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The spatial alignment of functional groups is a central aspect of most
catalytic processes. Protein scaffolds with their exceptional molecular
recognition properties have evolved into powerful biological catalysts.
However, the rational design of artificial enzymes starting from non-
catalytic protein domains proved challenging. Herein, we report the
use of a non-enzymatic protein as template for amide bond formation.
Starting from a protein adaptor domain capable of simultaneously
binding to two peptide ligands, we designed a catalytic transfer
reaction based on the native chemical ligation. This system was used
for the selective labelling of a target protein validating its high
chemoselectivity and potential as a novel tool for the selective
covalent modification of proteins.

Accelerating chemical reactions via the alignment of functional
groups is a hallmark of catalytic processes." A central charac-
teristic of a catalyst is its potential to facilitate repetitive
reaction cycles generating multiple turnovers.”™ The catalytic
efficiency depends on a multitude of factors including the rate
of the chemical reaction and the affinity of substrates as well as
reaction products." While nature evolved a multitude of very
efficient enzyme catalysts, the design of catalytic proteins from
non-enzymatic domains represents a major challenge.>” Due
to the high abundance of amides in biological systems and
their importance to the origin of life, the protein-mediated
formation of amide bonds gained attention.®'° Naturally
occurring enzymes such as ligases, transpeptidases and pro-
teases have been utilised for amidation reactions, however,
limited by their inherent substrate spectrum."™ As an
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alternative approach, peptide-based coiled coils served as basis
for the design of templated amide bond formations.'*™°
In addition, the tetrameric protein streptavidin was used to
template amide formations between desthiobiotin modified
substrates.”” In these examples, catalytic activities were low
due to slow exchange between products and substrates.

We have previously designed a templated peptide ligation
employing a thiol-selective bioconjugation reaction.'® In this
setup, the two peptide substrates bind simultaneously to the
KIX domain of the human CREB binding protein, which
thereby served as template (T, Fig. 1A). The two simultaneously
binding peptides originated from the mixed-lineage leukemia
protein (ligand 1) and from the cAMP response element-
binding protein (CREB, ligand 2). In the ternary complex, the
N-termini of both peptides are aligned in spatial proximity,***°
thereby triggering a reaction between introduced functional

CREB
(aa 120-146)
basis for 1

O
0™Ng HS
@+ v

!

(aa 2840-2859)
basis for 2

|,
@0 ®

Fig. 1 (A) NMR-structure of the KIX domain bound to peptides derived
from CREB and MLL (PDB ID 2Ixt). N-termini of both peptides are
indicated. (B) Principle of template-mediated transfer reaction based on
the native chemical ligation (* transferrable fluorescent group, # fluores-
cence quencher).
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groups to furnish a thioether bridge.'® The resulting ligation
product exhibited increased binding affinity for the protein
template, which prevented catalytic turnover.

Herein, we aim for the reduction of product inhibition in a
protein templated amide bond formation, thereby enabling
dissociation of the reaction products and subsequent binding
of new reactants. Notably, most templated reactions accelerate
a chemical transformation that otherwise would only proceed
very slowly (background reaction).’*™*® The background reac-
tion, however, accelerates with increasing reactant concentra-
tions, which renders templated reactions most useful at
relatively high dilutions. For that reason, they usually find
application where reactants and template are present at low
concentrations, such as the detection or labelling of bio-
macromolecules. In this study, we report the use of a transfer
reaction (instead of the ligation) to omit the generation of
products with increased template affinity. This enables catalytic
turnover and the selective labelling of a target protein.

We selected the so-called native chemical ligation (NCL), a
reaction that was originally used for linking two peptide
fragments.”’ ™ To enable a transfer reaction, peptides were
modified in such a way, that a transferrable group (*) was
linked via a thioester to a thiol side chain in ligand 1 (Fig. 1B).
Peptide ligand 2 was equipped with an N-terminal cysteine
capable of undergoing first a reversible thiol exchange that
initiates the transfer reaction which is concluded by an irrever-
sible S—N-acyl shift (Fig. 1B).>**®> To facilitate a real-time
readout of the reaction, a fluorophore was selected as transfer-
rable group (*), and accepting ligand 2 was equipped with a
fluorescence quencher (#). The transfer of the fluorophore-
containing transferrable group to quencher-containing peptide
2 brings both chromophores in close proximity and would
result in reduced fluorescence intensity.

Initially, the peptide ligands were adjusted to the planned
reaction setup. The original sequence of ligand 1 contained a
serine (S) close to the anticipated thioester site and two addi-
tional lysine residues (K, ESIt Fig. S2). To reduce the nucleo-
philic character of this peptide and exclude an intramolecular
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attack of the thioester moiety, these three amino acids were
substituted by alanine (A). Fluorescence polarization binding
assays with fluorescein isothiocyanate (FITC) labelled peptides
showed that these variations did not affect affinity for template
T (Kq = 0.16 £ 0.01 puM, ESIT Fig. S2). Peptide 1 was equipped
with an N-terminally acetylated cysteine (C) that was subse-
quently loaded with a transferrable group derived from FITC, to
provide the final thioester containing ligand 1* (Fig. 2A). In
brief, these modifications were introduced on solid-support
after peptide sequence assembly*® by adding a 4-monomethoxy-
trityl side chain-protected cysteine. The cysteine side chain was
then selectively deprotected and coupled with FITC-modified
5-aminovaleric acid which was obtained following a previously
reported procedure.?” The sequence of peptide 2 was slightly
truncated compared to the original ligation reaction,'® result-
ing in a 17-mer peptide (K4 = 0.50 £+ 0.05 uM, ESIt Fig. S3).
To obtain the final reactant 2* (Fig. 2A), this sequence
was equipped with an N-terminal cysteine and a C-terminal
4-(4-dimethylaminophenylazo)benzoyl (Dabeyl) modified lysine
acting as the fluorescence quencher.

To analyse the transfer reaction, initially HPLC/MS was used
as readout choosing relatively low peptide concentrations to
limit a potential background reaction. In the absence of T,
co-incubation of peptide 1* (¢ = 2.5 uM) and 2* (¢ = 5 uM) did
not result in the formation of a reaction product (¢ = 2 h,
Fig. 2B, top). In the presence of stochiometric amounts of
T (c = 2.5 uM), two new signals appeared while the signals for
1* and 2* showed reduced intensity (¢ = 2 h, Fig. 2B, bottom).
HPLC-coupled ESI-MS analysis associated the expected two
reaction products 1 and *2* with these new signals (Fig. 2C
and ESIt Fig. S6). Peak areas indicated a yield of ca. 50% after
these 2 h reaction time.

Having verified the functionality of the reaction system, we
next pursued a fluorescence-based reaction readout. Given the
absence of detectable background reaction in the previous setup
after two hours (Fig. 2B), we decided to apply higher peptide
concentrations to support catalytic turnover and increase fluores-
cence signal intensity. The reduction in fluorescence intensity
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Fig. 2 (A) Sequences with chemical structures of modifications of peptides 1* and 2¥. (B) HPLC chromatograms of reactions between 1* and 2% in the
absence (top) and the presence (bottom) of protein T (conditions: T = 30 °C, phosphate buffer, pH 7.4, ¢ = 2.5 uM 1* 5 uM 2# 25 \M T, for details see

ESIF). (C) MS spectrum of *2# including calculated and found m/z values.
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Fig. 3 (A) Scheme of catalytic cycle starting from 1* and 2# and providing reaction products 1 and *2*. (B) Fluorescent readout of transfer reaction
(conditions: T = 30 °C, phosphate buffer, pH 7.4, ¢ = 5 uM 1*, 10 pM 2# 1.25 uM T (0.25 eq.), for details see ESIT). (C) Reaction time course determined
based on fluorescence intensity changes for different equivalents of T (conditions: T = 30 °C, phosphate buffer, pH 7.4, ¢ = 5 uM 1*, 10 uM 2# for details

see ESIt). Turnover numbers (TON) are provided (for details ESIT Fig. S7).

upon formation of product *2* (Fig. 3A) was monitored using a
microtiter plate reader. Initially, 1* (c = 5 uM) and 2 (¢ = 10 uM)
were reacted in the absence of T revealing the expected
unchanged fluorescence intensity over time (grey, Fig. 3B). In
the presence of T (¢ = 1.25 uM, 0.25 eq.), we observed a time-
dependent intensity reduction. Notably, 0.25 eq. of T resulted in a
strong signal reduction after 5 h (black, Fig. 3B) indicating the
turnover of more than one substrate pair. Here, a single turnover
number (TON)*® would result in only 25% yield. To investigate the
catalytic activity in more detail, the reaction was performed in the
presence of different concentrations of T and processed to allow
the calculation of reaction yields (for details see ESIt). Impor-
tantly, in presence of substochiometric amounts of T (0.25, 0.1
and 0.05 eq.), we observed catalytic activity with TON values
ranging from 3.6 to 5.0 (Fig. 3C).

Usually, the reduction of catalyst equivalents increases TON
values. However, for the lowest concentration of T (¢ = 0.25 uM,
0.01 eq., Fig. 3C), we did not observe the highest TON. This
points towards insufficient complex formation and/or ligand
exchange under these conditions, which prompted us to test
higher peptide concentrations (c = 50 uM 1* and 75 uM 2¥). And
indeed, under these conditions TON values increased to 8.8 for
0.05 eq. T (¢ = 2.5 uM) after 5 h (ESI{ Fig. S8). In the presence of
0.01 eq. T (¢ = 0.5 uM), a TON value of 16 was obtained after 5 h.
Notably, under these conditions a considerable background
reaction was observed (ca. 50% yield in the absence of T, ESIT
Fig. S8) owing to the overall high substrate concentration.

Knowing about the high chemo-selectivity of the NCL reaction
and its preference for N-terminal free cysteine residues, we
considered the use of 1* and T for protein labelling. To test the
feasibility of this approach, we chose firefly luciferase from
Photinus pyralis as the protein of interest (POI) and equipped its
N-terminus with peptide sequence 2, including the terminal free
cysteine resulting in protein 2-POL In brief, a GST tag was cloned
N-terminally to 2-POI linking both constructs via a TEV protease
recognition motif.>® The TEV site was modified to provide the
required N-terminal free cysteine in 2-POI after protease cleavage
(for details see ESIY).

This journal is © The Royal Society of Chemistry 2023

For labelling reactions, we applied low reactant concentra-
tions to reduce the risk of undesired side reactions with
alternative nucleophilic protein side chains. Target protein
2-POI (¢ = 1 pM) was then co-incubated with 1* (¢ = 1 uM)
either in the presence or absence of T (Fig. 4A). To follow the
time course of the transfer reaction, aliquots were subjected to
SDS loading buffer and then analysed using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). To
visualise protein labelling, the resulting gel was imaged using
a fluorescence reader (Fig. 4B, top) and subsequently analysed
via Coomassie staining (Fig. 4B, bottom). The band intensity in
the fluorescence image (Fig. 4B, top) is indicative of labelled
protein *2-POI clearly showing a time-dependent increase in
the presence of T. In the absence of T, we did not observe
labelling under these conditions (¢ = 120 min). The Coomassie-
stained gel shows a total protein content irresectable of the
labelling status. Here, similar band intensities in all lanes were
observed (Fig. 4B, bottom), indicating efficient protein label-
ling. To investigate if labelling occurs at the N-terminal
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Fig. 4 (A) Scheme of T-mediated labelling of protein 2-POI (for protein
sequence see ESIt Fig. S1). (B) SDS-PAGE analysis of time-dependence of
labelling reaction with 1* 2-POIl and T (each ¢ = 1 uM, buffer: 20 mM
sodium phosphate, pH 7.4, 500 uM TCEP, T = 30 °C). Top: Fluorescence
imaging of gel indicating labelled protein *2-POI, Bottom: Coomassie-
stained gel indicative of total protein content 2-POI and *2-POI (for full
gels see ESIT Fig. S10).
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cysteine, a C1A variant of 2-POI was expressed and tested
showing indeed the expected absence of a fluorescence signal
(ESIt Fig. S11). Also, enzymatic luciferase activity of 2-POI
before and after the labelling was assessed revealing
unchanged activity (ESIt Fig. S12). Taken together, this con-
firms the successful formation of the covalently labelled pro-
tein *2-POL

In conclusion, we report the use of a protein adaptor
domain, capable of simultaneously binding to two peptide
ligands, as template for amide formation. In a related pre-
viously reported system, the protein domain was used to
template a ligation reaction providing a product with high
template affinity.’® This resulted in severe product inhibition
and hence did not allow catalytic turnover. Herein, we report
the design of a pair of peptide ligands that can undergo a
transfer reaction following a mechanism analogous to the
native chemical ligation. The transferrable group harbours a
fluorophore which facilitated (i) a real-time readout via transfer
to a fluorescence quencher-bearing peptide and (ii) the label-
ling of a protein equipped with a suitable N-terminal peptide
tag. The highest observed TON value was 16 (0.01 eq. T,
theoretical TON (max) = 100), which veryfies catalytic activity
but does not rival enzymatic reactions.'>>**°=* However, con-
sidering the so far reported low catalytic activities of peptide-
and protein-templated amidations,"*”" this represents a major
advancement. Notably, observed rate accelerations are mainly
caused by increasing the local concentration of reactants,
rather than direct activation of functional groups, which dis-
tinguishes this system from most enzymatic reactions.
Obtained activities are in line with early examples of nucleic-
acid templated reactions which were later improved by adjust-
ing reactant affinities and functional group alignments. The
catalytic system introduced herein can serve as model system to
investigate parameters crucial for protein-catalysed amidation,
and it further expands the toolbox for selective protein
modifications.
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