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Whilst most bioorthogonal reactions focus on targeting binding-site cysteine residues, proximity-
induced reactivity effect ensures that reaction also occurs at nucleophilic lysine residues. We report one
example here that the propargylated-sulfonium center undergoes a nucleophilic reaction with lysine
residue via proximity-induced conjugation. This propargylated-sulfonium tethered peptide resulting
from a facile propargylation of thiolethers, enables amino-yne reaction at the selected lysine on MDM4
protein. This strategy represents a viable approach of lysine-targeted covalent inhibition in proximity.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Proximity-induced conjugation on selected residues (e.g.,
cysteine, lysine or histidine), represents one interesting type of
covalent conjugation due to its spontaneity, site-specificity and
biocompatibility [1]. In recent years, targeted covalent inhibition
has undergone a major revival [2]. Multiple approaches have been
developed to selectively conjugate endogenously reactive amino
acid residues in proteins [3]. This strategy begins from reversible
and noncovalent binding interaction between protein-ligand
interaction (ligand-directed (LD) strategy [4]); the binding
interaction accurately positions a reactive functional group
preinstalled in the ligand to the vicinity of a thiol or €-amino
group nearby the ligand binding site of protein to form a covalent
bond. Therefore, the vast majority of covalent inhibitors to date
have been rationally designed to target amino acids in close
proximity to the ligand site.

Based on the nature of amino acids in proteins, Hamachi and co-
workers developed ligand-directed (LD) chemistry to specifically
conjugate proteins by labeling targeted residues in living cells [5].
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Recently, we also reported a propargylated-sulfonium center
triggered thiol-yne coupling for cysteine modification [6]. But the
relatively low abundance of cysteines in proteome [7] limits the
applicability and diversity of biorthogonal reactions, so other
nucleophilic residues, such as lysine have been extensively
targeted [8]. Lysine residues contain a potentially nucleophilic
primary amine that can be conjugated. The pKa of lysine ¢-amino
group on the surface of proteins is around 10.4 [9]. Therefore, at
physiological pH 7.4, 99.9% of these residues present as protonated
species and so are unavailable as nucleophiles. As many enzyme
active sites utilize a catalytic lysine residue, so covalent tagging on
these lysine residues can thus reveal useful information on the
enzyme [10].

MDM4 also known as MDMX, was discovered as a p53-binding
protein [11] with a strong similarity to MDM2 in primary amino
acid sequence [12]. High overexpression of MDM4 was identified
in a wide range of tumor types like sarcomas, carcinomas,
melanomas, and leukemias. MDM4 inhibition is likely to be a less
hazardous strategy than MDM2 inhibition for restoring p53
function in tumors [13]. Given the importance of MDM4 in p53
reactivation, the development of inhibitors to target MDM4 has
been designated a desirable therapeutic goal [14].

In this study, encouraged by the activity of propargylated-
sulfonium center in previous reports, we expected that propargy-
lated-sulfonium center could also induce amino-yne reaction on
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nucleophilic lysine residues and constructed propargylated-
sulfonium tethered peptide ligand for MDM4 conjugation model.
We first dissolved Boc-Lys-OH, Ac-Cys-OH and propargyl dime-
thylsulfonium in aqueous ammonium carbonate solutions (pH
8.0). The mixture was stirred at room temperature for 6h.
Unfortunately, we did not find product of sulfonium reacted with
lysine in the presence of cysteine (Fig. 1a), possibly because the
sulfhydryl group is more nucleophilic than amino group. However,
we detected that propargylated sulfonium did react with lysine in a
designed model without the presence of free SH. We mixed
propargyl dimethylsulfonium and Boc-Lys-OH in water for 12 h
and purified the mixture by HPLC to obtain the target product
(Fig. 1b).

To further elucidate the product structure, careful nuclear
magnetic resonance (NMR) experiments were performed, includ-
ing '"H NMR, >C{'H} NMR [15], heteronuclear singular quantum
correlation (HSQC), heteronuclear multiple bond correlation
(HMBC), and total correlation spectroscopy (TOCSY) (Fig. 1b and
Figs. S1-S6 in Supporting information). According to NMR data and
previous report [16], we proposed the product structure shown in
Fig. 1b. We envisioned that a proper ligand, better bulky in size,
may abate or even inhibit the reactivity of propargylated sulfonium
with protein cysteines not in vicinity of the interacting face and
make it a suitable warhead to target lysine in proximity. To
examine the reactivity of propargylated sulfonium in labelling
protein, we first constructed an unselective fluorescein isothiocy-
anate (FITC)-tagged propargylated-sulfonium probe to react with
MDM44met1-asp134 protein (with one Cys) and a Cys-Ser mutation
version (MD3CAmet1-asp134y Both of them clearly appeared to be
effectively labelled, indicating lysine residues could also be
labelled under physiologically relevant conditions (Fig. 1c).
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Fig. 1. (a) Proposed mechanism of thiol-yne reaction with nucleophiles of cysteine
residues or amino-yne reaction with nucleophiles of lysine residues. (b) '"H NMR
spectrum of 1b product (400 MHz in DMSO-dg) after amino-yne reaction. (c)
Labelling proteins of wild-type MDM44met1-asp134 gnd Mp3cAmet!-ash134 mytant in
the presence or absence of FITC-tagged propargylated sulfonium probe.
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Fig. 2. The propargylated-sulfonium Peptidey, bound MDM44™met1-3sP134 protein,
(a) Schematic representation of the synthesis of stapled SAHp53-8 Peptides with
Lys-Asp (KD) cyclization. (b) Gel shift showing Peptidexp upshifted MDM44£met!-
asP134 protein to a much higher molecular weight after conjugation at a 20 equiv.
conjugate reaction of Peptideyxp with MDM4 wild type and mutants. (d) Conjugated
site analysis of Peptidexp with MDM4 at K93 by MS/MS analysis.

For bulky ligands, we constructed peptide ligand for
MDM44meti-asp134 a5 shown in Fig. 2a. The SAHp53-8 peptide
sequence was chosen based on its extensive studies and clear
illustration of its crystal structure (PDB code 3V3B) [17]. MDM4
contains an internal motif, which is structurally analogous to the
intramolecular interaction to diminish the binding of MDM4-p53
interaction. Wang et al. reported that a stapled peptide covalently
bound to its target protein using sulfonyl fluoride exchange
(SuFEx). They improved its inhibition activity on the p53-MDM4

Propargylated-sulfonium based cyclic peptide

P
/

pH 8.0, PBS, 37 °C

—>

Amino-yne reaction

MDM4 (PDB 3jzp)

Scheme 1. The propargylated-sulfonium SAHp53-8 peptide (Peptidexp) bound
MDM44met1=asp134 hrotein (PDB 3jzp) under PBS solution.
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interaction by 10-fold via proximity-enabled bio-reactivity [18].
Here, we incorporated the propargylated sulfonium into the
MDM4 binder, SAHp53-8 peptide, to covalently inhibit p53-MDM4
interactions (Scheme 1).

Amino-terminal hydrophobic pocket of MDM4 interacts with
p53, thus, we stapled the SAHp53-8 peptide through Lys-Asp (KD)
cyclization (Fig. 2a). Therefore, we achieved the cyclic stapled p53
peptides (Peptidexp) to covalently conjugate MDM4Amet!-aspi34
protein ((PDB 3jzp) [19]) via ligand-directed biorthogonal reaction.
We confirmed the reaction of the SAHp53 peptides with
MDM44met1-asp134 protein in pH 8.0 PBS (protein/peptide 20/100
wmol/L, 37 °C, overnight). As shown in Fig. 2b, the SAHp53
peptides resulted from facile progargylation of thiolethers,
successfully bring alkyne group into proximity of the selected
lysine site (K93). As a result, the covalent linkage avoids
dissociation and effectively stabilizes the inhibition efficiency on
p53-MDM4 interaction. Among the SAHp53 peptides, Peptidekp
showed better performance in reaction efficiency among three p53
peptide derivatives and showed bonding saturation at 20 equiv.
(Fig. 2b). We then tested reaction rate of amino-yne reaction
between MDM4 protein and Peptidegp in PBS (pH 8.0) as shown in
Fig. S7 (Supporting information) and chose 12 h as reaction time.
To further test the conjugated site with Peptidexp, we mutated
Lys93 to Arg93 as MDM4 3C-KAmet1-asP134 mytant, there is no
conjugation between Peptidexp and MDM4 3C-KAmeti-aspi34
mutant (Fig. 2b).

Next, we tested the site selectivity of Peptidexp with wild type
MDM4Amet1-asp134 and jts mutants. lodoacetamide (IAA) was used to
compete the cysteine residues on protein with Peptideyp. There was
no change in labelling with cysteine competitor IAA as shown in
Fig. 2c, which further confirmed the lysine reactivity of propargy-
lated sulfonium. Then, we subjected the MDM4-p53 peptide
conjugate to proteolysis and analyzed the digested fragments by
nano LC-MS/MS. MS analysis of digested fragments confirmed the
ligand-directed and lysine-specific complex formation of Peptidekp
with MDM4. The symbol “*” in the peptide sequences indicates that
the preceding lysine residue reacted with the cross-linking reagent
fragmentation spectra of the [QSQQFKNM*WRLLDQN(e) +
QSFSVK*DPSPLYDMLRK(p)] cross-linked peptide exported from
pLabel v2.4.1 [20]. Some fragments identified are reported on the
sequences. A peak at 4003.680 Da was observed corresponding to
precursor mass (Mr+6H)®* of Peptidexp (a-chain) covalently
conjugated to MDM44met1-asp134 (5_chain) (Fig. 2d). It is noted that
N-term amine also reacted with our propargylated-sulfonium
alkyne. But in this LD strategy, N-term amine, far away from ligand
binding site, was not observed reaction trace with alkyne. From the
MS evidence we could confirm that propargylated sulfonium could
exclusively react with amino group on the lysine residue of protein
in proximity-induced reaction.

To study whether the Peptidexp could disrupt p53-MDM4
complexes and its regulation on p53 activity, we incubated the p53
peptide with MDM4 in breast cancer cells to measure p53-related
DNA damage pathway [21]. The cell viability was first tested at
increasing concentration (Fig. 3a). Peptidexp showed low toxicity
to MCF-7 cancer cells and 293 T cells at 50 pmol/L, consistent with
that of propargylated sulfonium was reported [6a]. Then we
demonstrated the usefulness of target p53-MDM4 in regulation of
DNA-damaged cells. Western blot analysis showed that the level of
YH2AX protein was significantly increased in treated MCF7 cells in
response to DNA damage induced by 50 pwmol/L doxorubicin for
12 h, compared with that of parent cells (Fig. 3b). However, there
was only slightly increase in the level of yH2AX protein in MCF7
cells incubated with the Peptideyp for 12 h compared to that that of
cells without p53 peptide (Fig. 3b). This phenomenon validated the
propargylated-sulfonium p53 peptide as inhibitor of p53-MDM4
binding.
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Fig. 3. Effects of propargylated-sulfonium p53 peptide inhibitor on regulation of
DNA damage in MCF7 cells. (a) Cell viability of MCF7 cells and 293 T cells showed
low toxicity of the propargylated-sulfonium p53 peptide. Error bars are shown as
mean + SEM of at least two independent measurements. (b) The propargylated-
sulfonium p53 Peptidekp inhibit p53-MDM4 binding in cancer cells. MCF7 cells
were incubated with 50 wmol/L peptide or equivalent volume of DMSO for
overnight, and the level of yH2AX was determined in protein in vivo by Western
blotting.

In conclusion, we showed an amino-yne type reaction triggered
by propargylated sulfonium center and a lysine in vicinity and
developed a propargylated sulfonium tethered p53 peptide
(Peptidekp) that can specifically conjugate lysine of MDM44met!-
asp134 protein upon proximity-induced biorthogonal reaction. The
propargylated sulfonium p53 peptide can be considered as MDM4
inhibitor to prevent p53-MDM4 binding, which forms the basis for
the therapeutic impact of MDM4 targeting. With further undergo-
ing studies, we believed that the new propargylated sulfonium-
strategy could be optimized in other residues’ modification and be
extended in more biological applications, such as MDM4 inhibitor
design and antibody conjugated drug development.
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