Biocompatible and selective generation of bicyclic peptides
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Abstract

Bicyclic peptides possess superior properties for drug discovery; however, their chemical
synthesis is not straightforward and often neither biocompatible nor fully orthogonal to all
canonical amino acids. The selective reaction between 1,2-aminothiols and 2,6-
dicyanopyridine allows direct access to complex bicyclic peptides in high yield. The process
can be fully automated using standard solid-phase peptide synthesis. Bicyclization occurs in
water at physiological pH within minutes and without the need for a catalyst. The use of various
linkers allows tailored bicyclic peptides with qualities such as plasma stability, conformational
preorganization, and high target affinity. We demonstrate this for a bicyclic inhibitor of the
Zika virus protease NS2B-NS3 as well as for bicyclic versions of the a-helical antimicrobial

peptide aurein 1.2.

Keywords

Peptides, bicycles, aminothiol-nitrile reaction, macrocyclization, cyanopyridine



Bicyclic peptides are considered next-generation pharmaceuticals, as they combine properties
of antibodies with those of small molecules.!!! The high conformational constraint of bicycles
leads to enhanced metabolic stability and antibody-like affinity and specificity.!!"?) Hence,
bicyclic peptides are even capable of disrupting protein-protein interactions (PPIs) which were
formerly deemed undruggable.[?> 31 The virtue of genetically encoded peptide libraries allows
the identification of constrained peptide ligands for targets of interest using state-of-the-art
display screenings.[*) While these techniques are routinely used for the identification of linear
and monocyclic peptides, challenges in biocompatible and selective chemistry complicate the
application of bicyclic peptide libraries. Available methods to access bicyclic peptides are

barely sufficient to keep pace with the current shift toward bicycles as highly anticipated drugs.

Despite numerous synthetic strategies to generate monocyclic peptides with high chemical
diversity,[®! conventional approaches to access bicyclic peptides are mainly based on cysteine
modification, using alkylating agents like TBMB (Scheme 1a).[! Irrespective of the
outstanding success of these reagents in phage display and other encoded chemical libraries,
they are neither fully selective nor biocompatible as they may modify other nucleophilic
residues in peptides or target proteins.[’! Alternative late-stage modifications such as C-H
activation between tryptophan and phenylalanine/tyrosine residues (Scheme 1b) require metal

catalysts and organic solvents, rendering them bioincompatible.®]

We present a peptide bicyclization technique that is catalyst-free, biocompatible, and
orthogonal to all canonical amino acids including cysteine (Scheme 1c). The strategy is based
on the condensation reaction between 1,2-aminothiols and cyanopyridine to furnish
monocyclic and stapled peptides with superior bioactivity.[’! The introduction of unnatural
amino acids bearing a 2,6-dicyanopyridine moiety in the side chain enables the selective and
biocompatible synthesis of much more structurally complex bicyclic peptides. The 1,2-
aminothiol counterpart can be introduced as side chain in unnatural amino acids or by using N-

terminal cysteine in the peptide sequence.°]
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Scheme 1. Unlike the strategy described in this study, conventional methods to access bicyclic
peptides are neither fully selective nor biocompatible. a) Connection of three cysteine residues
with 1,3,5-tris(bromomethyl)benzene (TBMB). b) Conjugation between tryptophan and 4-
acetoxy-3,5-diiodophenylalanine side chains. c¢) Biocompatible and selective conjugation

between 1,2-aminothiols and 2,6-dicyanopyridine side chains.
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Scheme 2. Facile synthesis of Fmoc-Cys(DCP)-OH (21) and Fmoc-Dab(DCP)-OH (22)

suitable for standard Fmoc solid-phase peptide synthesis.

To introduce 2,6-dicyanopyridine (DCP) in the side chain of nucleophilic amino acids, we
developed the reagent 4-fluoro-2,6-dicyanopyridine (4F-DCP, 17), which is readily accessible
from commercially available 4-chloro-2,6-dicyanopyridine and cesium fluoride (Scheme S1).

Reaction of 17 with Fmoc-protected cysteine or side-chain amines (e.g., Fmoc-Dab-OH),



furnishes amino acids with DCP side chains (Scheme 2). Despite the highly electron deficient
aromatic system, these amino acids (e.g., 21 and 22) can be used directly in automated Fmoc
solid-phase peptide synthesis under standard coupling and cleavage conditions. Subsequently,
spontaneous bicyclization is triggered in water at physiological pH and the bicyclic peptide can
be purified using standard HPLC methods. We first demonstrated this approach for model
peptide 1b (Figure 1), which contains five amino acids in each cycle. DCP was introduced in
the peptide center as Fmoc-Cys(DCP)-OH (21). N-terminal cysteine and C-terminal Fmoc-
Dab(CysBo¢T)-OH (23) served as the two 1,2-aminothiol functional groups necessary for
bicycle formation. Following standard cleavage with 91% TFA, the crude peptide was exposed
to aqueous buffer at pH 7.5 to furnish the bicyclic peptide after less than 10 minutes in 81%
yield (Figure 1). We isolated 1b using standard HPLC purification and characterized it by high-
resolution mass spectrometry and NMR spectroscopy. Assignment of all 'H and '3C resonances
in water (10% D,0) confirmed a single species of bicyclic peptide without diastereomers

(Figure S9).
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Figure 1. Synthesis of model peptide 1a via standard Fmoc solid-phase peptide synthesis and
subsequent formation of bicycle 1b in aqueous buffer. LC-MS chromatogram (254 nm) and

associated ESI mass spectrum of crude 1b are shown.

Studying the scope of bicycle formation using this strategy, we explored various derivatives of
1b, which were accessed in yields ranging from 66% to 98% (2b-7b, Table 1). These include
highly basic sequences (2b), negatively charged residues (3b), contracted (5b) and expanded
(6b) cycle sizes. Most importantly, derivative 4b contains an additional cysteine residue within
the peptide sequence, clearly demonstrating that the presented strategy is truly selective and
orthogonal to all canonical amino acids, including cysteine. As cysteine is commonly used in

conjugation of peptides and proteins,' our method offers clear orthogonality to these



conventional approaches, allowing for selective cysteine modification in bicyclic peptides. We
further demonstrated that bicycle formation occurs irrespective of the position of DCP and 1,2-
aminothiol functional groups in the peptide sequence. Compound 7b is a constitutional isomer
of 1b with differing connectivity, as 7b contains the DCP residue at the C-terminus (Table 1),
highlighting the versatility of the approach. Peptides 8b-10b demonstrate that the DCP linker
can be incrementally increased to the most flexible lysine-based amino acid, allowing for a

broad diversity of available linkers for various applications.

Table 1. Bicyclic peptides synthesized in this study.
Cpd. Sequence™ Yield (%)™

1b I I | 81, gold!
CAKFKAC(X)AKFKAB(C)-NH,

2b I I I 66!¢]
CAKRKAC(X)AKFKAB(C)-NH,

3b I 1 I 716
CAEFEAC(X)AKFKAB(C)-NH,

4b I I I 6911
CAKCKAC(X)AKFKAB(C)-NH,

5b I I I 96!¢]
CAKFAC(X)AKFKAB(C)-NH,

6b I I I 75l
CAKFKGAC(X)AKFKAB(C)-NH,

7b I I I 9glc]
CAKFKAB(C)AKFKAC(X)-NH,

8b I I I 6211, 62!
CAKFKAB(X)AKFKAB(C)-NH,

9b I I I 730, 5211
CAKFKAO(X)AKFKAB(C)-NH,

106 | ! | 68"

CAKFKAK(X)AKFKAB(C)-NH,
[a] X = 2,6-dicyanopyridine, B = L-2,4-diaminobutyric acid (Dab). Each linkage between X and C
represents a thiazoline (Figure 1). [b] Ratio of bicyclic peptide after total synthesis according to LC-
MS. [c] Synthesized using Fmoc-Cys(DCP)-OH (21) or Fmoc-Dab(DCP)-OH (22). [d] Synthesized
using Fmoc-Cys(Stmp)-OH followed by deprotection on the solid support and substitution with 4F-
DCP (17). [e] Synthesized using Fmoc-Dab(Ivdde)-OH, Fmoc-Orn(Ivdde)-OH or Fmoc-Lys(Ivdde)-
OH followed by deprotection on the solid support and substitution with 4F-DCP (17). [f] Synthesized
using Fmoc-Orn(Alloc)-OH followed by deprotection on the solid support and substitution with 4F-
DCP (17).



To make our protocol fully applicable to laboratories with limited access to synthetic chemistry
set-ups, we established a protocol that is fully amenable to automation. Previously, we reported
a protocol to assemble amino acids with 1,2-aminothiol groups, such as Dab(Cys), Orn(Cys)
and Lys(Cys), directly during solid-phase peptide synthesis.[**) Here, we expand this strategy
towards DCP-containing amino acids, enabling the fully programmable synthesis of bicyclic
peptides (Schemes S11-13). Orthogonal protecting groups for cysteine (Stmp)!'!! and amine
side chains (Alloc, Ivdde)!'?l were selectively deprotected on the solid support and
subsequently reacted with 17. In case of cysteine, this enabled the direct synthesis of 1b on
solid support in 69% yield. In case of amine side chains (Dab, Orn, Lys), this facilitated the
synthesis of 8b-10b in good yield, demonstrating the compatibility of the method with

frequently used and commercially available amino acid building blocks.

To demonstrate that our approach can rapidly deliver bicyclic peptides with biological activity,
we validated this for an inhibitor of the Zika virus protease NS2B-NS3 (ZiPro). We synthesized
and isolated compound 2b (Figure S7) which contains the tribasic substrate recognition motif
KRK of ZiPro.!'3! Indeed, the bicycle displayed a low half-maximal inhibitory concentration
(ICs0) of 260 nM (Figure S4) in our established in vitro ZiPro inhibition assay, showcasing
desirable binding affinity!!*! even without applying a display screening. In addition, 1b showed
pronounced plasma stability with no detectable degradation over 90 minutes compared to the
control compound propantheline bromide (Figure S5). High affinity and plasma stability are

two crucial parameters that render bicyclic peptides excellent drug candidates.

An important application of peptide cyclisation, often referred to as ‘stapling’, is the
stabilization of helical peptide conformations necessary for their biological activity.!!”!
Although bicyclic peptides offer superior immobilization and rigidification, only a few
examples of bicyclic helical peptides exist.l'®! Therefore, we set out to demonstrate that the
presented strategy can also be applied to bicyclic peptides with helical conformation. We chose
the short peptide aurein 1.2, which is one of various antimicrobial peptides secreted by the
Australian frogs Litoria aurea and Litoria raniformis.!'”) Aurein 1.2 exhibits its antimicrobial
activity when forming an amphipathic a-helix upon association with bacterial membranes.!'”-
181 We synthesized peptides 11b and 12b in which the hydrophobic residues 15, 19, and F13 of
wild-type aurein 1.2 were replaced by our unnatural amino acids, representing stapling in i,

i+4, i—4 (Figure?2). Notably, the bicyclization reaction was performed in 60%

trifluoroethanol containing aqueous buffer to promote the helical conformation. Both bicycles,



11b and 12b, were successfully isolated (Figure S8) and subsequently analyzed by circular
dichroism (CD) spectroscopy with varying proportions of trifluoroethanol (TFE, 0-80%) at
physiological pH (Figure 2). Despite the tremendous constraint imposed by the bicyclization,

both compounds clearly display a helical conformation when triggered with trifluoroethanol.
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Figure 2. Sequences and circular dichroism spectra of peptide bicycle derivatives 11b and 12b

of the antimicrobial peptide aurein 1.2 at varying concentrations (v/v) of trifluoroethanol
(TFE).

While the presented methodology is already chemoselective and orthogonal to conventional
methods, the use of masked 1,2-aminothiols in form of thiazolidines allows for further
orthogonality and the selective formation of tricyclic peptides. We introduced thiazolidines in
amino acid side chains in lieu of the 1,2-aminothiols and employed them directly in standard
Fmoc solid-phase synthesis (Scheme S10). After peptide synthesis and purification, the
thiazolidines can be selectively deprotected with methoxyamine under biocompatible
conditions.['”) Using this approach, we were able to demonstrate the synthesis of tricyclic

peptide 13¢ from bicycle 13b (Figure 3, Scheme S14).

In conclusion, we have harnessed biocompatible and selective chemistry to readily access
bicyclic peptides. The approach is highly versatile, with several unnatural 1,2-aminothiol and
DCP-containing amino acids available for the design of tailored bicyclic peptides. The
combination of up to four amino acids with 1,2-aminothiol side chains (and the opportunity for
N-terminal cysteine) combined with up to four DCP amino acids provides 80 conceivable
options to construct any given bicyclic peptide sequence, representing an extraordinarily large
chemical linker space. Combination with thiazolidine-based amino acids further expands the
opportunities toward the selective generation of tricyclic peptides and beyond. The presented
synthesis is also fully compatible with automation using commercially available building

blocks for peptide synthesis. Furthermore, the method is compatible with all canonical amino



acids, most notably cysteine, enabling further modification through universally employed
conjugation methods. The great opportunity of this methodology for drug discovery was
demonstrated by the discovery of a nanomolar protease inhibitor with significant plasma

stability and bicyclic helical peptides as potential future antimicrobial agents.
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Figure 3. a) General strategy for the biocompatible synthesis of tricyclic peptides. b) Example
bicyclic and tricyclic peptides 13b and 13e¢, respectively, with superimposed LC-MS
chromatograms and ESI mass spectrometry data (13b blue, 13c¢ red). X = 2,6-dicyanopyridine,

C* = L-thiazolidine-4-carboxylic acid.
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