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1 | INTRODUCTION

Most cellular processes are governed by a complex network of
protein-protein interactions (PPI). The sum of these interactions, the
interactome, consists of about 650,000 contacts, of which only
14,000 have been studied so far.!? Protein-protein interactions (PPI)
are determined by the structural characteristics of the involved bind-
ing partners.® Individual protein stretches can fold into secondary
structures like a-helices, p-sheets or turns which are crucially involved
in the recognition process. Modulators of PPIs are considered to
expand the scope of the druggable genome.*~® However, addressing
PPIs using small molecules has proven challenging due to the rather
flat and large interaction interfaces and the absence of traditionally
addressed binding pockets or enzymatic cavities.® As a consequence,
small molecules frequently lack sufficient binding affinity and
selectivity.”"? As an alternative, peptide binding epitopes derived from
a given PPl interface were explored as starting points for the develop-
ment of inhibitors (Figure 1A). These peptide binding epitopes are
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Protein-protein interactions (PPI) are involved in all cellular processes and many rep-
resent attractive therapeutic targets. However, the frequently rather flat and large
interaction areas render the identification of small molecular PPI inhibitors very chal-
lenging. As an alternative, peptide interaction motifs derived from a PPl interface can
serve as starting points for the development of inhibitors. However, certain proteins
remain challenging targets when applying inhibitors with a competitive mode of
action. For that reason, peptide-based ligands with an irreversible binding mode have
gained attention in recent years. This review summarizes examples of covalent inhibi-

tors that employ peptidic binders and have been tested in a biological context.
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defined by their secondary or tertiary structure in their bound state.
Stabilizing this bioactive conformation using intramolecular crosslinks
and other modifications was found to improve target affinity, cellular
uptake and peptide stability (Figure 1A).10-1°

Nonetheless, the targeting of PPI interfaces remains challenging
with classic competitive inhibitors. Alternatively, inhibitors that exhibit
an irreversible covalent mode of action have proven efficient in such
cases and enabled targeting of traditionally ‘undruggable’ proteins as
exemplified by the approval of KRAS(G12C) inhibitor sotorasib.t%”
Prominent examples of approved drugs that trigger the covalent mod-
ification of target proteins and bind active sites to inhibit enzymatic
activity involve aspirin, penicillin and clavulanic acid.®®"2° In the past,
many first-in-class covalent drugs were identified serendipitously and
their mode of action elucidated thereafter.?2?2 Notably, aspirin has
been marketed since 1899 and its mechanism was only elucidated in
the 1970s.2%2* Many of these mechanism-based inhibitors mimic a
substrate transition state to enable covalent modification of a cata-
lytic amino acid residue.?®2°"2” Covalent inhibition offers several
advantages: often, even binders with only moderate affinity can show

high potency due to prolonged target residence time and extended
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duration of action.?87%C This enables the minimization of binding scaf-
folds, thereby increasing their ‘drug-likeness’. Furthermore, irrevers-
ible inhibition is particularly advantageous when competing with high
concentrations of endogenous ligands.2®

In recent years, the clinical success of drugs with a covalent mode
of action has led to a renewed interest in irreversible inhibitors.3* In
particular, bifunctional molecules consisting of a binding scaffold dec-
orated with a protein-reactive functional group (modifier), so-called
targeted covalent inhibitors, attracted attention.3%%% Notably, such
inhibitors usually target non-catalytic nucleophilic residues located in
proximity to the binding site, thereby expanding the scope beyond
enzyme inhibtion.3* There is a growing number of examples that use
peptide-based scaffolds as the basis for the design of targeted cova-
lent inhibitors, mainly utilizing cysteine- or lysine-targeting modifiers
(Figure 1A). Herein, we summarize peptidic inhibitors, focusing on

examples that have shown activity in cell-based assays.

2 | ACRYLAMIDES

Acrylamides are commonly used protein-targeting electrophiles and
have been used to design peptide-based covalent inhibitors of the E3
ubiquitin ligase seven in absentia homolog (SIAH).3° SIAH affects HIF-
1a transcription factor levels and regulates key cellular events central
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FIGURE 1 (A) Structure-based design of a peptide-based targeted

covalent inhibitor. Top: Ligand binding site (grey) in proximity to a
nucleophile on the protein surface. Bottom: Introduction of a covalent
modifier (orange) in the peptide ligand (blue) results in the desired
covalent inhibitor. (B) Chemical structures of selected modifiers
discussed in this review.
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FIGURE 2

to cancer development and progression. The search for an inhibitor of
SIAH initially focused on the Drosophila adaptor protein phyllopod
due to its inhibition of SIAH-induced substrate degradation.3¢ A phyl-
lopod derived 23-mer peptide (PHYL) that binds with low micromolar
affinity to the substrate-binding domain of SIAH was developed
(Figure 2A) and a crystal structure of the complex was obtained.®”-*®
In addition, a peptide derived from SIAH-interacting protein (SIP) was
designed showing a similar binding mode as PHYL in complex with
SIAH1.%? The PHYL-derived sequence was used as starting point for
the development of an inhibitor and was initially truncated yielding
13-mer peptide BI-107D1 (Figure 2A) without loss of binding affinity.
However, efforts to improve the affinity did not result in sufficiently
active candidates, and therefore a covalent mode of action was pur-
sued. Different acrylamide-based modifiers were introduced at posi-
tion 123 of peptide BI-107D1 (BI-107F7, x = 4) to target a solvent-
accessible cysteine adjacent to the binding-site (SIAH C130,
Figure 2A). The electrophiles were incorporated by linking them to
the side chain amine of different lysine derivates. Various side chain
lengths were tested with ornithine (BI-107F11, x = 3, Figure 2B) pro-
viding the most potent setup. N-terminal implementation of cell pene-
trating peptides (CPPs) allowed for biological testing. TAT modified
BI-107F9 and P10 modified BI-107G3 attenuated SIAH-mediated
degradation of PHD3 with concomitant effects on HIF-1a levels in
cell-based assays.>®

The acrylamide modifier was also used to target anti-apoptotic B-
cell lymphoma 2 (BCL-2) protein family member BFL-1 with the inten-
tion of activating apoptosis in BCL-2 dependent cancer cells.*® The
crystal structure of BFL-1 in complex with the BH3 helix of the pro-
tein NOXA (Figure 3A, top)** revealed a BFL-1 cysteine (C55) in prox-
imity to the binding site, which was selected for covalent targeting.
Notably, none of the other BCL-2 family members contain a cysteine
close to the BH3-binding pocket. Previously, a BID BH3 domain had
been stabilized by the introduction of an i, i + 4 staple.*>~** NOXA
BH3 was thus stabilized in an analogous fashion (Figure 3B and C).?
Based on the crystal structure of NOXA BH3 amino acid, L21 was
identified as closest residue to BFL-1 C55 (d = 3.3 A, Figure 3A, top)
and different acrylamide-based modifiers N-terminally introduced
(NA-NOXA-SAHBA-m, Figure 3B and D). The acrylamide bearing D-
nipetoic acid modifier (3) was identified as most promising candidate
(Figure 3D). Later, binding of a related i, i + 7 stapled peptide (D-NA-
NOXA-SAHB,-3) to BFL-1 was confirmed by a crystal structure
(Figure 3A, bottom).*® In addition, a crystal structure of BFL-1 bound

~ SIAH
BI-107F7

N-terminus,

R

(A) Sequences and modification sites of PHYL-derived peptides and covalent inhibitors of SIAH. Chemical structure of the tested

acrylamide modifiers (x = 3 or 4) is provided. (B) Crystal structure of covalent inhibitor BI-107F7 bound to SIAH C130 (pdb: 4i7d).
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FIGURE 3

(A) Top: Crystal structure of NOXA BH3 (blue, pdb: 3mgp) and BIM BH3 (orange, pdb: 2vmé) bound to BFL-1 (pdb: 3mqp).

Bottom: Crystal structure of i, i + 7 stapled covalent inhibitor D-NA-NOXA SAHB bound to C55 of BFL-1 (pdb: 5whh). (B) Sequences and
modification sites of BFL-1, BCL-2A1 and MCL-1 binding peptides. (C) Scheme of the different employed crosslinks. (D) Chemical structures of

tested modifiers.

to the BIM BH3 helix was used as starting point for inhibitor design
(Figure 3A and B).*® Notably, BIM BH3 is a promiscuous binder of
BCL-2 family members. Again, an i, i + 4 stapled helical peptide was
used as a scaffold.*> Based on the crystal structure of BIM BH3
bound to BFL-1, BIM BH3 W147 was identified as closest to C55 in
BFL-1 (d = 3.6 A) and thus replaced with different N-terminal acryl-
amide modifiers (BIM-SAHB,, Figure 3A, C and D). Cell-based testing
revealed only limited cellular uptake of NOXA-derived inhibitors but
sufficient uptake of BIM-derived peptides. BIM-SAHBA-3 showed the
expected enhanced apoptotic response in different BFL-1-dependent
melanoma cells. Also, the covalent inhibitor BIM-SAHBA-3 showed
stronger effects than its non-covalent analog BIM-SAHB.

A similar approach was used to the target oncogenic BCL-2A1.4”
Again, a stapled BIM BH3-peptide and acrylamide-based modifiers
were used to target BCL-2A1 C55 (Figure 3A and B). Here, the
covalent mode of action was used to quantify intracellular target
engagement and guide ligand optimization. Unlike previously, the
modifiers were incorporated as lysine side chain modifications
(Figure 3B and D). The resulting BIM peptide 2 was shown to modify
BCL-2A1 in live cells. Data from molecular dynamics (MD) simulations
and mutagenesis studies revealed that the C-terminal region was less
important for binding to A1 and MCL-1 than for other BCL-2 pro-
teins.*® Thus, BIM peptide 2 was shortened by seven residues (BIM
peptides 3-10, Figure 3B). Moreover, two crosslinks were incorpo-
rated, either an i, i + 4 lactam and/or staple (Figure 3B and C), and a
variety of different combinations were examined. The BIM variation
E151L was found to improve selectivity for MCL-1/A1 and was thus
incorporated into BIM peptide 10 (Figure 3B, bold) which was shown
to modify intracellular Al. Interestingly, its non-covalent derivate
bearing a isosteric propionamide instead of the acrylamide modifier

also induced apoptosis of human melanoma cells (SKMel-28), reduced

cell viability in a dose-dependent manner and enhanced cell death by

anticancer drug etoposide.*”*®

3 | CHLOROACETAMIDE

Chloroacetamide is an electrophile that has been widely used to

49-52 and it was also employed to

address solvent-accessible cysteines,
generate covalent BFL-1 antagonists.>® Again, a shortened BIM BH3-
derived sequence®” (Figure 4A) was used as a template. An N-terminal
helix-inducing cap (Figure 4B) was introduced, which involves a lactam
bridge between the N-terminal backbone amine and the side chain
carboxylate of a (homo)glutamic acid at position 4 in the helix. Due to
the aforementioned close proximity of BFL-1 C55 and BIM BH3
W147 (Figure 3A, top), the residue was again chosen for the introduc-
tion of the modifier. Chloroacetamide was attached to the side chain
of diaminopropionic acid (Dap, Figure 4A and B). The resulting cova-
lent inhibitor 138C5 (Figure 4A) preserved its affinity for BFL-1 but
not for BCL-xI. Additional alanine substitution by helix inducing ami-
nobutyric acid residues (Aib) in peptides 138C7 and 138C8
(Figure 4A) had no major effect on binding affinity. Notably, inhibitors
138C5 and 138C8 induced apoptosis in SKMEL28 melanoma cell line
with high BFL-1 expression. A crystal structure of peptide 138C7
bound to BFL-1
(Figure 4C).>*

The chloroacetamide modifier was also used to interfere in

confirmed the anticipated binding mode

ephrin-B signalling, which is induced by stromal derived factor
1 (SDF-1) and regulates chemotaxis.>>>® Cell-cell contact initiates the
interaction of EphB with membrane-embedded ephrin-B which
recruits PDZ-RGS3 to its cytosolic C-terminus. This activates the
PDZ-RGS3 GAP (GTPase-activating protein) function, which inhibits
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FIGURE 4 (A) Sequence of BIM BH3 and derived N-capped
peptides with introduced modifications (* a-aminoisobutyric acid, Aib).
(B) Chemical structure of N-cap and chloroacetamide modifier in
138C5. (C) Crystal structure of 138C7 covalently bound to C55 of
BFL-1 (pdb: 2vmé). (D) Sequence of ephrin-B PDZ binding domain/
NCB1 and derived covalent inhibitor TAT-CB-6 with modification
sites. TAT refers to a HIV TAT cell penetrating peptide (CPP).

G-protein coupled chemoattraction induced by SDF-1. Inhibition of
PDZ-RGS3 could thus inhibit SDF-1-induced chemotaxis. A C-
terminal stretch of ephrin-B was used as a template for inhibitor
design (NCB1, Figure 4D). The chloroacetamide modifier was intro-
duced via diaminopropionic acid (Dap) at different positions of the
10-mer peptide, aiming at cysteines in the PDZ-RGS3 binding groove.
The two positions showing the highest modification efficiency were
combined with the yielding inhibitor CB-6. Subsequently, the cell-

57759 \was attached at the N-terminus to

penetrating TAT sequence
facilitate cellular uptake. The resulting covalent inhibitor, TAT-CB-6
(Figure 4D), was found to modify the target in COS-7 cells cotrans-
fected with PDZ2R%%2 and efficiently compete with complex forma-
tion. Furthermore, TAT-CB-6 was observed to prevent chemotaxis of
the neuroblastoma SH-SY5Y cell line towards SDF-1.>2

To investigate parameters influencing labelling efficiency,
chloroacetamide-modified peptides were used in a model system
employing the kinase-inducible (KIX) domain of human CREB binding
protein (CBP).° Here, the transactivation domain of mixed lineage
leukaemia (MLL) was used as a template for the design of a covalent
KIX binder (Figure 5A and B). An NMR structure®?® directed the incor-
poration of cysteines in the KIX-domain resulting in six single cysteine
variants (Figure 5C, spheres). The modifier was attached to MLL-
inspired peptide L using N-terminal spacers of different lengths
(Figure 5B). The reaction rates of different KIX/L combinations were
determined and the highest reactivity was observed for variant
KIX(C638) with ligands bearing medium-sized spacers (number of
main chain atoms: y = 9, 13 and 19). It was concluded that accessibil-
ity of the targeted cysteine side chain is the crucial factor determining
reactivity. Subsequently, covalent ligand CI-9 L was modified with a

C-terminal membrane anchor and microinjected into Hela cells

transfected with a fluorescently labelled KIX version. Notably, only
the covalent version of the ligand allowed for recruitment of the
labelled KIX domain to the HeLa endomembrane system. This is a rare
example of directing proteins to a cellular compartment using a syn-
thetic ligand.°

A chloroacetamide modifier was also used to address the interac-
tion between growth factor receptor-bound protein 2 (GRB-2) and
Ras guanine nucleotide exchange factor (SOS-1), which is essential for
Ras signalling propagated activation of cell proliferation in many forms
of cancer.®? Thus, interfering with the GRB-2/SOS-1 interaction can
affect cancer cell survival. A solution structure of a SOS-1 derived
10-mer peptide in complex with the GRB-2 SH3 domain (Figure 5D)
was used as template for the design of a covalent inhibitor utilizing a
chloroacetamide modifier.®® SOS-1 C-terminal R1159 is the closest
residue to GRB-2 C32 (d = 7.8 A) and was selected for the introduc-
tion of the modifier using lysine derivatives of varying side chain
length (Figure 5B). Covalent inhibitors with lysine derivate Dap
showed the highest levels of protein modification (RP-p1, Figure 5E).
N-terminal peptide truncation led to a loss of covalent labelling (RP-
p2-pé, Figure 5E). Dimeric versions of RP-pl were generated by
incorporation of an additional lysine at the C-terminus that was sub-
sequently linked to another RP-p1 molecule. Moreover, the sequence
was C-terminally elongated with a CPP (RP-D, Figure 5E) to facilitate
intracellular delivery. Notably, only dimeric RP-D showed GRB-2
labelling in COS-7 cells. Moreover, RP-D treatment led to a variety of
different downstream effects, including inhibition of breast cancer

migration, decreased SK-BR-3 cell viability and increased apoptosis.®®

4 | VINYLSULFONAMIDE

Ras was also directly targeted using vinyl sulfonamide-bearing SOS-
1-derived peptides. This approach addresses a particular oncogenic
mutation in Ras (G12C).%* Previously, SOS-1 F929 and N944 were
identified as major contributors to Ras binding.®> Consequently, this
SOS-1 stretch was used in the design of stabilized SOS-1 helices
(aa 929-944, Figure 6A). An N-cap replaced a backbone hydrogen
bond between the i and i + 4 positions with an isosteric covalent
carbon-carbon bond. The introduction of this hydrogen bond surro-
gate (HBS) resulted in peptide HBSsos (Figure 6B). This peptide bound
SOS-1 with micromolar affinity and inhibited Ras activation as well as
subsequent Erk signalling.®® To increase proteolytic stability
B3-residues (Figure 6B) were introduced along the non-interacting
face of the helix (a3pHBSsos). A covalent mode of action was pur-
sued to increase activity. NMR studies indicated that SOS-1 L938 is
located in proximity to the oncogenic Ras variation C12 and thus cho-
sen as site for modifier incorporation (Figure 6C). The selected elec-
trophiles (acrylamides, vinyl sulfonamides, vinyl sulfones) were
attached via the side chain of a lysine (Figure 6D). Vinyl sulfonamide
(6) was identified as the most promising electrophile, possessing suffi-
cient reactivity and selectivity. Vinyl sulfones were found to be too
reactive, in contrast to acrylamides, which did not show meaningful

reactivity. Covalent-inhibitor azpHBSsos-6 was shown to affect
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FIGURE 5 (A) Sequence of MLL-transactivation domain L and

derived covalent binders with modification sites. (B) Chemical
structures of modifiers (x = 1 or 3). (C) NMR structure (pdb: 2Ixs) of
KIX-domain of CBP (white) and MLL-transactivation domain (blue)
with positions used for the generation of cysteine variants (beige).

(D) NMR structure of GRB-2 bound to a SOS-1 derived peptide (pdb:
1gbq). (E) Sequence of SOS-1-derived peptide and derived monomeric
and dimeric covalent inhibitors attached to a cell penetrating peptide
(CPP).

viability of H358 lung cancer cells in a Ras G12C-dependent manner.
This example highlights the importance of modifier screening to iden-
tify a group with sufficiently balanced reactivity and selectivity.

5 | SULFONIUM CROSSLINK
To address the aforementioned protein PDZ-RGS3 involved in
ephrin-B signalling, another covalent inhibitor targeting a cysteine

d,¢”® again using the C-terminal sequence of ephrin-B as

was reporte
starting point (Figure 7A and B). Notably, an intramolecular sulfonium
crosslink was incorporated to stabilize the helical conformation of the
peptide ligand and was employed as a cysteine-directed electrophile
(Figure 7C).°?7° The combination of linker (I, Figure 7D) with peptide
PD3 (Figure 7A) positioned the reactive sulfonium group in proximity
to the target cysteines (C33 and C34, Figure 7B) and consequently
resulted in the most promising PDZ-RGS3 binder (PD3I) that modified
PDZ2RCS3 in cells. An analogous strategy was employed to target
BFL-1.57® Here, the sulfonium crosslink was incorporated at the N-
terminus of the BIM BH3 a-helix (Figure 7E) and equipped with differ-
ent aromatic bridging moieties (Figure 7D, left). The resulting reactive
peptides were envisioned to target BFL-1 C55 in proximity to the
binding site (Figure 3B).°%7° Among the tested inhibitors, B4-MC-|
(Figure 7E) selectively modified BFL-1 and induced apoptosis in BFL-1

expressing cell lines.

Peptide

(A) wtSOS-1
929 944
HBSqos FE®@IYRLELLEKAEEA AN
HBS
a,BHBSee-m @F_E@iYRLeL@)KaEEAN
HBS
[modifier /i
i Y L
Yo R o R

(D)

FIGURE 6 (A)Sequence of wt SOS-1 and derived inhibitors with
modification sites (i: p-isoleucine, e: p-glutamic acid, a: p-alanine, X:
4-pentenoic acid, Z: 5-hexenoic acid, z: N-allylglycine). (B) Chemical
structure of the hydrogen bond surrogate (HBS), selected f-amino
acids (bold), position of the modifier m and the HBS are shown.

(C) Crystal structure of Ras (white, pdb: 1nvw) in complex with SOS
derived peptide (wt SOS, blue, pdb: 1nvw, glycine was varied to
cysteine for demonstration purposes). (D) Chemical structure of tested
electrophiles (x = 1 or 2).

6 | ISOTHIOCYANATE

HIV-1 infection is initiated by the binding of the gp120/gp41 complex
to the target receptor CD4, ultimately leading to virus entry. Gp41
consists of a C-terminal heptad repeat (CHR, Figure 8A) that folds
onto an N-terminal heptad repeat (NHR) resulting in a six-helix bundle
(6HB). Generation of an inactive bundle by covalent modification of
gp41 could thus prevent HIV-1 infection of host cells. The gp41 crys-
tal structure (Figure 8A) shows a conserved salt bridge between K574
in the NHR and D632 in the CHR that is essential for 6HB formation.
To design entry inhibitors, the development of covalent peptidic
inhibitors has been pursued.”®”# Notably, one of these examples uses
isothiocyanate to target K574 on NHR.”® For that purpose, CHR-
derived peptide C34 was used as template for inhibitor design and
equipped with an isothiocyanate modifier (1) instead of D632 (NC-
C34, Figure 8B). Covalent modification of gp41l NHR K574 thus
results in thiourea formation (Figure 8C). To increase the local concen-
tration of the inhibitor at the cell surface, a cholesterol moiety was
attached to the C-terminus of the inhibitor (NC-C34-Chol.), which
increased the antifusogenic activity in pseudovirus assays.

7 | THIOESTER

The gp120/gp41 interaction was also addressed using a thioester
modifier (2) at position D632 in C34-derived peptides.”® The thioester
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FIGURE 7 (A) Sequence of PDZ binding domain of ephrin-B and

derived sulfonium crosslinked peptide PD3 with introduced
modifications. (B) AlphaFold”*”? prediction of complex between
ephrin-B PDZ binding domain and PDZ. (C) Scheme of sulfonium
bridged peptide. (D) Chemical structure of linkers used for
crosslinking of ephrin-B. Only the linkers on the left side were
employed in the crosslinking of BIM BH3. (E) Sequence of BIM BH3
and derived sulfonium crosslinked peptide B4-MCI with location of
introduced modifications (*a-aminoisobutyric acid, Aib).

is based on glutamic acid with benzyl mercaptan as leaving group
(Figure 8C). Additionally, a His residue was introduced at the i, i + 4
position of the modifier to accelerate the acyl transfer to NHR K574
(SC35E[SBn]sHy, Figure 8A). Truncation studies revealed that 22-mer
SC22E(SBn)sHy modified NHR most efficiently in biochemical assays.
Notably, in cell-based assays, these covalent inhibitors showed activi-
ties comparable to the non-reactive analogues, presumably due to

very slow reaction kinetics.

8 | ARYLSULFONYLFLUORIDE

In various forms of cancer, elevated levels of oncoproteins Mdm2 and
Mdm4 prevent the transcriptional activity of p53 by promoting its
ubiquitylation and subsequent proteasomal degradation. Inhibition of
this interaction thus restores endogenous p53 activity and can reduce
tumour growth. Aryl sulfonyl fluorides have been used to design cova-
lent inhibitors targeting lysine and histidine residues in Mdm2 and
Mdm4.”778 For that purpose, the crystal structures of Mdm4 bound
to p5379 (Figure 9A) and of Mdm2 in a complex with stapled peptide
SAHp53-8%° (Figure 9B) were used as starting point. Peptide residue
L22 was identified as site closest to lysine and histidine target resi-
dues on Mdm2 and Mdm4 (Figure 9A and B) and as such, chosen for
modifier incorporation. Aryl sulfonyl fluoride electrophiles with vary-
ing phenyl substitution patterns were attached via the Dap side chain
(Figure 9D and E). The peptide with a meta-substituted modifier (four
in  mSF-SAH-4, Figure 9E) inhibition of

showed increased

(A)

B

( )034

628

NC-C34-Chol. WMEWIREINNYTSLIHSLIEESONQQEKNEQELL{C
SC35E(SBn)H, WEEWZ2KKIHEYTAKIEELIKKSEEQQKKNEEELKK
SC22E(SBn)H, WEEWZ2KKIHEYTAKIEELIKKS

C)

o

ey Ay Wy Ay

\H \H O;\S Oj/\NH
Ny HN S %
1 C\\S H\I\T protein 2 © protein

FIGURE 8 (A) Crystal structure of gp41 helix bundle (pdb: 1szt)
with C-terminal heptad repeat (CHR, blue) and N-terminal heptad
repeat (NHR, beige).”¢ (B) Sequence of C34 and derived inhibitors
with modifications. SC35E(SBn)sHs and SC22E(SBn)sHg have been
altered introducing additional salt bridges to stabilize helicity and
solubility. The bold histidine residue has been introduced to increase
NHR K574 reactivity. C corresponds to a C-terminally attached
cholesterol. (C) Chemical structure of the employed modifiers and
their reactivity.

p53-Mdm2/4 interaction in lysates compared to the parental stapled
peptide SAHp53-8. Notably, mSF-SAH-4 did not affect the viability
of p53-independent Saos-2 cells, in contrast to the non-covalent
inhibitor SAHp53-8.

In a series of studies, small peptidic covalent inhibitors of X-linked
inhibitor of apoptosis protein (XIAP) were developed with the inten-
tion to trigger programmed cell death.82-84 XIAP contains three bacu-
lovirus IAP repeats (BIR), with BIR3 inhibiting caspase-9. Inhibition of
the XIAP/caspase 9 interaction results in caspase release and activa-
tion. For that purpose, the second mitochondrial activator of caspases
(SMAC), which binds XIAP and antagonizes caspase inhibition was
used as a scaffold for inhibitor design. The crystal structure of a
SMAC-tetrapeptide (wt) in complex with the XIAP BIR3 domain
revealed XIAP K311 as a potential nucleophilic target residue in prox-
imity to the binding site (Figure 10A and B). At position 2, different
aryl sulfonyl fluoride-based modifiers were introduced via the side
chain of Dap (Figure 10C) or directly linked to the main chain. Guided
by biophysical characterization and computational approaches, the C-
terminus of these SMAC-derived peptides was replaced by small
molecular scaffolds (Figure 10D). The resulting compounds (34, 11,
13) affected cell viability and growth of cancer cells. For instance,
compound 34 induced degradation of IAP protein levels and reduced
the growth of multiple myeloma-derived cells. The established design

features were later used to address the related protein melanoma-1AP



PAULUSSEN ano GROSSMANN

Journal of

_Wl LEYJL”Z

(A)

Mdm4

M p53 transact. domain - stapled SAHpP53-8

©) p53 domain
14 29
SAHp53-8
staple
mSF-SAH-4 x=1 OESHQEQETEE N@OWRL L QN

staple

) otz
H (6]
N
HNJ’)X

FIGURE 9 (A) Crystal structure of Mdm4 with p53
transactivation domain (pdb: 3dac). (B) Crystal structure of Mdm2
with SAHp53-8 (pdb: 3v3b). (C) Sequence of p53 (14-29) and derived
inhibitors with modifications. (D) Scheme of i, i + 7 stapled peptide.
(E) Chemical structure of tested modifiers (x = 1, 2, 3).

||
’/
\

S

wt VR

32 N@PUE x=1

34 A@D@ x=1

11 B@P-D x=1,SMbwithR=F
13 A@ PO x=1,SMbwithR=F
7 BE@P® x=1,SMbwithR=H

n |
S(O
F (o]
S '(Q/ T(\©\ISII’/O
F

K299_‘ -
(©) (modifier /)

uo

\/W [ T Y
! 1
(D) (Small molecule 7 SM)

'Q a ~ R
2 NV =
ZN . N R =H, F, NH,,080,F
p b
N=

’/
~F

FIGURE 10 (A) Crystal structure of BIR3 domain of XIAP with
SMAC derived peptide AVPF (pdb: 20pz). (B) Sequence of SMAC wt
and derived inhibitors with modification sites. (C) Chemical structure
of a selection of tested modifiers (x = 1, 2, 3). (D) Chemical structure
of N-terminal modifications.

(ML-IAP).2* MI-IAP K135 is located in a position equivalent to that of
XIAP K311. Introduction of a modifier (4) at position 2 led to an ML-
IAP targeting covalent inhibitor with cellular activity (7, Figure 10B).
Aryl sulfonyl fluorides have also been used for the targeting of
lysine residues in BCL-2 family member MCL-1.8> The BIM BH3 helix
served as the basis for the introduction of a variety of modifications

Peptide

(Figure 11A). Previous structure-activity relationship data and a crys-
tal structure indicated that the Q150E variation increases selectivity
for MCL-1.8%87 The effect of different variations was assessed and
peptide 12 (Figure 11B) selected due to its improved affinity and solu-
bility. Notably, shorter peptides were found to retain their binding
affinity for MCL-1 while losing affinity for related BCL-2 family mem-
ber BFL-1. Based on a previous study,*®*! the aryl sulfonyl fluoride
modifier was placed at position A147 to provide covalent MCL-1
inhibitors 15 and 16 (Figure 11C). A crystal structure of inhibitor 15
bound to MCL-1 was obtained verifying K234 as modification site
(Figure 11A). Cell-based studies with 16 suggested covalent labelling
of MCL-1 and proteasome-dependent degradation of MCL-1.

9 | DIAZOBORINE AND IMINOBORONATE
One way to combine the advantages of reversible and covalent inhibi-
tors is the use of a reversible covalent mode of action. Such inhibitors
have a long target residence time whilst not resulting in a permanent
covalent modification of the protein. This reduces inhibitor clearance
and the risk of immunogenic effects.?? Diazoborines were used for
the design of reversible covalent inhibitors of bacterial Sortase A
(SrtA).88 SrtA is a transpeptidase that attaches surface proteins to the
cell wall, and its inhibition has antibacterial effects. In a first step,
cyclic SrtA binding peptide W7 was identified and found to exhibit
micromolar potency (Figure 12A and B). Modelling of the W7/SrtA
complex indicated that the cyclic peptide binds to the protein active
site with both termini pointing away from SrtA. Consequently, either
N- or C-terminally modified peptides were designed using diazoborine
(RMR1) and iminoboronate (APBA) as electrophile (Figure 12C). In
both cases, K173 was anticipated as potential modification site on
SrtA. The C-terminal introduction of the RMR1 electrophile resulted

(A) MCL-1
BIM BH3
inhibitor 15

(B) BIMBH3 1ISWIAQELRRIGDEFNAYYAR%G

peptide 12 AIAEQLRRIGDRTEF

147 159

inhibitor-m @WIAEQLRRIGDREF

(C) (modifier /m)
H
‘x( QJY . “/O glo
HN o] F

FIGURE 11 (A) Crystal structure of MCL-1 (white, pdb: 6vbx) in

complex with BIM BH3 peptide (orange, pdb: 2 nl9) or covalent
inhibitor 15 (beige, pdb: é6vbx). (B) Sequence of BIM BH3 and derived
MCL-1 inhibitors with modification sites. Additional salt bridges were
introduced (bold) to increase helicity. (C) Chemical structure of
selected modifiers (x = 1, 2, 3).
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(A) Sequences of reversible covalent inhibitors.

(B) Scheme of cyclized W7-derived inhibitors. (C) Chemical structures
of selected reversible modifiers in their bound and unbound state.
(D) Scheme of cyclized binders of SrtA and spike RBD including
chemical structures of crosslink and modifier APBA-3.

in highest affinity inhibitor P5-RMR1 (Figure 12C). However, the
inhibitor P5-APBA showed more rapid SrtA inhibition, presumably
due to the faster reaction kinetics of iminoboronate. Notably,
P5-RMR1 inhibited SrtA transpeptidase activity in Staphylococcus
aureus even after extensive washout. Here, P5-APBA showed a more
pronounced loss in activity, most likely due to faster off-rates which
promote washout. Moreover, reversible covalent inhibitors have also
been identified in a phage display format.8?° Here, screening of a
cyclic peptide library modified with APBA again led to the discovery
of potent SrtA inhibitors (Figure 12D).8? In the same fashion, a revers-
ible covalent binder of the receptor binding domain (RBD) of the
SARS-CoV-2 spike protein was identified. Spike interaction with the
human ACE2 receptor is well characterized and is an important step
in coronavirus infection. A cyclic phage library was constructed using
a 9-mer peptide scaffold which was modified with APBA-3. This led
to the discovery of peptide R1_APBA-3 which exhibited potent bind-
ing to spike RBD in human serum.

10 | BROMOACETAMIDE AND OTHERS

The bacterial divisome is a complex of membrane (associated) proteins
assembling at the mid-cell plane and orchestrating the organization of
cell division with minor interferences leading to cell death. The divi-
some proteins FtsQ, FtsB and FtsL form a complex which is crucial for
bacterial cell division. Inhibition of this interaction is considered an
attractive antibiotic target.”?"%* Based on the crystal structure of a
FtsB fragment bound to the periplasmic domain of FtsQ,* proteomi-

metic ligands were designed (Figure 13A). Notably, the stabilization of

(A) FtsB/

24 6y 87

24f QEALEERAQNELSBTRPGQTFYRL
staple

MmQEALEERAQNELSBTRPGQ@FYRL
staple

17fa AQNELSBTRPGQ@FYRL
staple

FIGURE 13

(A) Sequence of FtsB and different FtsB derived
peptides (B: Norleucine). (B) Scheme of cyclized FtsB-derived
peptides including chemical structure of hydrocarbon crosslink.

(C) MD simulation of 24f bound to FtsQ. (D) Chemical structures of
tested modifiers.

77?7 was necessary to achieve meaningful binding.”®

a tertiary moti
Here, an essential intramolecular salt bridge between FtsB R72 and
E82 was replaced by a covalent crosslink providing 24-mer cyclic pep-
tide 24f (Figure 13B).”® An MD-simulation of the 24f-FtsQ complex
(Figure 13C) suggested 24f T83 as a suitable position to target K239
on FtsQ. Subsequently, a variety of electrophiles were incorporated at
position 83 (24 fm, Figure 13D). Screening led to the identification of
four modifiers that resulted in the most pronounced FtsQ modifica-
tion: bromoacetamide («), acrylamide (B), vinyl sulfonamide (y) and
dichlorotriazine (3). The size of the 24-mer peptide ligand was reduced
to a 17-mer, which in combination with bromoacetamide (17fa)
showed the strongest growth inhibition of outer membrane perme-
able Escherichia coli strain IptD4213. Notably, it also attenuated the
spread of multi-drug resistant E. coli 87 in a zebra fish larvae infection
model and increased their survival in combination with a potentiator

peptide.”®%?

11 | CONCLUSION

In many case, targeting of PPl interfaces with competitive small mole-
cule inhibitors is not feasible. Peptide-based inhibitors with an irre-
versible mode of action have proved useful to address such targets.

This involves diverse target proteins that had previously been
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considered unaddressable and range from cancer-related signalling
hubs to viral receptors. Most of the covalent inhibitors with confirmed
bioactivity described herein were designed in a structure-based
process that facilitated the identification of suitable nucleophilic
residues on the target protein and thereby guided the incorporation
of covalent modifiers. The design process can also be supported by
computational tools.'®® Studies that compare the performance of
different electrophiles indicate that the identification of a suitable
electrophile with an optimal balance between on- and off-target
reactivity may not be predictable and therefore requires screening.
This is due to the fact that the nature of the peptide ligand and the
precise cellular context influence overall reactivity.*¢*?® The use of
peptide-based targeted covalent inhibitors is an emerging field and
various additional challenges remain to be solved. For example, the
prediction of suitable target residues is not straight-forward as the
protein microenvironment influences side chain reactivity. In addition,
so far mainly lysine, cysteine and histidine have been addressed calling
for an extension of targetable amino acids. Here, inspiration can be
taken from small-molecule covalent inhibitors.2° Another limitation is
related to the intrinsically low cellular uptake of most peptide-based
ligands, which is usually addressed by the reduction of inhibitor size
or the attachment of a CPP sequence. However, only a few of these
inhibitors have been tested in vivo, and it is not clear if these strate-
gies support sufficient cellular uptake. Therefore, more in vivo studies
are required to further explore the applicability of peptide-based
covalent inhibitors. These studies will also reveal which types of elec-
trophiles are most suitable for peptide-based covalent inhibitors with
in vivo activity. Taken together, peptidic covalent inhibitors uniquely
combine the enhanced surface-recognition properties of proteins with
an irreversible binding mode, and they have already proven useful to
target unaddressable proteins. This class of molecules represents an
emerging modality that may have the potential to provide access to

therapeutics addressing so far undruggable targets.
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