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Abstract: Transpeptidase-catalyzed protein and peptide mod-
ifications have been widely utilized for generating conjugates
of interest for biological investigation or therapeutic applica-
tions. However, all known transpeptidases are constrained to
ligating in the N-to-C orientation, limiting the scope of
attainable products. Here, we report that an engineered
asparaginyl ligase accepts diverse incoming nucleophile
substrate mimetics, particularly when a means of selectively
quenching the reactivity of byproducts released from the
recognition sequence is employed. In addition to directly
catalyzing formation of L-/D- or α-/β-amino acid junctions, we
find C-terminal Leu-ethylenediamine (Leu-Eda) motifs to be
bona fide mimetics of native N-terminal Gly-Leu sequences.
Appending a C-terminal Leu-Eda to synthetic peptides or, via
an intein-splicing approach, to recombinant proteins enables
direct transpeptidase-catalyzed C-to-C ligations. This work
significantly expands the synthetic scope of enzyme-catalyzed
protein transpeptidation reactions.

Introduction

The generation of defined, site-specifically modified proteins
is a crucial aspect of modern chemical biology, enabling new
ways of studying protein function and the manufacture of
therapeutic or diagnostic bioconjugates.[1] Although several
regio-and chemoselective chemical conjugation strategies
have been developed, these approaches often require case-
by-case optimization and the synthesis of specialized
reagents.[2] By contrast, enzymatic approaches readily
achieve exquisite specificity following genetic incorporation
of a recognition motif into the protein of interest.[3] In
particular, recombinantly-accessible transpeptidases that
operate on natural amino acid substrates have seen wide-

spread use, with the best studied example being the bacterial
enzyme sortase A.[4] Recently, asparaginyl endopeptidases
(AEPs) that preferentially catalyze transpeptidation reac-
tions (asparaginyl ligases) have emerged as next-generation
enzymes due to their short tripeptide recognition motifs and
high catalytic efficiencies.[5] Asparaginyl ligases are remark-
ably versatile enzymes—they have been employed for
peptide and protein head-to-tail cyclization,[6] N- or C-
terminal protein labeling with small synthetic peptides,[7] the
generation of N-to-C protein-protein fusions, including
polyproteins,[8] the promiscuous modification of protein N-
termini on red blood cell and extracellular vesicle surfaces,[9]

and for C-terminal protein labeling with structurally diverse,
non-peptidyl amines.[20] However, like all known transpepti-
dases, asparaginyl ligases have, until now, been thought to
be constrained to operating on α-amino acid substrates and
in the N-to-C orientation. Here we expand the synthetic
scope of asparaginyl ligase-catalyzed reactions via substrate
mimetics, enabling intermolecular ligation at L-/D- and α-/β-
amino acid ligation junctions and C-to-C protein fusions.

Results and Discussion

[C247A]OaAEP1 is a catalytically improved asparaginyl
ligase that is accessible via recombinant production in
E. coli.[10] It acts on Asn-Gly-Leu (P1-P1’-P2’) motifs and,
via a thioester-linked acyl enzyme intermediate, joins the P1
Asn to a protein or peptide bearing a compatible N-terminal
dipeptide (e.g. Gly-Leu, P1’’-P2’’) (Figure 1A). As the initial
P1’-P2’ leaving group is released from the recognition motif
over the course of the reaction, this byproduct competes
with the desired incoming nucleophile N-termini, culminat-
ing in a product-limiting equilibrium. By simply extending
the Asn-Gly-Leu motif by a single His, the nucleophilicity of
released Gly-Leu-His byproducts can be quenched via metal
complex formation upon addition of Ni2+ to the reaction
(Figure 1A) thereby suppressing the reverse reaction.[8a] We
hypothesized that this quenching approach could enable the
efficient incorporation of suboptimal incoming N-termini
(P1’’-P2’’) which would otherwise be readily outcompeted by
the more efficiently incorporated Gly-Leu (P1’-P2’) by-
product. We synthesized a series of N-terminal Gly-Leu
substrate mimetics and monitored their conjugation to a
model peptide substrate (Ac-RWRGWRNGLH, recogni-
tion sequence in bold). Reactions contained 100 μM pep-
tide-NGLH, 500 μM substrate mimetic, 100 nM
[C247A]OaAEP1, and 2 mM NiSO4 in 100 mM Tris-HCl,
pH 7.5, and were run until equilibrium was reached (1 h,
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25 °C), then analyzed by RP-HPLC (Figure 1B, Figure S1)
and MALDI-TOF MS (Figure S2). We found that replace-
ment of the P1’’ Gly with N-terminally extended residues
was well tolerated, with both an N-terminal β-Ala and a
hydrazino Gly analogue being efficiently incorporated,
although the latter produced two putative products on RP-
HPLC but a single major mass on MALDI-TOF MS of the
crude reaction mixture, potentially suggesting ligation
through either the β- or α-nitrogen atoms (Figure 1B,

Figures S1 and S2). A similar product mixture was observed
in a study that examined ribosomal incorporation of
hydrazino Phe.[11] Substitution of the critical P2’’ Leu residue
with D-Leu was also compatible, enabling intermolecular
cross-chiral ligation. Similarly, α-/β-amino acid ligation
junctions could be readily formed with an N-terminal β-Ala-
β-homoLeu sequence when Ni2+ was supplemented in the
reaction (90% conversion to product with Ni2+, 48% with-
out; Figure S1). To demonstrate these non-natural L-/D- and

Figure 1. [C247A]OaAEP1-catalyzed formation of non-natural ligation junctions. A) Scheme illustrating the Ni2+-mediated nucleophile quenching
strategy. Below the scheme are RP-HPLC chromatograms (280 nm) of the ligation of a model NGLH-containing peptide substrate (Ac-
RWRGWRNGLH, 100 μM) to the conventional substrate (GLRL, at 2 equiv) with/without NiSO4 addition (as indicated, 2 mM) as catalyzed by
100 nM [C247A]OaAEP1 in 100 mM Tris-HCl, pH 7.5, for 1 h. B) Ligation of substrate mimetics to the model NGLH-containing peptide as in (A),
except all shown reactions were supplemented with NiSO4 and the mimetic peptides were provided at 5 equiv Figures S1 and S2 show RP-HPLC
chromatograms for all Ni2+-free reactions and MALDI-TOF MS traces for all reactions, respectively. Table S1 lists observed and calculated peptide
conjugate masses. C) Ligation of the D- and β-amino acid substrate mimetics (500 μM) to NGLH-modified protein substrates (a nanobody, VHH6e,
and eGFP, as indicated; 50 μM) as catalyzed by 400 nM [C247A]OaAEP1 in 100 mM HEPES pH 7, 25 °C for 2 h. Shown are reconstructed ESI-MS
spectra with the observed product masses. Table S2 lists observed and calculated protein conjugate masses.
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α-/β-amino acid ligation junctions in the context of C-
terminal protein modification, we prepared enhanced green
fluorescent protein (eGFP) and a single-domain antibody
(nanobody) with C-terminal extended NGLH motifs. De-
fined protein-peptide conjugates containing D- or β-amino
acids at the ligation site could then be generated using
10 moleq. of the substrate mimetics (Figure 1C).

Given that [C247A]OaAEP1 could readily produce
diverse, non-natural N-to-C ligation junctions intermolecu-
larly, we took inspiration from retro (reversed sequence)
peptidomimetics,[12] to examine whether C-terminal mim-
etics of the N-terminal Gly-Leu sequence could also serve as
substrates. As the P2’’ Leu residue is a key driver of
transpeptidation, we hypothesized that a C-terminal Leu
modified with a suitable diamine at the carboxy group could
potentially mimic the N-terminal Gly-Leu sequence. Ini-
tially, we prepared an N-acetylated peptide bearing a C-
terminal Leu-hydrazide motif (Ac-GLRL-hydrazide) and
examined its C-to-C ligation to our model NGLH-containing
peptide under identical reaction conditions to the earlier
substrate mimetics. However, we found incorporation to be
substantially more challenging, reaching only 2% and 20%
conversion to product in the absence and presence of Ni2+,
respectively (Figure 2A and Figure S1). To assess whether a
diamine that distances the nucleophilic amine from the Leu
sidechain comparably to Gly-Leu would be more appropri-
ate, we prepared a peptide carrying a C-terminal Leu-
ethylenediamine motif (Leu-Eda). This peptide could be

readily synthesized using standard Fmoc solid-phase peptide
chemistry by treating 2-chlorotrityl chloride resin with 10%
(v/v) Eda in DMF containing DIPEA prior to coupling of
the first Leu (Figure S3). We found that [C247A]OaAEP1
could readily ligate this retro substrate mimetic to the model
NGLH-containing peptide at levels comparable to the N-
terminal substrate mimetics, presenting the first example of
direct transpeptidase-catalyzed ligation in the C-to-C ori-
entation (Figure 2A). To verify that the Leu-Eda motif is a
legitimate substrate mimetic, i.e. that it contains enzyme
recognition elements beyond the amine, we synthesized a
range of variants where the P2’’ Leu was substituted (Fig-
ure 2B). In all cases, replacement of Leu resulted in
substantially reduced ligation efficiency, further indicating
that a C-terminal Leu-Eda genuinely mimics native N-
terminal Gly-Leu substrates (Figure 2B). Next, we prepared
defined protein-peptide C-to-C conjugates using the NGLH-
containing nanobody and eGFP substrates and 10 moleq. of
the Leu-Eda peptide (Figure 2C). Protein-peptide C-to-C
conjugates have previously been generated in multiple steps,
relying on transpeptidase-mediated attachment of a click
handle and a subsequent click reaction for peptide
attachment.[13] Here we do so in a single step, obviating the
need for specialized click handle building blocks and
intermediate purification steps.

Having established the C-terminal Leu-Eda motif as an
efficient retro substrate mimetic, we turned our attention to
short bifunctional linker peptides that could be ligated

Figure 2. [C247A]OaAEP1-catalyzed C-to-C ligation. A) Ligation of C-terminal substrate mimetics (Ac-GLRL-hydrazide or Ac-GLRL-Eda) to the model
substrate Ac-RWRGWRNGLH. Reactions were conducted as in Figure 1A. Shown are RP-HPLC chromatograms (280 nm) of the crude reaction
mixtures and % conversion to product (*) is indicated. B) Assessing the degree of substrate mimicry via by monitoring the ligation of a series of
Xaa-Eda (Ac-GLRX-Eda) peptides to Ac-RWRGWRNGLH as in (A). Figures S4 and S5 show RP-HPLC chromatograms for all Ni2+-free reactions and
MALDI-TOF MS traces for all reactions, respectively. The chromatogram for the P2’’ Leu-Eda peptide is the same as shown in Figure 2A. Table S1
lists observed and calculated peptide conjugate masses. C) Ligation of the Leu-Eda substrate mimetics to NGLH-modified protein substrates as in
Figure 1C. Shown are reconstructed ESI-MS spectra with the observed product masses. Table S2 lists observed and calculated protein conjugate
masses.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202116672 (3 of 7) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



through both termini. We anticipated that a native N-
terminal Gly-Leu sequence would readily outcompete a C-
terminal Leu-Eda motif. Thus, with the aim of controlling
the orientation of peptide conjugation through addition of
Ni2+, we designed a peptide with an extended Gly-Leu-His
N-terminal sequence and a C-terminal Leu-Eda (GLHRL-
Eda) (Figure 3A). Ni2+ addition would thus simultaneously
function to control peptide orientation (by deactivating the
N-terminal GLH) and to improve Leu-Eda ligation effi-
ciency by quenching byproducts from NGLH-containing
substrates. Conjugation of the GLH-linker-L-Eda to our
model NGLH-containing peptide indeed revealed that
ligation in the absence of Ni2+ predominantly proceeded
through the N-terminus of the bifunctional peptide. In
contrast, Ni2+ addition (10 moleq. relative to [bifunctional
peptide]) resulted in almost exclusive ligation through the

C-terminus as evidenced by retention time shifts of product
peaks of identical mass as assessed by RP-HPLC and
MALDI-TOF MS analysis (Figure 3A and Figure S6A). In
further support of this Ni2+-mediated orientation control is
the finding that ligating excess (4 eq.) of our model NGLH
peptide to the bifunctional linker peptide yielded peptide-
linker-peptide C-to-C ligation products only when Ni2+ was
not added and, as a result, the GLH motif was not quenched
(Figure S6B). Furthermore, we found trypsin digests of
peptide-linker conjugates to contain C-to-C or N-to-C
peptides spanning the ligation site only in the presence or
absence of Ni2+, respectively (Figure S6C, D).

We then sought to apply this bifunctional linker peptide
for the generation of protein-linker-protein C-to-C fusions.
Following initial attachment of the peptide to a protein
bearing a C-terminal NGLH sequence, a second protein-

Figure 3. Generation of C-to-C protein fusions using orientation-controllable bifunctional linker peptides. A) Ligation of the bifunctional linker
peptide (GLHRL-Eda) to the model substrate Ac-RWRGWRNGLH with/without Ni2+, as indicated. Reactions were conducted as in Figure 1A except
that the bifunctional linker was provided at 1 mM (10 molequiv), enzyme at 200 nM, and NiSO4 at 5 mM. Reactions containing Ni2+ were
incubated for 15 min prior to enzyme addtion. Shown are RP-HPLC chromatograms (280 nm) of the crude reaction mixtures. Figure S6 shows
MALDI-TOF MS traces of the same reactions. Table S1 lists observed and calculated peptide conjugate masses. B) SDS-PAGE analysis of eGFP-
linker-eGFP C-to-C fusion formation when the initial attachment of the linker to eGFP-NGLH is controlled via Ni2+ addition or uncontrolled. NiSO4

was removed prior to protein-linker to protein-NGLH ligations. C) SDS-PAGE analysis of the formation of photocleavable eGFP and nanobody
(VHH6e) protein-linker-protein C-to-C fusions and their cleavage via UV irradiation. Initial linker (GLHG-Anp-L-Eda) attachment was conducted in
the presence of Ni2+ to control ligation orientation. Reconstructed ESI-MS spectra of the protein-linker conjugates are shown in Figure S7. Table S2
lists observed and calculated protein conjugate masses. Anp=3-amino-3-(2-nitro-phenyl)propionic acid.
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protein ligation would need to be conducted to generate
such a fusion construct. We hypothesized that ligation
through the more efficient N-terminal Gly-Leu sequence in
the second [C247A]OaAEP1-catalyzed reaction would re-
sult in enhanced conversion to product. To test this
hypothesis, we examined the generation of eGFP-linker-
eGFP fusion proteins following attachment of the bifunc-
tional linker peptide to eGFP-NGLH in the presence or
absence of Ni2+—when the linker orientation is controlled
to ligate through Leu-Eda or uncontrolled, respectively
(Figure 3B, Figure S7). As anticipated, controlled attach-
ment of the linker, with intermediate removal of Ni2+,
yielded more product in the subsequent reaction (Figure 3B,
Figure S8). In fact, when linker attachment was uncontrolled
(-Ni2+) we also observed unwanted, premature formation of
protein-linker-protein conjugates during the attachment step
itself, further supporting a need for Ni2+ inclusion during
this initial conjugation.

Next, to demonstrate the utility of a synthetic linker
dividing protein-protein conjugates, we generated photo-
cleavable C-to-C protein fusions via incorporation of photo-
labile 3-amino-3-(2-nitro-phenyl)propionic acid (Anp) into
the synthetic linker (GLHG-Anp-L-Eda) (Figure 3C). Fol-
lowing Ni2+-controlled attachment of the linker and subse-

quent generation of the protein-linker-protein fusions via
consecutive [C247A]OaAEP1-catalyzed reactions with inter-
mediate removal of excess linker peptide, the C-to-C nano-
body and eGFP fusions could be cleaved via exposure to
UV irradiation (Figure 3C). Such photocleavable nanobody-
nanobody C-to-C fusions, where both N-terminal antigen-
binding faces are unperturbed, could be employed as catch-
and-release delivery systems.

Although we could readily generate synthetic peptides
bearing C-terminal Leu-Eda motifs by standard solid-phase
peptide chemistry, we next investigated alternative ap-
proaches for the preparation of proteins bearing this motif.
Given the well-established methodologies for generating
recombinant protein-thioesters through intein splicing,[14] we
hypothesized that direct aminolysis of protein-Leu-thioest-
ers with Eda could yield recombinant Leu-Eda-functional-
ized proteins (Figure 4A). Indeed, we found that we could
readily convert SUMO-Leu-2-mercaptoethanesulfonate
(MES) thioesters, generated via standard Mycobacterium
xenopi GyrA intein splicing, to SUMO-Leu-Eda by simply
buffer exchanging (PD10 column) the thiolysed chitin
column eluate into pH 7.5 20 mM HEPES/50 mM NaOAc
buffer containing 100 mM NaCl, 20 mM MESNa, and 0.5 M
Eda and incubating at 25 °C for 6–8 h (Figure 4A and

Figure 4. Direct [C247A]OaAEP1-catalyzed C-to-C ligation of recombinant proteins. A) Scheme detailing the intein-mediated strategy for generating
recombinant proteins bearing a C-terminal Leu-Eda motif. B) SDS-PAGE analysis of the direct C-to-C ligation of SUMO-L-Eda to eGFP-NGLH with/
without NiSO4, as indicated. C) Generation of a nanobody C-to-C heterodimer with reactions and analysis as in (B). D) SDS-PAGE analysis of the
ligation of bifunctional GLH-SUMO-L-Eda to eGFP-NGLH with/without NiSO4, as indicated. The addition of Ni2+ suppresses formation of the
trimeric protein conjugate (lane 3). Reconstructed ESI-MS spectra of the C-terminal Leu-Eda-modified proteins are shown in Figure S9.
POI=protein of interest.
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Figure S9). Like all protein substrates prepared in this study,
this model SUMO substrate had an N-terminal Pro to
ensure that any observed ligated product could be attributed
to ligation through its C-terminus. Combining SUMO-Leu-
Eda, eGFP-NGLH and [C247A]OaAEP1, all recombinantly
produced proteins, resulted in the direct formation of
genetically inaccessible SUMO-eGFP C-to-C fusions (Fig-
ure 4B). Supplementing these reactions with NiSO4 facili-
tated enhanced product formation. Similarly, we could
prepare nanobody C-to-C heterodimers by ligating a nano-
body bearing a C-terminal Leu-Eda to another with a C-
terminal NGLH sequence (Figure 4C). In this example, we
ligated VHH6e (also known as VHH05), which binds a 14
amino acid tag (QADQEAKELARQIS, 6e-tag),[15] to
VHHMHCII (also known as VHH07), which recognizes major
histocompatibility complex class II (MHCII) molecules.[16]

VHHMHCII has been used to deliver antigenic peptides or
proteins to MHCII-positive cells, which include professional
antigen-presenting cells (such as dendritic cells, B cells, and
macrophages), to develop self-antigen tolerance for the
treatment of autoimmune disorders[17] or to elicit immune
responses to a foreign antigen for the development of
vaccines, as was recently demonstrated for the SARS-CoV-2
Spike receptor-binding domain.[18] Thus, our C-to-C VHH6e-
VHHMHCII conjugates could be useful for the rapid screening
of the delivery of diverse 6e-tagged antigens to MHCII for
the development of similar biomedical applications. Finally,
akin to the bifunctional peptides introduced above, we
prepared bifunctional GLH-SUMO-Leu-Eda and monitored
its ligation to eGFP-NGLH. This reaction enabled trans-
peptidase-catalyzed formation of trimeric protein fusions
from two protein substrates in the absence of uncontrolled
oligomerization (Figure 4D).

Conclusion

Transpeptidases are valuable tools for protein engineering.
Here, we demonstrate that the asparaginyl ligase
[C247A]OaAEP1 can break free of standard transpeptida-
tion reaction constraints via the design and characterization
of peptides that mimic the native N-terminal Gly-Leu
substrates. We report the first examples of intermolecular
L-/D- and α-/β-amino acid ligation junction formation at the
C-termini of both peptides and proteins. However, like all
previously reported transpeptidase-catalyzed ligations, these
reactions operate exclusively in the N-to-C orientation. This
fundamental orientation restriction could be overcome using
C-terminal Leu-Eda retro (reversed sequence) substrate
mimetics, enabling ligation in the C-to-C orientation. To our
knowledge, the Leu-Eda motif represents the first described
C-terminal retro mimetic of an N-terminal peptide substrate.
We apply synthetic peptides bearing this C-terminal motif
for the generation of protein-peptide and, via short,
orientation-controllable bifunctional linkers, protein-linker-
protein C-to-C fusions. Finally, we demonstrate that syn-
thetic peptide linkers can be entirely circumvented by
preparing recombinant proteins with C-terminal Leu-Eda
via aminolysis of intein-generated protein-thioesters, ena-

bling direct formation of unnatural C-to-C fusion proteins
using only recombinant protein substrates and enzyme. New
routes to C-to-C fusion proteins, which are genetically
inaccessible, are sought after for the preparation of protein
fusions where key functional features are located at the
protein N-termini, as is the case for nanobodies.[13c,19] Finally,
a bifunctional protein (SUMO), modified with an N-
terminal GLH sequence and a C-terminal Leu-Eda, enabled
the controlled formation of trimeric protein conjugates with
an intermediate C-to-C ligation junction. Thus, this study
greatly expands the scope of transpeptidase-catalyzed reac-
tions.
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