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Capitalizing on our previous kinetic target-guided synthesis (KTGS)
involving the sulfo-click reaction to form N-acylsulfonamide-linked
inhibitors in the presence of the protein—protein interaction target
Mcl-1, we herein report a seleno-click approach for amide-linked
inhibitors of Mcl-1. The seleno-click reaction leverages the
enhanced reactivity of selenocarboxylates, enabling the templated
amidation with electron-rich azides, thereby expanding the scope
of KTGS. The potential of this approach is demonstrated by gen-
erating N-benzyl-5-(4-isopropylthiophenol)-2-hydroxyl nicotina-
mide, a known Mcl-1 inhibitor featuring an amide, via KTGS at
37 °C against Mcl-1. Notably, the seleno-click strategy was also
effective at 4 °C, offering a variant for thermally sensitive biological
targets.

Since its inception over two decades ago, kinetic target-guided
synthesis (KTGS) has emerged as a promising tool in the field of
fragment-based lead discovery."® This elegant approach
involves the biological target itself, which facilitates a chemo-
selective reaction between two fragments bearing complemen-
tary functionalities, generating a bidentate ligand with higher
affinity compared to its precursors. For example, in the pio-
neering work, Sharpless and co-workers demonstrated that the
Huisgen 1,3-dipolar cycloaddition reaction between azides and
alkynes in the presence of acetylcholine esterase resulted in the
discovery of femtomolar inhibitors of acetylcholine esterase.”®
Since this seminal report, several KTGS variants that rely on
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additional ligation reactions with bioorthogonal characteristics have
been developed; examples include amidations (conventional® or
sulfo-click'®'"), N- or S-alkylations,”™" oxime formations,* thio-
Michael additions," epoxide ring openings,'® Ugi reactions,"” and
Mannich reactions.'®

Despite noteworthy advances, the sluggish reaction kinetics
of the triazole-forming click reaction posed challenges in
applying this method for non-enzymatic systems, specifically
the seemingly ‘undruggable’ protein-protein interaction tar-
gets. To overcome this challenge, we successfully employed the
sulfo-click reaction, reported by Williams and co-workers," to
identify novel protein-protein interaction modulators (PPIMs)
of the proteins of the Bcl-2 family.'®***! Benefiting from the
superior reaction rates between thioacids and sulfonyl azides,
this chemoselective reaction affords N-acylsulfonamides, thus
providing a robust and highly efficient screening platform for
rapid identification of PPIMs (Scheme 1a).>**' Although pro-
mising, the reactivity profile of this transformation relies on
electron-deficient sulfonyl azides and limits its KTGS applica-
tion to the discovery of inhibitors containing an acylsulfona-
mide moiety. Therefore, we envisioned overcoming this
constraint by replacing the thioacids with their more reactive
chalcogen analogs, specifically the selenocarboxylates. We
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Scheme 1 An overview of past and current KTGS amidations.
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hypothesized that if the enhanced nucleophilicity of selenocar-
boxylates can compensate for the reduced electrophilicity of
electron-rich azides compared to electron-poor sulfonyl azides,
this approach could enable access to amides, further expanding
the scope of KTGS. This would also contrast with the KTGS
amidation approach by Rademann and coworkers (Scheme 1b),’
which depends on classical amidation conditions involving an
activated carboxylic acid as an electrophile and a free amine as a
nucleophile.

Herein, we report for the first time the use of the seleno-click
reaction in KTGS (Scheme 1c). The power of this strategy was
showcased through the Mcl-1-templated assembly of a known
Mcl-1 inhibitor featuring an amide bond. Impressively, the
superior reactivity of selenocarboxylates enabled KTGS screen-
ing even at 4 °C, presenting tantalizing prospects of performing
these reactions in complex biological systems, including
live cells.

To explore the potential of a seleno-click amidation in KTGS,
we chose an anti-apoptotic protein Mcl-1, from the Bcl-2 family,
as the biological target. The Bcl-2 protein family is an important
target for cancer therapy as it plays a central role in regulating
apoptosis (programmed cell death). Previously, the Manetsch
laboratory demonstrated that the Bel-xL'®?>** and Mcl-1-
mediated*’ assembly of N-acylsulfonamides using the sulfo-
click amidation between in situ generated thiocarboxylic acids
and electron-deficient sulfonyl azides at 37 °C is well suited for
KTGS. The vast majority of KTGS approaches, including our
original sulfo-click approach, are limited by the insufficient
sensitivity of the single quadrupole mass spectrometer (LC-MS-
SIM). This limitation requires incubation of samples contain-
ing the protein target and only two complementary reacting
fragments at temperatures of 20 °C or 37 °C." In contrast,
using a triple quadrupole mass spectrometer in a dynamic
multiple reaction monitoring mode (LC-MS/MS-dMRM), we
demonstrated that acylsulfonamide formation could be reliably
determined in incubation samples containing the protein
target and reactive fragments, giving rise to roughly 200 acyl-
sulfonamide combinations in one single well.'"*" This
increased sensitivity dramatically enhances the detection and
quantification of low-abundance compounds, thereby improv-
ing the KTGS approach overall.

Selenium, despite sharing some chemical properties with
sulfur, stands out due to its larger size and greater polariz-
ability. This unique characteristic makes selenium more
nucleophilic than sulfur. For instance, selenophenolate was
found to react with methyl iodide approximately 7 times faster
than thiophenolate in Sx2 displacement reactions, highlighting
the intriguing role of selenium in chemical reactions.>® Simi-
larly, studies have shown that selenocarboxylic acids facilitate
the formation of amides from azides more readily than thio-
carboxylic acids.?***> The seleno-click amidation is also char-
acterized by a high degree of chemoselectivity, produces no
undesired side products, and operates effectively under mild
reaction conditions.?***% In addition, most aromatic seleno-
carboxylate salts can be safely stored at —17 °C for at least one
month in an oxygen-free environment,> providing a practical
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approach for KTGS. In our current study, we performed the
seleno-click amidation of an in situ generated selenocarboxylate
with an electron-rich azide, with Mcl-1 serving as a template, at
incubation temperatures of 37 °C and 4 °C, respectively
(Scheme 1c).

Zhang et al.® recently discovered a potent Mcl-1 inhibitor,
N-benzyl-2-hydroxy-5-((4-isopropylphenyl)thio)nicotinamide 1,
through a fragment-based lead discovery approach. Nicotin-
amide derivative 1 effectively binds to the Mcl-1 protein with a
Ky value of 0.98 pM as determined by isothermal titration
calorimetry and exhibits an ICs, value of 54 nM. We envisioned
that this nicotinamide derivative 1, featuring a suitably placed
amide moiety, could serve as a perfect candidate to validate the
potential of the seleno-click amidation with an electron-rich
azide in KTGS. The carboxylic acid precursor 2, required for
synthesizing selenocarboxylate fragment 3 in situ, was prepared
using literature procedures.* Since the compounds containing
a hydroxynicotine core demonstrated a high affinity for Mcl-1,*
the selenocarboxylate fragment 3 that encompasses this core
was crucial for the Mcl-1 templated KTGS experiments. The
other fragment, benzyl azide 4, was purchased from a commer-
cial source. Next, Mcl-1-templated seleno-click amidations were
conducted at 37 °C using the in situ generated selenocarbox-
ylate 3 with the benzyl azide 4 (Scheme 2). The findings from
these KTGS experiments were meticulously examined via LC-
MS/MS and compared with the chemically synthesized nicoti-
namide derivative 1. Dynamic multiple reaction monitoring
(dMRM) was used for the analysis of nicotinamide derivative 1
because of its high sensitivity, specificity, and reproducibility.
The parent ion (m/z = 379 [M + H]') of the nicotinamide
derivative 1 and its two distinct fragmentation product ions
(m/z = 272 for acylium ion fragment and m/z = 91 for benzyl
carbonium ion fragment) were monitored. The results revealed
a ~9-fold increase in the formation of the amide-linked
nicotinamide derivative 1 in the templated reaction (with Mcl-
1 protein) compared to the background reaction (without
protein), demonstrating the successful application of the
seleno-click amidation in KTGS (Fig. 1a). To eliminate any
non-specific templating effect, we conducted a control experi-
ment using in situ formed benzoic acid selenocarboxylate 6 (a
fragment with no known affinity for Mcl-1) and benzyl azide 4,
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Scheme 2 Binary fragment KTGS approach using the seleno-click ami-
dation reaction.
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Fig. 1 Identification and quantification of nicotinamide derivative 1 by LC-
MS/MS-dMRM analysis of KTGS incubations of selenocarboxylate frag-
ment 3 with benzyl azide fragment 4 with and without Mcl-1. (a) LC-MS/
MS trace of incubations at 37 °C. (b) LC-MS/MS trace of incubations at
4 °C. (c) LC-MS/MS trace of the synthetic nicotinamide derivative 1 of a
known concentration (20 nM) as a standard reference compound.

both with and without Mcl-1 (see ESI,f Section S3.4 and
Fig. S1). The absence of the Mcl-1 templating effect with
benzoic acid selenocarboxylate 6 confirms that the specific
templating effect is indeed due to the affinity of selenocarboxy-
late 3 to Mcl-1.

Due to the superior reactivity of selenocarboxylates, we
decided to also perform the seleno-click amidation at 4 °C.
Performing KTGS at a lower temperature offers significant
advantages, such as maintaining the stability of biological
targets for extended periods during the screening process. This
is particularly advantageous for biological targets that are
unstable at room temperature (23 °C) or body temperature
(37 °C). It is also worth noting that certain proteins may attain
a different conformation at lower temperatures, which would
be inaccessible under standard KTGS conditions, offering
unprecedented opportunities. In addition, reducing the tem-
perature helps to decrease background reactions, thus enhan-
cing the templation effect.
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Notably, the seleno-click amidation at 4 °C led to the
formation of nicotinamide derivative 1, confirmed through
LC-MS/MS-dMRM and comparison to an authentic sample of
nicotinamide derivative 1. As expected, more pronounced tem-
plation was observed at 4 °C for the Mcl-1-mediated assembly of
the amide-linked nicotinamide derivative 1 (Fig. 1b). Our find-
ings reveal that the seleno-click amidation can be successfully
performed even at 4 °C, resulting in a remarkable ~26-fold
increase in amplification, compared to a ~9-fold increase at
37 °C. This translates to an approximately 3-fold improvement
in the KTGS process at 4 °C, highlighting the benefits of
conducting the screening at a lower temperature. This success-
ful application of seleno-click amidation in KTGS, using less
reactive electron-rich azide at both 37 °C and 4 °C, demon-
strates its potential to expand the chemical and biological
space for identifying new modulators targeting various bio-
logical entities. This research, which holds the potential to
inspire new approaches for developing novel modulators of
other challenging biological targets, has profound practical
implications for future research and development.

In summary, we have demonstrated that the seleno-click
amidation can be applied to KTGS for the templated assembly
of ligands featuring amides. In this proof-of-concept study,
nicotinamide derivative 1, a previously reported Mcl-1
inhibitor,*® was successfully generated from the corresponding
reactive fragments in the presence of Mcl-1, wherein the
templation effect was analyzed and confirmed using a triple
quadrupole mass spectrometer in dAMRM mode. Our findings
suggest that the significantly improved nucleophilicity of in situ
generated selenocarboxylates, compared to their sulfur coun-
terparts, can be harnessed to facilitate an amidation using less
reactive electron-rich azides, making it an attractive bioortho-
gonal reaction for applications in the KTGS field. Furthermore,
our research showcases the first example of successful imple-
mentation of KTGS at 4 °C, wherein most biological targets
remain stable for extended periods, reducing the risk of protein
denaturation. Additionally, KTGS at 4 °C exhibits a better
amplification than corresponding incubations at 37 °C, further
strengthening the potential impact of seleno-click amidations
in KTGS. We are currently synthesizing a library of selenocar-
boxylates to react with various electron-rich and electron-
deficient azides to discover novel modulators of protein-pro-
tein interactions using our previously developed multi-
fragment KTGS approach."*'

The experiments were proposed, designed, and supervised
by PTP and RM. LH conducted the chemical synthesis experi-
ments, while LH, PTP, and SSK conducted the KTGS experi-
ments. AW and PTP were responsible for the LC-MS/MS
analysis. PTP, RM, and SSK wrote the manuscript with assis-
tance from all authors, and all authors approved the final
version.
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