.
Caenorhabditis elegans (C. elegans) is one of the most
extensively studied systems in biology, known for its ease of
culture and manipulation, as well as its suitability for in vivo
imaging. Despite these advantages, there are currently no
reported enzymes with lipoxygenase activity from C. elegans.
Initially, we performed a BLAST analysis to identify C.
elegans genes that share sequence identity with 15-LOX-1.
This analysis identified four uncharacterized genes with
sequence identities ranging from 28 % to 36 %; F07C6.4,
F44B9.8, M70.1 and M70.3 (Figure 6e and Figure S15).
Encouraged by this, we first assessed whether BAMI10,
supplemented in the food source, could be taken up by the
worms. In vivo imaging of BAM10-treated animals showed
increased fluorescence in the pharynx and the intestine,
which was significantly higher than the background (Fig-
ure 6f and Figure S16b). Crucially, 5 yM BAM10 did not
cause any development delay in the worms, as opposed to
paraquat-treated animals used as a negative control (Fig-
ure 6g and Figure S16a). Subsequently, we performed com-
petition experiments, using both BAM3 and ThioLox, to
explore whether the labelling corresponded to specific
binding. For these experiments, we focused on quantifying
the fluorescence in the pharynx as it can be easily
distinguished and it is the first organ that BAM10 reaches
upon ingestion. Consistent with our cellular experiments,
both competitors reduced BAM10 fluorescence intensity,
with ThioLox being, once again, more effective (Figure 6h).
Lastly, in order to explore whether the observed binding
involves any of the hits from BLAST, we performed reverse
genetics experiments where individual genes are down-
regulated by RNA interference (RNAi). We reasoned that
if BAM10 labelling is related to any of the genes, then its
labelling should decrease if the corresponding protein levels
are reduced. Using the Ahringer RNAI library, we obtained
three out of the four RNAIi constructs (excluding M70.1)
and used these in C. elegans. Worms grown on RNAI plates
were treated with BAM10 and images were subsequently
taken. Imaging analysis revealed that the fluorescence
intensity of BAM10 decreased upon F07C6.4 and M70.3
RNAI (as opposed to F44B9.8 RNAIi) (Figure 6h). As both
genes are uncharacterized, we used the AlphaFold3 server
to predict their potential to bind lipids, using oleic acid as a
model substrate, as it is the only available unsaturated lipid
in the server. As a control, we initially performed the
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Figure 6. BAM10 in live cell and in vivo imaging applications. a) Workflows for competition and irreversibility assays to assess in cellulo target
engagement of 15-LOX-1 by BAM10, using confocal microscopy. RAW 264.7 cells were seeded on glass-bottom dishes and treated in situ. b)
Representative images of live cells pre-treated with either DMSO or BAM3 (50 uM) or Thiolox (50 pM) and subsequently labelled with 5 yM
BAM10. c) Boxplot showing the quantified intensity per cell area from experiments in b. d) Irreversibility assay where live cells were initially
incubated with BAM10 for various durations (3.75 to 120 minutes) and then treated with DMSO or ThioLox (50 pM) for 1 hour before imaging. e)
BLAST results showing C. elegans genes with high sequence identity to 15-LOX-1. Colored sequence regions correspond to the highlighted colored
areas in the 15-LOX-1 structure. f) 16-hour incubation of C. elegans with BAM10 leads to significantly higher fluorescence intensity on the pharynx
and the intestine. g) Stereoscope images of C. elegans on NGM plates treated with DMSO (Ctr), paraquat (PQ) or BAM10. C. elegans grown on
BAM10 reached similar sizes and showed normal egg development in their gonads, comparable to control samples. Additionally, unlike the
negative control (PQ-treated plates), BAM10 does not appear to repel animals from the food source. h) Box-plot of the quantified intensity per area
from experiments using 5 pM BAM10 (left) pre-incubated with DMSO or BAM3 (50 uM) or Thiolox (50 uM), (right) on RNAi constructs. Cell
culture experiments were performed in triplicates (n=3). Seven or more cell areas were acquired per replicate. For the C. elegans experiments, up
to 25 animals per condition were used. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

binding prediction for 15-LOX-1. As expected, 15-LOX-1 is
predicted to bind the lipid with high confidence, the binding
site of which is located in the same pocket as previously
crystallized rabbit LOX (PBD: 1LOX, 2POM) (Figure S17).
Among the C. elegans genes used in the AlphaFold3 server,
M?70.3 has the most appropriate values above the threshold
for a reliable model. These results demonstrate for the first
time the existence of unknown enzymes with potential
lipoxygenase activity in C. elegans, underlining the unique
applicability of BAM10 to animal systems.
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Conclusion

The discovery and optimization of small molecule modula-
tors have traditionally been hampered by challenges such as
lack of specificity, poor pharmacokinetics, and the time-
intensive nature of conventional screening processes. In this
work, we addressed these limitations by developing a
streamlined and efficient methodology designed to enhance
the discovery of molecules with improved properties. Our
approach leverages MCRs to rapidly, in a single step,
generate a diverse library of tool compounds. This innova-
tion enables the simultaneous exploration of a broad
chemical space, thereby increasing the likelihood of identify-
ing potent and specific molecules.
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Herein, we generated a versatile chemical toolbox by
incorporating the BA moiety, a known selective covalent
warhead for human 15-LOX-1. This is an essential enzyme
that occupies a central role in regulating crucial mechanistic
pathways associated with a wide array of pathologies. Fully
understanding the role of this enzyme in these complex
pathways requires small molecules that can modulate its
function. By performing cheminformatic analysis of previous
15-LOX-1 inhibitors and harnessing this selective covalent
warhead, we synthesized and characterized a range of BAM
compounds. These compounds have incorporated strategic
elements, endowing them with different unique features for
protein labeling and on-demand inhibition. We fully charac-
terized the covalent nature of our compounds, performing
enzyme inhibition and kinetic analysis as well as MS-based
binding site mapping. Our findings suggest that the attach-
ment site is located at the entrance of the active site, near
the iron, specifically involving amino acids Y395, T396, and
L397. Among others, we have developed a very potent in
the low nanomolar range inhibitor (BAM3), along with easy
access to a chemo-sensor (BAMI14), a light-controlled
inhibitor (BAM12) and a cross-linker (BAM13) switching
from bio-silent to bioactive forms upon UV irradiation.
Most importantly, we have also developed a cell-permeable,
non-toxic, activity-based probe (BAM10). We have explored
the features of this exceptional probe in live cell and in vivo
imaging applications, demonstrating its ability to label 15-
LOX-1 based on its activity, by evaluating known 15-LOX-1
inhibitors, such as ThioLox. Additionally, the probe enabled
the in vivo identification of novel, previously unknown
protein targets with potential lipoxygenase-like activity in C.
elegans.

The versatility and efficiency of our methodology not
only facilitate the development of diverse chemical modu-
lators but also open new avenues for drug discovery and
biological research. By providing a robust platform for the
rapid synthesis of small molecules, this approach signifi-
cantly increases the potential for discovering therapeutically
relevant compounds with desirable specificity and pharma-
cokinetic profiles. Importantly, our methodology holds
significant promise for applications in various protein
targets, beyond 15-LOX-1, laying the groundwork for future
advancements in the field of chemical biology.
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