Assembling Branched and Macrocyclic Peptides on Proteins
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Abstract: A two-step, biocompatible strategy enables site-specific
generation of branched and macrocyclic peptide—protein
conjugates. Surface-exposed cysteines on proteins are modified by
a small bifunctional reagent at near-physiological pH, followed by
cyanopyridine—aminothiol click reactions to create branched or
macrocyclic peptide architectures. This method offers design
strategies for next-generation protein therapeutics.

Inspired by the clinical success of classical antibodies,!-3 the
search for next-generation protein-derived therapeutics is
advancing, exploring various types of engineered peptides and
proteins.*14

Protein grafting is an increasingly prominent approach to
generate such a type of ‘neobiologic’ (Fig. 1a).1# 15 High-affinity
binding epitopes are stabilised in protein scaffolds when they
are introduced by mutagenesis, which allows combination with
genetically encoded peptide libraries to source these
sequences.16-18 The strategy, however, is often restricted to
certain loops within the protein of interest and remains mainly
limited to canonical amino acids.'*

Bioconjugate chemistry, unlike sequence design, facilitates
the attachment of molecules to proteins at any desired site,
offering a highly customisable approach.?? Since the process is
post-translational, peptides used for conjugation are not limited
to canonical amino acids, and can create branched structures
extending beyond the primary polypeptide sequence.
Strategies to attach shorter peptides to proteins, particularly to
the amino acid side chains as opposed to the termini, remain
scarce.20-22

Bridging both strategies, we aimed to create a method for
the site-specific attachment of peptides on the surface of
proteins (Fig.1). We identified 4-fluoro-2,6-dicyanopyridine
(FDCP) as an ideal small molecule for this, owing to its
biocompatible dual reactivity, enabling nucleophilic aromatic
substitution and the cyanopyridine-aminothiol click reaction
with one small reagent of less than 150 Da.?3
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Fig. 1. (a) Conventional molecular grafting, inserting a peptide loop (white) in a protein
(grey). (b) Generation of branched and cyclic peptide—protein conjugates facilitated by a
small molecular adapter (black) as presented in this study.

We hypothesised that the reagent would enable the
generation of branched and macrocyclic peptide—protein
conjugates (Fig. 1b). Upon reaction, engineered cysteine
residues on the protein surface form a peptide-reactive handle
with our molecular adapter FDCP. The in situ generated
dicyanopyridine (DCP) functionality allows for the conjugation
of peptides containing 1,2-aminothiol motifs, selectively
generating the desired peptide-displaying architectures.

To demonstrate labelling of proteins with FDCP, we
modified the sequence of a green fluorescent protein?* to
contain a single surface exposed cysteine residue (GFP-1C,
Tab. S1). This enabled FDCP to react site-selectively through
nucleophilic aromatic substitution, generating a non-canonical
dicyanopyridine amino acid with reactivity towards 1,2-
aminothiols in situ (Fig. 2a). To maintain biocompatibility and
prevent cysteine oxidation, all reactions were conducted in
aqueous buffer containing reducing agent.

Exploring a wide range of conditions, GFP-1C was incubated
with FDCP, trialling different pH environments, equivalents,
incubation times and temperatures (Fig. 2b, Tab. S5). Reaction
progress was monitored using intact protein mass spectrometry
(Fig. 2c, Fig. S8). The synthesis of GFP-DCP was most efficient
with 15 equivalents of FDCP, with the reaction generally
requiring overnight incubation for completion. Room
temperature and near-physiological pH promoted the
formation of a single product with selective cysteine
modification by FDCP.

https://doi.org/10.26434/chemrxiv-2024-9vm9l ORCID: https://orcid.org/0000-0002-3704-2699 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-9vm9l
https://orcid.org/0000-0002-3704-2699
https://creativecommons.org/licenses/by-nc-nd/4.0/

a
N N N
I/
F

aqueous buffer
biocompatible conditions

GFP-DCP
o

*x 0O

(ii) GFP *
[Nl I—
[()cl I—

Ol —
(Y — o

T r
0 50 100 28500

Abundance [%] m/z

1
29500

M Protein control
Reaction mixture

Il Starting material %
[ Desired product 00
3 Side product A

Fig. 2. (a) Reaction of FDCP with GFP-1C (black) yields GFP-DCP (green). (b) Percent
abundance of protein starting material (black), desired product (green) and side product
(orange) after exposure to FDCP under various conditions: (i) 50 mM Tris-HCI, pH 7.5,
2mM TCEP, 15 eq. FDCP, 24 h, r.t.; (ii) as (i) with 300 mM NacCl; (iii) as (i) using 30 eq.
FDCP; (iv) as (i) at 37 °C; (v) as (i) for 72 h, 4 °C; (vi) 50 mM HEPES-KOH, pH 8.0, with other
components as (i). (c) Intact protein mass spectrometry overlay showing spectra of
protein control (black) and reaction mixture (green) of condition (v). Peaks representing
starting material (%) and desired product (o) are indicated, with a +42 Da adduct

presumably deriving from post-translational modification during recombinant

expression in Escherichia coli.

The reaction did generally not proceed in slightly acidic pH
but showed tolerance to higher salt concentration in near
physiological (7.5) or slightly basic (8.0) pH environments,
suggesting compatibility with proteins requiring saline buffers
for stabilisation. Notably, the reaction also proceeds at 4 °C,
which is advantageous for temperature-sensitive proteins,
albeit more slowly. While the tagging reaction showed
promising conversion to the DCP-tagged protein under various
conditions, 15 equivalents of FDCP for 24 h in near-physiological
pH was deemed the most time- and material-efficient condition
for FDCP-tagging with broad applicability.

The tagging method was successfully applied to other
engineered proteins (Tab. S1), comprising Zika virus protease
(ZiP-1C),25 ubiquitin (Ubg-1C),2¢ and the B1 domain of protein G
(GB1-1C),?” where similar reactivity trends with FDCP were
observed and reactions to the modified protein proceeded
efficiently (Fig. 3, Fig. S9—-S11). After the desired products (GFP-
DCP, ZiP-DCP, Ubg-DCP, GB1-DCP) were formed in sufficient
quantity, excess FDCP was removed by buffer-exchange using
centrifugal filters or spin desalting columns.
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Fig. 3. (a—c) Intact protein mass spectrometry overlays showing spectra of protein
control (black) and (a) ZiP (red), (b) Ubq (purple), and (c) GB1 (blue) reaction mixtures of
condition (v). Peaks representing starting material (%) and desired product (o) are
indicated, including +42 Da adducts. (d) Percent abundance of protein starting material
(black), desired product (green) and side product (orange) after exposure to FDCP under
the conditions (i) or (v).

After obtaining various DCP-tagged proteins, we
investigated the attachment of peptides via the cyanopyridine-
aminothiol click reaction.?® We therefore obtained seven
synthetic peptides (Tab. 1) containing N-terminal cysteine,
covering all major classes of amino acids, including non-
canonical Exposure of Ubg-1C (Fig.4) and GB1-1C
(Fig. S14) to excess peptides in aqueous reducing buffer at near-
physiological pH resulted in the formation of novel branched

peptide-protein architectures (Fig. 4a).
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Fig. 4. (a) Reaction of Ubg-DCP (black) with N-terminal cysteine containing peptide P1
yields Ubg—P1 (purple). (b) Intact protein mass spectrometry overlay showing spectra of
Ubg-DCP starting material (black) and reaction mixture producing Ubg-P1 (purple).
Peaks representing Ubg-DCP (o) and branched peptide—protein conjugate Ubg-P1 (@)
are indicated, including +42 Da adducts. (c) Excerpt of SDS-PAGE gel showing retention
shift between Ubg-1C and Ubg—-P1 to Ubg—-P7, including molecular weight marker
(MWM).
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Tab. 1. Peptides and their sequences used in this study.

No. Sequence

P1 H-Cys-Ser-His-Pro-GIn-Phe-Cys-NH:

P2 H-Cys-Ala-Tyr-Thr-Asn-Cys-Gly-NH:

P3 H-Cys-Gly-Lys-Arg-Lys-Ser-Cys-Phe-NH:
P4 H-Cys-Ser-Asp-Glu-Val-Cys-Trp-NH:

P5 H-Cys-His-Tyr-Leu-Cys-NH:

P6 H-Cys-Gly-Ser-Gly-Tyr-Gly-Ser-Gly-Cys-NH>
P7 H-(p)Cys-Pro-Pra-Ser-(D)Tyr-Cys-Ala-Lys-NH,
P8 H-Dab(Cys)-Arg-Lys-Lys-Arg-Dab(Cys)-NH.

Pra, L-propargylglycine; Dab, L-2,4-diaminobutyric acid.

Conjugates Ubg—P1 to Ubg—P7 and GB1-P1 to GB1-P7,
respectively, contain two peptide units attached at the site of
the former cysteine, forming spontaneously via the
cyanopyridine—nitrile click reaction. The reactions with DCP-
tagged proteins were highly selective and quantitative, with no
observable side products in intact protein mass spectrometry
(Fig. 4b, Fig. S14). Attachment of the peptides on Ubqg-DCP
could also be inferred from SDS-PAGE (Fig.4c). Notably,
peptides P1-P7 contain an additional cysteine residue in their
sequence, which may be used for further bioconjugation. We
demonstrate this with the addition of 1,3-
bisbromomethylbenzene (BBMB), a frequently used peptide
stapling agent, where the free cysteines appear partially cross-
linked (Fig. S10). Additionally, due to the synthetic nature of the
peptides, it is possible to introduce atypical stereochemistry
and unnatural amino acids (P7) into the conjugate, which is
challenging for mutagenesis-based grafting methods.
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Fig. 5. (a) Reaction of GB1-DCP (black) with peptide P8, containing two 1,2-aminothiols,
yields GB1-P8 (blue). (b—c) Intact protein mass spectrometry overlays showing spectra
of protein-DCP starting materials (black) and reaction mixtures producing (b) GB1-P8
(blue) and (c) Ubg—P8 (purple). Peaks representing protein-DCP (o) and cyclic peptide—
protein conjugates (0) are indicated.

We further showcased the versatility of DCP-tagged
proteins by selectively synthesising macrocyclic peptide-protein
conjugates (Fig. 5a). A peptide containing two 1,2-aminothiol
functionalities (P8) in the form of a non-canonical pseudo-N-
terminal cysteine amino acid?® was used to achieve cyclisation
of linear peptide P8 on the protein surface of both Ubg-DCP and

GB1-DCP (Fig. 5b & 5c¢). The reaction proceeded in the same
aqueous environment as the bioconjugation of linear peptides
in presence of excess of the peptide P8, resulting in near-
quantitative conversion to the two respective macrocyclic
peptide—protein conjugates. The selective generation of cyclic
peptides using the cyanopyridine—aminothiol reaction directly
on proteins represents a unique synthetic approach that may
provide an alternative to lasso-grafting. While the loops of
grafted proteins emulate the constraint of a cyclic peptides, the
presented method generates a true cyclic peptide on the
protein surface.
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Fig. 6. Computer-generated visualisations of (a) branched Ubg—P1 and (b) cyclic Ubg—P8,
highlighting the relative size difference between the attached peptide and protein and
the connectivity at the former cysteine site.

This study establishes a versatile platform for the site-
specific conjugation of peptides onto proteins using FDCP. Our
method enables selective connection between side-chain
cysteines and N-terminal cysteines in peptides and proteins.
While accommodating non-canonical modifications, our
strategy does not depend on them, allowing for the direct
conjugation of natural peptide and protein substrates.

The successful synthesis of cyclic and branched peptide—
protein conjugates (Fig. 6) poses an alternative to lasso-grafting
techniques to incorporate or display a peptide on a protein
scaffold. Pairing this concept with bioconjugate chemistry
generated custom peptide-protein conjugates with potential
applications in therapeutic or diagnostic settings. The presented
method lays a strong foundation for the development of next-
generation protein therapeutics with advanced branched and
cyclic architectures.
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