
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
/1

8/
20

26
 2

:3
7:

56
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Tertiary amide b
Institute for Molecular Bioscience, Australia

for Innovations in Peptide and Protein S

Brisbane, QLD 4072, Australia. E-mail: s.

edu.au; hrehm@gmail.com

† Electronic supplementary informa
https://doi.org/10.1039/d3sc06352f

‡ Authors contributed equally to this wor

Cite this: Chem. Sci., 2024, 15, 5248

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 27th November 2023
Accepted 4th March 2024

DOI: 10.1039/d3sc06352f

rsc.li/chemical-science

5248 | Chem. Sci., 2024, 15, 5248–5
ond formation by an engineered
asparaginyl ligase†

Simon J. de Veer, ‡* Yan Zhou, ‡ Thomas Durek, David J. Craik *
and Fabian B. H. Rehm *

Transpeptidases are powerful tools for site-specific protein modification, enabling the production of

tailored biologics to investigate protein function and aiding the development of next-generation

therapeutics and diagnostics. Although protein labelling at the N- or C-terminus is readily accomplished

using a range of established transpeptidases, these reactions are generally limited to forming products

that are linked by a standard (secondary) amide bond. Here we show that, unlike other widely used

transpeptidases, an engineered asparaginyl ligase is able to efficiently synthesise tertiary amide bonds by

accepting diverse secondary amine nucleophiles. These reactions proceed efficiently under mild

conditions (near-neutral pH) and allow the optimal recognition elements for asparaginyl ligases (P1 Asn

and P200 Leu) to be preserved. Certain products, particularly proline-containing products, were found to

be protected from recognition by the enzyme, allowing for straightforward sequential labelling of

proteins. Additionally, incorporation of 4-azidoproline enables one-pot dual labelling directly at the

ligation junction. These capabilities further expand the chemical diversity of asparaginyl ligase-catalysed

reactions and provide an alternative approach for straightforward, successive modification of protein

substrates.
Introduction

The use of transpeptidases for protein modication provides
several advantages over chemical conjugation strategies, but
perhaps the most appealing feature is their potential for
exquisite site-specicity. As a result, several transpeptidases,
particularly sortases, subtiligases and asparaginyl ligases, have
gained widespread use.1 These enzymes typically catalyse the
ligation of peptides or proteins via a reaction that involves
nucleophilic attack by an N-terminal primary amine on a cova-
lently linked enzyme-substrate intermediate. Although some
transpeptidases are promiscuous with respect to the identity of
the incoming N-terminal amine nucleophile, reactions
involving secondary amines are rarely observed.2,3 Indeed,
proline is reportedly not accepted as the N-terminal residue by
a wide range of transpeptidases and amide ligases, despite their
diverse specicities and catalytic mechanisms.4–6 Consequently,
known transpeptidases are limited to generating products that
are joined via a conventional (secondary) amide bond. However,
transpeptidation reactions are oen reversible and, if the
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recognition sequence for the enzyme is re-formed in the
product, it can lead to re-recognition and proteolytic processing
of the product.

We hypothesised that ligating N-terminal secondary amines
to form tertiary amide-bonded products might contribute to
preventing product recognition. Such reactions have yet to be
described for naturally occurring or engineered peptide ligases
that are sufficiently versatile for practical use. Here, we show
that the engineered asparaginyl ligase [C247A]OaAEP1 can
efficiently form tertiary amide-bonded products and that several
proline-containing products are subsequently resistant to
signicant recognition. We utilise separate aspects of the
reaction involving proline-based nucleophiles to perform
successive reactions on protein substrates and generate dual
labelled products. We harness the disparity between acceptance
of secondary amine nucleophiles but poor recognition of the
resulting product to site-specically label a protein at both
termini using a single asparaginyl ligase. We also utilise the
pyrrolidine ring of proline as a scaffold for displaying an addi-
tional chemical handle, which enables one-pot dual labelling
directly at the ligation junction.

[C247A]OaAEP1 is a versatile ligase that has been used for
a broad range of protein engineering and biotechnological
applications.7–13 This enzyme acts on substrates bearing a tri-
peptide Asn–Gly–Leu (P1YP10–P20) recognition motif, with
cleavage of the Asn–Gly peptide bond generating a thioester-
linked acyl-enzyme intermediate that is highly susceptible to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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nucleophilic attack. Conventional nucleophiles include
peptides or proteins with an N-terminal Gly–Leu sequence, with
the resulting transpeptidation reaction providing direct access
to N- or C-terminally labelled proteins,9,13–16 head-to-tail cycli-
sation of peptides or proteins,14,17 or dened protein–protein
fusions.11,15,18 However, these reactions typically reconstitute the
Asn–Gly–Leu recognition sequence in the product, hence
recognition and proteolytic processing of the product remains
a possibility.

Previous efforts to avoid re-recognition events for aspar-
aginyl ligases have focused on pH-dependent recognition of the
P1 residue (Asp or Asn), which necessitates precise manipula-
tion of the reaction pH between each labelling step,19 or varying
Fig. 1 Enzymatic tertiary amide bond formation with model peptides. Re
substrate (Ac-GWRNGLH, 100 mM), and tetrapeptides bearing an N-te
(2S,4R)-4-hydroxyproline, pipecolic acid, azetidine-2-carboxylic acid or
at 25 °C). Shown are analytical reverse-phase HPLC traces (A280 nm). Pe
substrate (H, grey) are indicated, as well as the % conversion to product. S
Ni2+ (lower panels) were run with 300 mM NiCl2 included. Table S1 lists a

© 2024 The Author(s). Published by the Royal Society of Chemistry
the product P20 residue to Val by incorporating GV nucleophiles
that must be provided in substantial excess to generate the
product.14 By contrast, altering P10 in the formed product has
not been explored – asparaginyl ligases have been reported to be
tolerant of diverse amino acids at this position, with the one
notable exception being proline.9
Results and discussion

To explore whether [C247A]OaAEP1 could catalyse the forma-
tion of tertiary amide-bonded products, we initially tested
whether tetrapeptides bearing an N-terminal secondary amine
could be ligated to a model peptide substrate. We rst selected
actions were run using 100 nM [C247A]OaAEP1, an NGLH-containing
rminal secondary amine (XLRL where X = N-methylglycine, proline,
(2S,4R)-4-azidoproline, 200 mM, 2 equiv.) in 100 mM HEPES pH 7.5 (1 h
aks for starting material (S, black), product (P, orange), and hydrolysed
pectra fromMALDI-TOF MS are shown in Fig. S1.† Reactions labelled +
ll calculated and observed peptide masses.
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Fig. 2 Time course for ligation of GLRL or PLRL to a model NGLH
substrate. Reactions were run as described in Fig. 1 and analysed by
reverse-phase HPLC (Fig. S4†). Data points represent the mean ±
standard deviation (n = 3) for GLRL (grey) or PLRL (blue), in the pres-
ence (filled circles) or absence (open circles) of 300 mM NiCl2. Data
were fit to one-phase association curves in GraphPad Prism.
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N-methylglycine and proline as examples of common, widely
available secondary amino acids and assessed ligation of NMe-
GLRL or PLRL to Ac-GWRNGLH in reactions comprising 100 nM
[C247A]OaAEP1, 100 mM NGL peptide substrate and 200 mM
NMe-GLRL or PLRL (2 molar equivalents) in 100 mMHEPES pH
7.5 (25 °C for 1 h). Reactions were quenched by adding 1% TFA,
then analysed by reverse-phase HPLC (Fig. 1) and MALDI-TOF
mass spectrometry (Fig. S1†). In ligation reactions using NMe-
GLRL, only low levels of the tertiary amide-bonded product
were observed (5% conversion, Fig. 1). However, ligation of
PLRL was more effective (35% conversion, Fig. 1), with the level
of product reaching approximately half that observed in reac-
tions using an optimal peptide nucleophile GLRL under similar
conditions (Fig. S2†). Interestingly, our nding that Pro is
incorporated more efficiently than N-methylglycine in trans-
peptidation reactions parallels reported peptidyl transfer rates
for Pro and other N-alkylamino acids during ribosomal
synthesis, where Pro is incorporated more rapidly than N-
methyl or N-butyl amino acids.20

To further explore the scope of [C247A]OaAEP1-catalysed
tertiary amide bond formation, we tested a naturally occurring
proline analogue (2S,4R)-4-hydroxyproline (Hyp), which is a key
component of brillar collagen. In reactions using Hyp-LRL, we
observed a further increase in the level of product formed (43%
conversion, Fig. 1). We also examined varying the size of the
pyrrolidine ring by screening six-membered (pipecolic acid, Pip)
and four-membered (azetidine-2-carboxylic acid, Aze) cyclic
amino acids. Ligation of Aze-LRL (48% conversion) was more
efficient than PLRL but we did not detect product formation for
Pip-LRL (Fig. 1), suggesting that the larger piperidine ring was
too bulky. Additionally, we tested a proline analogue bearing
a click handle, (2S,4R)-4-azidoproline (Azp), and found that Azp-
LRL could be ligated to the NGL substrate (38% conversion) at
a similar level to PLRL.

In the ligation reactions described above, cleavage of the
NGL peptide substrate releases a GLH by-product that competes
with the target peptide nucleophile. As the reaction proceeds
and the concentration of substrate decreases, the concentration
of GLH increases, eventually reaching an equilibrium where
GLH is incorporated in favour of the target nucleophile. Antic-
ipating that this effect was limiting the formation of tertiary
amide-bonded products in our initial experiments, we turned to
an approach for shiing the equilibrium in asparaginyl ligase-
catalysed reactions to favour product formation. This method
relies on quenching the released GLH tripeptide by supple-
menting the reaction with Ni2+, which tightly binds to N-
terminal GLH motifs and weakens the nucleophilicity of the
terminal amine.15 Such an approach enables efficient conjuga-
tion of otherwise less favoured nucleophiles.10,11

Repeating the earlier experiments in the presence of 300 mM
NiCl2 (3 molar equivalents) generally led to improved formation
of each tertiary amide-bonded product (Fig. 1). However, liga-
tion of Pip-LRL remained unsuccessful, with quenching the
released GLH peptide leading to increased levels of acyl donor
peptide hydrolysis as a suitable peptide nucleophile was absent.
Interestingly, we also observed that ligation at N-methylglycine
remained less efficient than at Pro, Hyp, Aze or Azp. This effect
5250 | Chem. Sci., 2024, 15, 5248–5255
could be partially overcome by increasing the concentration of
NMe-GLRL to 800 mM (8 equiv.), which suppressed the
competing hydrolysis reaction and enabled higher conversion
to product (>80%, Fig. S3†). By contrast, supplementing the
reaction with Ni2+ was sufficient to drive efficient formation of
the tertiary amide-bonded product for PLRL, Hyp-LRL, Aze-LRL,
and Azp-LRL at 200 mM peptide nucleophile (2 equiv.). These
reactions reached $90% conversion to product (Fig. 1), which
approaches the level of product formation for reactions using
an optimal peptide nucleophile GLRL (Fig. S2†).

We subsequently performed time course experiments to
compare the rate of product formation for 2 equiv. GLRL and
a model secondary amine nucleophile PLRL in the presence or
absence of Ni2+ (Fig. 2 and S4†). When Ni2+ was absent, reac-
tions reached equilibrium within 30 min with higher levels of
product formed for GLRL (65% conversion) than PLRL (34%).
As noted above, this result reects the greater capacity of GLRL,
compared with PLRL, to compete with GLH released from the
peptide substrate. However, when Ni2+ was added to quench the
released GLH by-product, this advantage was nullied and
reactions with GLRL and PLRL proceeded with similar kinetics.

An additional effect of replacing Gly with Pro at P100

(incoming nucleophile) is that it introduces a chiral residue at
the N-terminus. We tested whether D-Pro-LRL could also be
ligated to the NGL peptide substrate, but observed high levels of
acyl donor peptide hydrolysis and no detectable product
formation (Fig. S3†). We also examined the effect of replacing L-
Leu with D-Leu at P200 as we recently showed that this modi-
cation was well tolerated with P100 Gly.11 However, like D-Pro-
LRL, P-D-Leu-RL was poorly incorporated and substantial
levels of substrate hydrolysis were observed (Fig. S3†). These
ndings indicate that ligation reactions involving P100 Pro
proceed under narrow stereochemical constraints.

Having shown that [C247A]OaAEP1 catalyses the formation
of tertiary amide-bonded products, we next examined the
degree to which these products are susceptible to re-recognition
and proteolytic processing. We synthesised product mimetics
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Recognition of product mimetics bearing a tertiary amide bond. Reactions were run using 100 nM [C247A]OaAEP1, NXLH-containing
substrates (Ac-GWRNXLHwhere X=N-methylglycine, proline, (2S,4R)-4-hydroxyproline, azetidine-2-carboxylic acid, (2S,4R)-4-azidoproline or
(2S,4S)-4-azidoproline, 100 mM), GLRL (200 mM, 2 equiv.) and NiCl2 (300 mM) in 100 mM HEPES pH 7.5 (18 h at 25 °C). Shown are analytical
reverse-phase HPLC traces (A280 nm). Peaks for startingmaterial (S*, black) and product (P*, orange) are indicated, as well as the % conversion to
product. Spectra from MALDI-TOF MS are shown in Fig. S5.† Table S1† lists all calculated and observed peptide masses.

Scheme 1 Tertiary amide bond formation by ligating proline (R = H),
Hyp (R = OH) or (4S)Azp (R = N3) generates products that are poorly
re-recognised, unlike reactions involving conventional GL nucleo-
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View Article Online
for each secondary amino acid that could be ligated (Ac-
GWRNXLH where X = NMe-Gly, Pro, Hyp, Aze or Azp) and
performed reactions with 100 mM product mimetic, 200 mM
GLRL (2 equiv.), 100 nM [C247A]OaAEP1, and 300 mM NiCl2
(25 °C for 18 h), as shown in Fig. 3. Of note, assessing recog-
nition and processing of the product mimetics using a trans-
peptidation assay is more sensitive than monitoring peptide
hydrolysis as GLRL is a substantially more effective nucleophile
than water under these conditions.

Examining the processing of the ve product mimetics
revealed that each P10 residue had different effects on recogni-
tion (Fig. 3). Compared to P10 Gly in a conventional NGL
substrate (>90% conversion within 1 h under similar condi-
tions, Fig. S2†), addition of a methyl group (P10 NMe-Gly) led to
lower levels of substrate processing (56% conversion within
18 h, Fig. 3). However, P10 Aze was more susceptible to pro-
cessing, with conversion to product reaching near completion
(95% conversion). By contrast, substrates with P10 Pro or Hyp
were largely resistant to processing (18% or 7% conversion to
product, respectively). In general, proteolytic cleavage at Xaa-
Pro sites is poorly favoured across a wide range of proteases,
such that proteins with greater resistance to degradation can be
engineered by introducing P10 Pro at a susceptible cleavage
site.21,22 Surprisingly, this effect was diminished in the product
mimetic with P10 Azp (73% conversion within 18 h). Previous
studies on Azp derivatives have identied an azido gauche effect
for (2S,4R)Azp and (2S,4S)Azp,23 and that each analogue has
different impacts on peptide conformation.23,24 Having tested
(2S,4R)Azp at P10, we synthesised the corresponding peptide
with (2S,4S)Azp and examined substrate processing. The (2S,4S)
Azp substrate was highly resistant to processing (12% conver-
sion within 18 h, Fig. 3), which is comparable to Pro and Hyp.
© 2024 The Author(s). Published by the Royal Society of Chemistry
We also synthesised (2S,4S)Azp-LRL and veried that this
modication only affected product re-recognition but not
product formation, which remained similar to (2S,4R)Azp-LRL
(Fig. S6†).

These ndings indicate that, in general, proline-containing
products are poorly re-recognised and undergo limited enzy-
matic processing (Scheme 1). This effect is particularly evident
in the divergent processing of substrates containing Pro or the
related cyclic amino acid Aze, and appears to be modulated by
additional steric or conformational factors, as noted for pro-
cessing of Azp-containing products. Here, processing was
heavily dependent on the stereochemistry of the azido substit-
uent, such that (4R)Azp was susceptible to processing, whereas
(4S)Azp was not.
philes, which re-form the recognition sequence in the product.

Chem. Sci., 2024, 15, 5248–5255 | 5251
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Fig. 4 Protein labelling with tertiary amide bond formation. N-terminal labelling of (A) SUMO or (B) sfGFP25 with an N-terminal PL extension.
Reactions contained 50 mM protein substrate, 500 mM TAMRA-GRNGLH, 2 mM NiCl2 and 200 nM [C247A]OaAEP1 in 100 mM HEPES pH 7 at
25 °C and were run for 4 h, then quenched via TFA addition (2%) prior to analysis by ESI-MS (see Fig. S7† for additional timepoints). Shown are
reconstructed spectra with the observed substrate (S) and product (P) masses indicated. (C) C-terminal labelling of anMHCII-targeting nanobody
(VHHMHCII)26 with a C-terminal NGLH-StrepTag extension. Reactions contained 50 mMprotein substrate, 200 mMXLGK(biotin)RG (X= Pro, Hyp or
Azp as indicated), 250 mMNiCl2 and 500 nM [C247A]OaAEP1 in 100mMHEPES pH 7 at 25 °C andwere run for 4 h, then quenched via TFA addition
(2%) prior to analysis by ESI-MS (see Fig. S8† for additional timepoints). Shown are reconstructed spectra with the observed substrate (S) and
product (P) masses indicated. For Azp-LGK(biotin)RG, the transpeptidation reaction (1) was followed by strain-promoted azide–alkyne cyclo-
addition (2) by adding 250 mM DBCO-AF488 and incubating for a further 4 h to generate the C-terminally dual labelled product in a one-pot
reaction. In addition to ESI-MS, reaction products (1 and 2) were analysed by SDS-PAGE, with gels imaged after InstantBlue Coomassie staining
(top panel) and by fluorescence scanning (lower panel). (D) C-terminal labelling of an MHCII-targeting nanobody (VHHMHCII)26 with a C-terminal
NPLH-StrepTag extension. Reactions were conducted as described in (C) using PLGK(biotin)RG (see Fig. S9† for additional timepoints). Table S2†
lists all calculated and observed protein masses.

5252 | Chem. Sci., 2024, 15, 5248–5255 © 2024 The Author(s). Published by the Royal Society of Chemistry
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To further assess the utility of asparaginyl ligase-catalysed
tertiary amide bond formation, we explored whether the reac-
tion could also be applied to protein substrates. Initially, we
tested N-terminal labelling and synthesised a TAMRA-GRNGLH
peptide substrate for conjugation to proteins bearing an N-
terminal Pro–Leu motif. Such reactions require ligation of
secondary amine nucleophiles from larger, more structured
polypeptide chains compared with the synthetic tetrapeptides
used in earlier experiments (Fig. 1). The model proteins we used
for N-terminal labelling were small ubiquitin-like modier
(SUMO) and superfolder green uorescent protein (sfGFP),25

which were each produced with an N-terminal PL extension. We
observed that the TAMRA-peptide substrate was readily conju-
gated to both SUMO and sfGFP (Fig. 4A and B), demonstrating
that tertiary amide bond formation can facilitate N-terminal
protein labelling. Interestingly, labelling efficiency for sfGFP
appeared to be slightly higher than SUMO (Fig. S7†), although
both reactions reached $90% conversion within 4 h (Fig. 4A
and B). Extending the reaction time to 18 h yielded near-
complete conversion to product for both proteins (Fig. S7†).

We also examined C-terminal labelling of a model protein,
VHHMHCII, which is a single-domain antibody (nanobody) that
recognises major histocompatibility complex class II (MHCII)
molecules.26 This nanobody was recombinantly produced with
Fig. 5 Site-specific, successive protein modification with tertiary amide b
bivalent human angiotensin-converting enzyme 2 (hACE2) decoy CTC-44
sequence and N-terminally with a TEV protease cleavage site (ENLYFQ
terminally labelled with a PL-biotin peptide in a reaction comprising 50 m

OaAEP1 in 100 mM HEPES pH 7 for 4 h at 25 °C. After N-terminal depro
exchange column, N-terminal labelling (2) was conducted on 50 mM pro
OaAEP1 for 10 min in 100 mM HEPES pH 7 to yield the site-specifically du
observedmasses indicated. Higher resolution spectra for monitoring C-te
observed protein masses.

© 2024 The Author(s). Published by the Royal Society of Chemistry
a C-terminal extension comprising an NGLH recognition
sequence followed by a StrepTag for affinity purication, and
served as a substrate for ligation reactions using a biotinylated
peptide, XLGK(biotin)RG where X = Pro, Hyp or Azp. Under
mild reaction conditions (50 mM protein, 4 equiv. biotinylated
peptide, 5 equiv. NiCl2 and 0.01 equiv. enzyme in 100 mM
HEPES pH 7), we observed formation of each labelled product,
with reactions reaching $90% conversion within 4 h (Fig. 4C).
As observed for N-terminal labelling, conversion to product
reached near-completion aer extending the reaction time
(Fig. S8†). For comparison, we also examined labelling of the
nanobody substrate with GLGK(biotin)RG and found similar
levels of product at each timepoint for the GL- and PL-peptides
(Fig. S8†).

To assess whether the tertiary amide-bonded products
formed in this context would also be resistant to re-recognition,
we produced a nanobody where the AEP recognition sequence
was mutated from NGLH to NPLH. In line with observations
made using model peptides (Fig. 3), we found that the efficiency
of labelling this protein substrate was substantially lower (5%
conversion aer 4 h, Fig. 4D; 7% aer 18 h, Fig. S9†) under
equivalent conditions.

We next turned to protein dual labelling and examined uti-
lising the azide handle installed at the ligation junction upon
ond formation. Dual labelling was conducted on the de novo designed,
5.2d.28 The protein substrate was extended C-terminally with an NGLH
) followed by a GL sequence. In the first step (1), the protein was C-
M protein, 500 mM PLGK(biotin)RG, 250 mM NiCl2 and 500 nM [C247A]
tection using TEV protease and removal of excess peptide via a buffer
tein, with 200 mM TAMRA-GRNGLH, 1 mM NiCl2 and 100 nM [C247A]
al labelled product. Shown are reconstructed ESI-MS spectra with the
rminal labelling are shown in Fig. S10.† Table S2† lists all calculated and
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conjugation of an Azp–Leu peptide. Having identied condi-
tions for efficient C-terminal labelling using Azp-LGK(biotin)
RG, we anticipated that introducing a second label via strain-
promoted azide–alkyne cycloaddition27 could enable one-pot
protein dual labelling directly at the ligation junction. Aer
labelling VHHMHCII with Azp-LGK(biotin)RG to generate the
single labelled product (1), we added a DBCO-functionalised
uorophore (DBCO-AF488, 250 mM) and observed quantitative
conversion to the dual labelled product (2) within 4 h (Fig. 4C).

Given that reactions generating protected products have the
potential to allow successive modications to be carried out
using the same enzyme, we next explored this possibility via
tertiary amide bond formation. We examined dual labelling of
CTC-445.2d, a bivalent de novo designed protein that binds to
the SARS-CoV-2 spike protein at the interface that typically
interacts with hACE2.28 The CTC-445.2d construct was extended
at the C-terminus to include an NGLH recognition sequence
and, at the N-terminus, we appended a pro-peptide bearing a GL
motif that could be unmasked by TEV protease prior to the
second reaction. We envisaged that generating a poorly fav-
oured NPL recognition sequence in the product (Scheme 1)
would enable subsequent reactions to be carried out without
affecting the newly formed NPL site. To generate the dual
labelled CTC-445.2d protein (Fig. 5), we rst performed C-
terminal labelling to conjugate PLGK(biotin)RG and form
a tertiary amide bonded-product (1). This reaction reached
>95% conversion within 4 h (Fig. S10†). Aer releasing the N-
terminal pro-peptide (ENLYFQ) using TEV protease to reveal
the downstream GL motif and removing excess peptide using
a buffer exchange column, the second transpeptidation reaction
was carried out to conjugate TAMRA-GRNGLH at the N-
terminus and generate the site-specically dual labelled CTC-
445.2d protein (>95% conversion, Fig. 5).
Conclusions

In summary, we have demonstrated the capacity of the aspar-
aginyl ligase [C247A]OaAEP1 to ligate N-terminal secondary
amines on peptides and proteins. To our knowledge, these
reactions represent the rst examples of tertiary amide bond
formation by a general-purpose transpeptidase. Importantly, we
found that several of the resulting products were poor
substrates for the enzyme, particularly products with an Asn–
Pro, Asn–Hyp or Asn–(4S)Azp junction. Inefficient cleavage at
Xaa–Pro sites is a relatively general phenomenon across a wide
range of proteases – for transpeptidases, forming an Xaa–Pro
junction contributes to suppressing product recognition events
that would culminate in reaction reversal. Although such
reversal can be overcome in standalone reactions by providing
the peptide to be attached in excess,14 or by quenching the by-
product released upon substrate cleavage to shi the equilib-
rium to favour product formation,15,16 these approaches still
generate products that are susceptible to proteolytic processing,
which is a drawback for carrying out several reactions sequen-
tially. This challenge can be overcome by using enzymes with
orthogonal substrate specicity,29 but here we demonstrate that
5254 | Chem. Sci., 2024, 15, 5248–5255
tertiary amide bond formation can facilitate site-specic,
successive protein modications using a single transpeptidase.

Unlike previously reported approaches, these ligation reac-
tions are fully compatible with retaining the optimal recogni-
tion elements for asparaginyl ligases (P1 Asn and P200 Leu) and
proceed efficiently under mild conditions (near-neutral pH). A
further benet of the approach is that the pyrrolidine ring of
proline affords the opportunity to ligate nucleophiles bearing
an additional chemical handle. We show that labelled peptides
with an N-terminal Azp–Leu motif can be efficiently ligated to
a protein substrate, which subsequently enables one-pot dual
labelling directly at the ligation junction. This study broadens
the known substrate scope of [C247A]OaAEP1-catalysed trans-
peptidation and we anticipate that such reactions will become
increasingly valuable given the increasing complexity and
diversity of engineered proteins and protein conjugates
currently under development.
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