
Theranostics 2021, Vol. 11, Issue 12 
 

 
http://www.thno.org 

5863 

Theranostics 
2021; 11(12): 5863-5875. doi: 10.7150/thno.53615 

Research Paper 

Engineering protein theranostics using bio-orthogonal 
asparaginyl peptide ligases 
Zhen Wang*, Dingpeng Zhang*, Xinya Hemu, Side Hu, Janet To, Xiaohong Zhang, Julien Lescar, James P. 
Tam and Chuan-Fa Liu 

School of Biological Science, Nanyang Technological University, 60 Nanyang Drive, Singapore 637551. 

*These authors contributed equally to this work. 

 Corresponding authors: Chuan-Fa Liu, School of Biological Science, Nanyang Technological University, 60 Nanyang Drive, Singapore 637551. Tel: (+65) 
63162867; Fax (+65) 67913856; E-mail: cfliu@ntu.edu.sg; James P. Tam, School of Biological Science, Nanyang Technological University, 60 Nanyang Drive, 
Singapore 637551. Tel: (+65) 38162833; Fax (+65) 67913856; E-mail: jptam@ntu.edu.sg. 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See http://ivyspring.com/terms for full terms and conditions. 

Received: 2020.09.23; Accepted: 2021.02.18; Published: 2021.04.03 

Abstract 

Background: Protein theranostics integrate both diagnostic and treatment functions on a single disease- 
targeting protein. However, the preparation of these multimodal agents remains a major challenge. Ideally, 
conventional recombinant proteins should be used as starting materials for modification with the desired 
detection and therapeutic functionalities, but simple chemical strategies that allow the introduction of two 
different modifications into a protein in a site-specific manner are not currently available. We recently 
discovered two highly efficient peptide ligases, namely butelase-1 and VyPAL2. Although both ligate at 
asparaginyl peptide bonds, these two enzymes are bio-orthogonal with distinguishable substrate specificities, 
which can be exploited to introduce distinct modifications onto a protein. 
Methods: We quantified substrate specificity differences between butelase-1 and VyPAL2, which provide 
orthogonality for a tandem ligation method for protein dual modifications. Recombinant proteins or synthetic 
peptides engineered with the preferred recognition motifs of butelase-1 and VyPAL2 at their respective C- and 
N-terminal ends could be modified consecutively by the action of the two ligases. 
Results: Using this method, we modified an EGFR-targeting affibody with a fluorescein tag and a 
mitochondrion-lytic peptide at its respective N- and C-terminal ends. The dual-labeled protein was found to be 
a selective bioimaging and cytotoxic agent for EGFR-positive A431 cancer cells. In addition, the method was 
used to prepare a cyclic form of the affibody conjugated with doxorubicin. Both modified affibodies showed 
increased cytotoxicity to A431 cells by 10- and 100-fold compared to unconjugated doxorubicin and the free 
peptide, respectively. 
Conclusion: Bio-orthogonal tandem ligation using two asparaginyl peptide ligases with differential substrate 
specificities is a straightforward approach for the preparation of multifunctional protein biologics as potential 
theranostics. 
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Introduction 
By combining therapy with the specific 

diagnostic information of a disease target, 
theranostics promises to optimize the efficacy and 
safety of precision medicine [1-3]. This has led to a 
tremendous interest in the development of theranostic 
agents for the treatment of cancer [4, 5]. In addition to 
the use of nanomedicine platforms for the 
development of theranostics [6-9], a molecular-based 
approach involves the attachment of imaging agents 

and cytotoxic drugs to cancer-targeting proteins and 
antibodies [10, 11]. In particular, small protein 
ligands, such as antibody fragments and mimetics, 
offer the advantages of low production cost, good 
tissue penetration, and easy maneuverability for 
designing end products with defined chemical 
composition. However, a major challenge in 
developing protein-based theranostic agents lies in 
the conjugation of the protein ligand with the imaging 
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and treatment moieties [10]. Clearly, the conjugation 
strategy should be able to introduce at least two 
modifications onto a protein substrate. Although 
numerous chemical techniques have been developed 
for protein labeling [12, 13], a simple strategy that 
allows for two consecutive site-specific modifications 
to be performed on a straight recombinant protein has 
yet to be developed. 

Owing to their high specificity and mild 
operating conditions, biosynthetic methods that 
modify proteins through special recognition tags are 
attractive alternatives to chemical methods [14]. The 
main advantage of these tag-mediated protein 
labeling methods is that the tags are themselves a 
peptide segment or protein domain and thus can be 
genetically fused to the protein of interest (POI). Of 
these methods, those that are based on peptide ligases 
are of utmost interest. Peptide ligases catalyze the 
formation of new peptide bonds between ligation 
partners, which makes them particularly useful 
bioconjugation tools for protein-based theranostics. 
Notable examples of peptide ligases include 
subtiligase [15-19], sortase A [20-24], and butelase-1 
[25-29], which are all tag-recognizing enzymes and 
can label proteins specifically at the terminal ends. 
Subtiligase is an artificially engineered ligase that uses 
an ester or thioester tag for protein labeling [15-19]. 
Sortase A requires a 5-residue tag, LPETG, and 
catalyzes transpeptidation at the Thr residue [20-24]. 
However, the use of the 5-residue tag 
notwithstanding, the enzymatic activity of sortase A is 
very low. Butelase-1 is a peptidyl asparaginyl ligase 
or PAL. So far, the most powerful peptide ligases have 
been found in the PAL family, and the most efficient 
PAL is butelase-1. Structurally, butelase-1 is a member 
of the commonly known asparaginyl endopeptidase 
(AEP) or legumain family [30, 31]. Depending on the 
pH or substrate, certain AEPs are also found to 
display PAL activities [32-42]. Butelase-1 is unique in 
that it functions almost as a pure PAL with no 
protease activity at weakly acidic to weakly basic pH. 
It has been shown to catalyze protein and peptide 
ligation with a high specificity and efficiency [25-29]. 
Like all PALs, butelase-1 recognizes a short tripeptide 
tag, such as NHV, and cleaves the peptide bond at 
Asn to rejoin it with the amino terminal residue of 
another peptide. Thus, only an Asn residue is left in 
the ligation product, making butelase-mediated 
ligation (BML) nearly traceless. This is in significant 
contrast to most of the above-mentioned biosynthetic 
methods, which leave a large “scar” in the modified 
protein [14]. Recently, VyPAL2, another plant 
legumain from the Viola Yedoensis family, was 
identified as a highly active PAL [42]. Its catalytic 
efficiency was 274,325 M−1·s−1 in the cyclization of a 

model peptide, making it one of the fastest PAL 
reported to date [42]. In addition, the proenzyme of 
VyPAL2 can be readily expressed in insect cells and 
can be self-processed at acidic pH to yield the active 
enzyme [42]. These features make VyPAL2 a very 
attractive ligase for protein labeling [43]. As 
asparaginyl transpeptidases, both butelase-1 and 
VyPAL2 use their active-site cysteinyl thiol group to 
cleave an Asn-Xaa peptide bond in their acyl-donor 
substrate, forming an acyl-enzyme thioester 
intermediate. Instead of being attacked by a water 
molecule for hydrolysis, as in the case of an 
asparaginyl endopeptidase, the acyl-enzyme thioester 
intermediate undergoes aminolysis by a peptidic 
nucleophile, which results in the formation of a new 
asparaginyl peptide bond between the acyl-donor 
substrate and the nucleophile substrate. Intriguingly, 
there seem to be noticeable differences in substrate 
specificity between VyPAL2 and butelase-1. VyPAL2 
has a relatively low activity towards the tripeptide 
NHV, which, on the other hand, is one of the 
preferred recognition motifs of butelase-1 [25, 42]. In 
addition, a nucleophile peptide with a Phe at the P2″ 
position is a weak substrate for butelase-1 [25], but it 
is favored by VyPAL2 [42]. We reasoned that these 
differential substrate specificities might provide 
sufficient orthogonality for a tandem ligation strategy 
for protein dual labeling. 

Several protein dual modification methods 
involving the use of peptide ligases have been 
reported [44-49]. For example, consecutive protein 
modifications were achieved chemoenzymatically by 
combining chemoselective conjugation and sortase A- 
or butelase-1-mediated ligation [44-46]. Two sortases 
of different substrate specificities were used to label a 
protein at both the N- and C-termini [49]. Butelase-1 
was also used together with sortase A for protein dual 
labeling in a three-step scheme [46]. The two enzymes 
were also used for one-pot dual labeling of an 
antibody at the respective C-terminal ends of light 
and heavy chains [47]. These last two schemes are 
bio-orthogonal, taking advantage of the distinct 
substrate specificity of two completely different 
ligases. However, as discussed above, owing to its 
extremely slow kinetics and relatively long 
recognition tag, the use of sortase A has its inherent 
limitations. Recently, an interesting method was 
reported that allowed two consecutive ligation 
reactions on the same protein substrate from the C- to 
N-terminus direction [48]. However, it should be 
noted that this scheme is semi-orthogonal because it 
requires the protection of the protein’s N-terminal 
amine by a TEV recognition sequence during the first 
ligation step to avoid the cyclization or self-ligation of 
the protein substrate [48]. Here, we reported a 



Theranostics 2021, Vol. 11, Issue 12 
 

 
http://www.thno.org 

5865 

bio-orthogonal scheme using two asparaginyl peptide 
ligases – butelase-1 and VyPAL2 – which allows for 
tandem ligation on the same protein in either the 
N-to-C or C-to-N direction, leading to its dual labeling 
at the C- and N-terminal ends (Figure 1). No 
protection on the protein substrate is required when 
performing the first ligation step, although butelase-1 
and VyPAL2 are both asparagine-specific. Thus, a 
distinct advantage of bio-orthogonal ligation is the 
use of mild enzymatic reactions under aqueous 
conditions, which are compatible with biologics, such 
as proteins, antibodies and live cells. 

In addition to N- and C-terminal directed protein 
dual labeling, our bio-orthogonal tandem ligation 
strategy can also be used to prepare a cycloprotein- 
drug conjugate or cPDC (Figure 2). This involves the 
use of a synthetic intervening peptide designed to join 
the two termini of a protein. The peptide is 
trifunctional, containing an N-terminal GF-dipeptide 

nucleophile substrate for VyPAL, a C-terminal NHV 
tripeptide motif as the acyl donor substrate for 
butelase-1 and an internal aminooxy functionality for 
oxime conjugation, which would allow consecutive 
PAL-mediated ligation, cyclization, and doxorubicin 
attachment (Figure 2). Given the expected thermal 
and metabolic stability of cycloproteins, cycloprotein 
conjugates are interesting candidates for theranostics. 

Using an EGFR-binding affibody [50, 51] as the 
model protein, we demonstrated the feasibility of our 
tandem ligation strategy for the preparation of dually 
labeled proteins and cycloprotein-drug conjugates. 
Because butelase-1 and VyPAL2 are the two most 
powerful ligases, such a bio-orthogonal tandem 
ligation strategy would offer an ideal solution to the 
challenging problem of manufacturing protein-based 
theranostics and other biologics with unusual 
architectures and functionalities. 

 

 
Figure 1. Bi-directional dual protein labeling by bio-orthogonal tandem ligation in N-to-C (A) or C-to-N (B) direction using butelase-1 and VyPAL2. 

 
Figure 2. Preparation of a cyclic affibody-drug conjugate by PAL-mediated tandem ligation-cyclization and drug conjugation. 
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Methods 
All amino acids, coupling reagents, solvents, and 

resins were purchased from Sigma and Chemimpex. 
All solvents and reagents were used as received 
without further purification. VyPAL2 and butelase-1 
were prepared in-house, as previously reported. 

HPLC 
Analytical RP-HPLC was run on a SHIMADZU 

(Prominence LC-20AT) instrument using an analytical 
column (Grace Vydac “Protein C4”) (250 × 4.6 mm, 5 
µm particle size) at a flow rate of 1.0 mL/min. 
Analytical HPLC elution was monitored by UV 
absorption at 214 nm and 254 nm. Semi-preparative 
RP-HPLC was run on a SHIMADZU (Prominence 
LC-20AT) instrument using a semi-preparative 
column (Grace Vydac “Protein C4”) (250 × 10 mm, 10 
µm particle size) at a flow rate of 2.5 mL/min. Both 
analytical and semi-preparative HPLC were run at 
room temperature using a gradient of solvent B in 
solvent A. Solvent B was 90% acetonitrile in water 
(0.040% TFA) and solvent A was water (0.045% TFA). 
Both solvents were filtered through 0.22-µm filter 
paper and sonicated for 30 min before use. 

Protein expression and purification 
Genes encoding the desired protein sequences 

were cloned into the pETDuet vector and the 
plasmids were then transformed into E. coli BL21 
(DE3) competent cells using the standard 90 s heat 
shock protocol. The bacterial colonies were then 
transferred to liquid LB medium in a culture flask. 
The flask was shaken in an incubator at 37 °C for 8-12 
h until the OD reached 0.6-0.8, followed by induction 
with 1 mM IPTG at 37 °C for 4-8 h for protein 
expression. Cells were harvested and lysed by 
sonication in lysis buffer containing 50 mM sodium 
phosphate and 500 mM NaCl (pH 8.0). After 
centrifugation, the supernatant was loaded onto a 
column of Ni-NTA beads and incubated at 4 °C for 1 
h. The beads were washed three times with lysis 
buffer, and the protein was subsequently eluted with 
lysis buffer containing 250 mM imidazole. The 
purified protein was dialyzed in phosphate buffer 
(pH 6.5) overnight and stored in a freezer at -20°C. 

Mass spectrometry 
The ESI mass spectrum data of small peptides 

and proteins were obtained from a Thermo Finnigan 
LCQ DECA XP MAX (ESI ion source, positive mode). 
MagTran 1.03 and ESIProt 1.0 software were used for 
data deconvolution. 

Tissue culture and cell imaging 
Cells were maintained in 10% FBS in DMEM 

(high glucose) at 37 °C in an incubator under 5% CO2. 
For passaging, cells were first washed three times 
with trypsin-EDTA (0.25%) to detach the cells from 
the tissue culture plates. Then, a 3-fold volume of 
complete DMEM medium was added to neutralize 
trypsin activity. Cells were grown until 40-60% 
confluency. Peptides or proteins in complete medium 
were applied to the cells and incubated for 30 min at 
37 °C. Washing was performed three times with PBS, 
and the cells were subsequently subjected to 
microscopy analysis. 

Cell viability assay 
MTT assays were carried out following the 

recommended protocols from Sigma-Aldrich (Cat. 
No. 11465001001). First, the cells were seeded in a 
96-well tissue culture plate with 100 µL medium to 
grow until the confluency reached 40-60% of the plate 
surface. Peptides and proteins were added and 
incubated for 84 h, followed by the addition of 10 µL 
of MTT I to each well before incubating further for 
approximately 4 h. Next, MTT II was added and 
incubated at 37 °C overnight to solubilize the purple 
crystals. Spectrophotometric absorbance 
measurements of the samples were carried out using a 
microplate reader (Biotek, citation 5) at a wavelength 
of 575 nm; the reference wavelength was 670 nm. 

Cell staining and imaging 
MCF-7 and A431 cells cultured in 24-well plates 

were washed three times with PBS. Formaldehyde 
(4%, w/v in PBS) was then added to each well for 15 
min to fix the cells. Then, the cells were washed with 
PBS three times to remove residual formaldehyde. To 
permeabilize the cells, Triton X-100 (0.1%, w/v in 
PBS) was added to the wells for 5 min. Then, PBS was 
used to wash the cells another three times before 
staining. To stain the cells, doxorubicin, protein 26, 
and DAPI were diluted in PBS to a concentration of 10 
μM, 2 μM, and 700 nM, respectively. Then, the 
solution was added to each well for 30 min. Next, the 
cells were washed with PBS three times and subjected 
to imaging analysis using inverted fluorescence 
microscopy (#IX71; Olympus Life Science). To acquire 
the DAPI fluorescent image, the “Blue” channel (filter 
cube: 350 nm) was used. Likewise, the “Red” channel 
(filter cube: 550 nm) was used to obtain the 
doxorubicin fluorescence, while the “Green” channel 
(Filter Cube: 450 nm) was used for fluorescein. 

Solid-phase peptide synthesis 
All peptides used in this study were synthesized 

as C-terminal amides using Rink amide MBHA resin 
by standard Fmoc chemistry. Before use, the resin was 
pre-swelled in DMF for 20 min. Before the first 
coupling, an Fmoc deprotection procedure was 
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performed using 20% piperidine in dimethyl-
formamide (DMF) for 30 min. The resin was then 
washed successively with DMF, DCM, and DMF. For 
the coupling reactions, 3 equiv. of Fmoc-AA-OH and 
3 equiv. of PyBOP were dissolved in DMF/DCM (1:1). 
This mixture was added to the resin, followed by the 
addition of 6 equiv. of DIEA. Coupling reactions were 
carried out for 60–90 min. Coupling efficiency was 
evaluated using the ninhydrin test. For peptides 14 
and 19, Fmoc-Lys(Biotin)-OH was used. For peptide 
23, after peptide assembly on the solid phase, the Boc 
group on the lysine side chain amine was removed 
with 1 M HCl in DCM for 30-40 min, then 
5(6)-carboxyfluorescein was coupled to the side-chain 
free amine using PyBOP as the coupling reagent. The 
peptides were cleaved from the resin with a cocktail 
containing 95% TFA, 2.5% water, and 2.5% TIS for 2 h. 
After precipitation with cold diethyl ether, the crude 
peptides were purified using HPLC. The desired 
peptides were obtained in powder form after 
lyophilization. All peptides were characterized by 
electrospray ionization mass spectrometry. 

List of peptides prepared in the study (letters in 
lower case denote D-amino acids): 
• Peptide 1: Ac-KKLAVINHV; 1061.01 (observed), 

1062.27 (calculated). 
• Peptide 2: GIGGIKA; 613.68 (observed), 613.74 

(calculated). 
• Peptide 4: YKANGL; 664.26 (observed), 664.67 

(calculated). 
• Peptide 5: GFGGIKA; 648.38 (observed), 648.52 

(calculated). 
• Peptide 7: Ac-KKLAVINGF; 1031.34 (observed), 

1031.56 (calculated). 
• Peptide 9: Fluorescein-GRANGI; 944.52 

(observed), 944.97 (calculated). 
• Peptide 11: GIGGFKGG-klaklakklaklak; 

2197.07 (observed), 2197.72 (calculated). 
• Peptide 14: HVGGRIK(Biotin)GA; 1119.89 

(observed), 1118.61 (calculated). 
• Peptide 19: GVGGRIK(Biotin)GA; 1039.61 

(observed), 1038.58 (calculated). 
• Peptide 23: GIGGIRK(Fluorescein); 1057.65 

(observed), 1057.35 (calculated). 
• Peptide 25: GFLGVK(COCH2ONH2)ANHV; 

1113.90 (observed), 1113.29 (calculated). 
The numbering and illustrative structures of 

peptides and proteins prepared in this study are 
shown in Figure S1. 

Results and Discussion 
Differential substrate specificity of butelase-1 
and VyPAL2 analyzed by kinetic studies 

PAL enzymes have been used extensively for 
protein single-site labeling and macrocyclization. 
However, the use of two PALs with different 
substrate specificities for bio-orthogonal and dual 
ligation remains unexplored. Previous studies have 
revealed noticeable differences in substrate specificity 
between butelase-1 and VyPAL2 [25, 42]. To evaluate 
these differences quantitatively, we first studied the 
kinetics of VyPAL2 and butelase-1 toward peptide 1, 
which has a C-terminal NHV tripeptide motif (Table 
1). The nucleophile substrate, used at a constant 
concentration for kinetic studies, was peptide 2, which 
contains an N-terminal GI dipeptide motif. 
Reverse-phase analytical HPLC was used to monitor 
and quantify the ligation reaction. Our results showed 
that, in this ligation reaction, the catalytic activity of 
butelase-1 towards acyl peptide substrate 1 was 
approximately 18.5 times that of VyPAL2 (Table 1 and 
Figure S2). Similarly, the kinetics of the two ligases 
towards a GF-starting nucleophile substrate, peptide 
5, were also examined. In this case, the acyl substrate, 
which was kept at a constant concentration for kinetic 
studies, was peptide 4, which contains NGL at the 
C-terminus, a favorable motif for both VyPAL2 and 
butelase-1. VyPAL2 was found to be 4.6-fold more 
efficient than butelase-1 towards GF-peptide substrate 
5 (Table 1 and Figure S2). We also conducted kinetic 
studies on another acyl donor substrate, peptide 7, 
and found that butelase-1 exhibited catalytic activity 
towards this NGF peptide which was 6.5-fold lower 
than that of NHV peptide 1. The difference in catalytic 
efficiency between VyPAL2 and butelase-1 towards 
NGF substrate 7 was about 2.7-fold. 

 

Table 1. Kinetics of VyPAL2- and butelase-1-mediated intermolecular ligation 
Electrophile substrate Nucleophile substrate Enzyme kcat [s-1] Km [μM] kcat/Km [M-1s-1] 

Ac-KKLAVINHV 1 GIGGIKA 2 VyPAL2 0.17 ± 0.01 182 ± 6 932 ± 32 
Butelase-1 1.47 ± 0.04 85 ± 3 17265 ± 465 

YKANGL 4 GFGGIKA 5 VyPAL2 8.29 ± 0.48 424 ± 26 19559 ± 164 
Butelase-1 1.55 ± 0.01 365 ± 3 4256 ± 52 

Ac-KKLAVINGF 7 GIGGIKA 2 VyPAL2 1.10 ± 0.03 155 ± 15 7219 ± 513 
Butelase-1 0.46 ± 0.04 175 ± 1 2652 ± 218 

Note: Kinetic parameters of each reaction are for the substrate with the sequence in bold. 
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An analysis of the butelase-1 and VyPAL2 
structures helps to explain their differential substrate 
specificities, which are likely due to differences in the 
S1′ and S2′ substrate binding pockets of the two 
enzymes [41, 42]. For butelase-1, a glycine residue 
(Gly167) and a valine residue (Val170) occupy the 
central positions of its S1′ and S2′ pockets, 
respectively. However, for VyPAL2, the same spots 
are occupied by alanine (Ala174) and lysine (Lys177), 
respectively. The small Gly residue in the S1′ pocket of 
butelase-1 makes it possible for the enzyme to tolerate 
a variety of amino acid residues at the P1′ position of 
its substrates. The Val residue in its S2′ pocket makes 
it prefer these P2′-amino acids of its substrates with a 
bulky aliphatic side chain for van der Waals 
interactions. On the other hand, VyPAL2 has an Ala in 
its S1′ pocket, which is larger than Gly. This may 
hinder the binding of a substrate with a larger amino 
acid (e.g., His) at the P1′ position. The long aliphatic 
side chain and the positive charge of the lysine 
residue in the S2′ pocket of VyPAL2 may explain that 
the enzyme can accept a P2′ (or P2″) residue like Ile or 
Leu, which has a large aliphatic side chain for 
attraction by Van der Waals forces, or Phe, which can 
interact with S1′-Lys through cation-π interactions. In 
summary, the kinetic studies confirm the differential 
activities of butelase-1 and VyPAL2 toward certain 
substrate sequences, providing strong support for a 
two-PAL, bio-orthogonal tandem ligation scheme for 
protein dual labeling. 

Applying the two PAL-based bio-orthogonal 
tandem ligation method for affibody dual 
labeling 

Next, we proceeded to use butelase-1 and 
VyPAL2 to dually label the affibody through tandem 
enzymatic ligation (Figure 3). Considering the 
specificity of the two enzymes, an N-terminal GF 
dipeptide tag and a C-terminal NHV tripeptide tag 
were introduced onto ZEGFR to obtain 8. A new 
fluorescein-peptide 9 with a C-terminal NGI motif 
was prepared. We also synthesized peptide 11, 
GIGGFKGG-klaklakklaklak, of which the all-D 
amino-acid sequence is the mitochondrion-lytic KLA 
peptide [52]. Phe-Lys is a cathepsin B-sensitive linker 
[53] and can be cleaved in the lysosomes to release the 
KLA peptide. Peptides 9 and 11 were used to label the 
respective N- and C-termini of the ZEGFR 8. Sequential 
bio-orthogonal ligations were conducted in both the 
N-to-C (Figure 3A) and C-to-N (Figure 3C) directions. 
For N-to-C tandem ligation, VyPAL2 was used at the 
first ligation step, while butelase-1 was used at the 
second step (Figure 3A). C-to-N sequential ligations 
were performed using the two enzymes in the reverse 
order (Figure 3C). Whichever the ligation direction, 

the same final product 12 was obtained, as 
characterized by ESI-MS (obs: 10776, calc: 10773). The 
reactions at each step of the two schemes were 
remarkably clean with good conversion yields. In 
N-to-C ligation, 50 μM of ZEGFR 8 and 250 μM of 
peptide 9 were first reacted in the presence of 150 nM 
of VyPAL2 at 37 °C for 30 min. The reaction gave ca. 
80% of product 9 based on HPLC analysis. After 
HPLC purification and refolding, the second step was 
performed by incubating 50 μM of 10 and 250 μM of 
peptide 11 with 100 nM of butelase-1 for 20 min at 37 
°C. The second step resulted in a conversion yield of 
around 70% (Figure 3B). A small amount of a 
by-product (~10%) was found in the second step 
(Figure 3B and S3). This was because, although the 
newly formed NGF motif in 10 was not a favored 
substrate of butelase-1, its 6.5-fold lower reactivity 
than the NHV motif (Table 1) meant that it could still 
be affected in BML, which resulted in the cleavage of 
the N-G peptide bond for transpeptidation with 11. In 
C-to-N ligation, BML was first performed by mixing 
50 μM of ZEGFR 8 and 250 μM of peptide 11 with 100 
nM of butelase-1 at 37 °C for 30 min to obtain 13 in 
approximately 85% based on HPLC analysis. Then, 
VML was performed by incubating 50 μM of purified 
13 and 250 μM of peptide 9 with 100 nM of VyPAL2 at 
37 °C for 30 min. The reaction gave 12 in ~70% yield 
(Figure 3D). Notably, the free αN-amino group of the 
N-terminal Gly residue in the affibody was resistant 
to butelase-1 at the first ligation step, confirming that 
the GF dipeptide motif is a relatively poor nucleophile 
substrate of butelase-1. Because the two PALs require 
only a short NXY tripeptide as the recognition tag and 
ligate at the Asn residue, only minimal traces are left 
in the modified proteins. These results show the 
robustness and neatness of our sequential bio- 
orthogonal ligation method for protein dual labeling. 
Detailed information on the reaction protocols and 
conditions is summarized in Figure S4 and Table S1. 

Of note, in the C-to-N scheme, the NGI sequence 
formed at the first BML step was not affected 
significantly when conducting VML, likely because 9 
– with much faster diffusion kinetics than the much 
larger molecule 13 – was used in a 5-fold excess to 13. 
In addition, the C-terminal NGI in small peptide 9 
may be more accessible than the NGI sequence in 13. 
Nevertheless, it would be ideal to use an incoming 
nucleophile peptide sequence at the first BML step 
that would generate a site that is sub-optimal for 
recognition by VyPAL2. However, when testing 
peptides with an N-terminal HV or GV dipeptide 
motif for BML in the first step, we found these 
peptides to be poorer nucleophile substrates than the 
GI-peptides for butelase-1 recognition. Indeed, the 
BML reaction of the affibody protein 8 with 
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HVGGRIK(Biotin)GA, peptide 
14, yielded only ~40% of ligation 
product in 2 h and 60-65% in 4 h 
(Figure S6). This reaction was 
much slower than the reaction 
with the GI-peptide, 11, which 
was nearly complete (at least 
85%) in 30 min under the same 
conditions. The ligation reaction 
of 8 with a GV-peptide, 
GVGGRIK(Biotin)GA 19, was 
even slower, providing less than 
30% in 2 h (Figure S7). Therefore, 
although using an NH-peptide 
could make the C-to-N scheme a 
potentially more orthogonal 
method, such a scheme would be 
significantly less efficient than 
the one using a GI-peptide. 

 
Figure 3. Bio-orthogonal protein dual labeling using 
VyPAL2 and butelase-1. (A) N-to-C tandem ligation 
scheme. Fluorescein-peptide 9 was first ligated to 
the N terminus of ZEGFR 8 via VML to give 10 which 
was then ligated with peptide 11 at C terminus via 
BML to give 12; (B) HPLC and LC-MS analysis of 
N-to-C ligation. The ligation products 8, 10, 12 
were purified by reverse-phase HPLC and analyzed 
via ESI-MS; (C) C-to-N tandem ligation scheme. 
Mitochondrion-lytic peptide 11 is conjugated at C 
terminus of ZEGFR 8 to give 13 via BML and then the 
fluorescein-peptide 9 is ligated to the N terminus of 
13 to produce 12; (D) HPLC and LC-MS analysis of 
N-to-C ligation. The ligation products 8, 13, 12 
were purified by HPLC and analyzed by ESI-MS (8: 
calcd 8896.8, obsvd 8897.2; 10: calcd 9652.6, obsvd 
9656.6; 12: calcd 10774.3, obsvd 10775.3 or 
10775.9; 13: calcd 10017.8, obsvd 10018.5). Details 
of by-product characterization are provided in 
Supporting Information. 

 
We also attempted a 

one-pot reaction using a pair of 
N-terminal and C-terminal 
labeling peptides, 7 and 14, 
which are supposedly of optimal 
orthogonality. However, 
simultaneous one-pot BML and 
VML reactions did not yield the 
desired end product (Supporting 
Information; Figure S5). 
Conducting BML and VML 
sequentially in one pot furnished 
the desired dual labeled product 
in good yields, albeit with a 
significant unwanted side 
reaction of inter-peptide ligation 
(Supporting Information; Figure 
S6). 
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Figure 4. Imaging and binding study of 12 on EGFR-overexpressing A431 cells. (A) Schematic structure of ubiquitin tagged with fluorescein and dual labeled affibody 12 with 
fluorescein on the N-terminus and mitochondrion-lytic peptide at the C-terminal end; (B) Fluorescence microscopy analysis of 12 binding on A431 cells; (C) Determination of 
KD of 12 in binding to A431 cells using flow cytometry. 

 

Binding affinity (KD) of the dual labeled 
affibody 12 to EGFR on A431 cells 

To study the activities of the dually labeled 
product 12, we analyzed its binding to EGFR- 
overexpressing A431 cells. The cells were treated with 
100 nM of 12, while the fluorescein-tagged ubiquitin 
24, which was prepared via BML with the fluorescent 
peptide 23 (Figure S8), was used as a negative control. 
As shown in Figure 4A, strong green fluorescence was 
observed in A431 cells treated with 12 (Figure 4B), 
whereas no fluorescence was observed in A431 cells 
treated with 24. Meanwhile, FACS analysis indicated 
a remarkable shift in the fluorescence intensity of the 
12-treated cells in reference to ubiquitin 24-treated 
cells in the control group (Figure 4C), which was 
consistent with the fluorescence imaging data. To 
determine the dissociation constant (KD) of 12, these 
cells were treated with different concentrations of 12 

and subjected to FACS analysis after 30 min of 
incubation. As shown in Figure 4C, treatments with 
different concentrations of 12 resulted in different 
intensity shifting. The mean fluorescent intensity was 
analyzed using a non-linear regression function, 
resulting in a KD of 18.28 ± 0.48 nM. 

Cytotoxicity evaluation of the dual- 
labeled affibody 

Next, we performed the MTT assay to determine 
whether 12 had any effects on the two cell lines, the 
EGFR-overexpressing A431 cells and the MCF-7 cells, 
which have a low EGFR expression level [54]. Both 
cell lines were treated with 12 for 84 h and then 
subjected to MTT analysis. 12 exhibited significant 
toxicity to A431 cells with an IC50 of 11.61 ± 0.96 μM, 
whereas it showed an IC50 of 155.23 ± 3.99 μM for 
MCF-7 cells. The unconjugated peptide 11 had IC50 
values of approximately 480 μM and 1300 μM against 
MCF-7 and A431 cells, respectively (Figure 5A, B and 
Figure S9). Owing to its poor cellular uptake [55], the 
low cytotoxicity of 11 itself in the two cell lines was 
expected [52]. However, conjugating the peptide to 
the EGFR-targeting affibody drastically enhanced its 
cytotoxicity against A431 cells, likely because the 
affibody helped deliver the mitochondrion-lytic 
peptide intracellularly via EGFR-mediated 
endocytosis. Thus, as the internalized 12 ended up in 
the lysosomes, the high proteolytic activity of 
enzymes, such as cathepsin B, would destroy the 
peptide linker and even the affibody to release the 
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KLA D-peptide, which, after escaping from 
lysosomes, would disrupt the mitochondrial 
membrane, leading to apoptosis. 

The data clearly indicate that a protein with 
orthogonal N- and C-terminal recognition tags can be 
dually labeled by the consecutive action of two PALs 

with differential substrate specificities. The 
dually labeled affibody protein has 
selective imaging and cytotoxic activities. 
To further demonstrate the versatility of the 
tandem ligation scheme, we proceeded 
with the synthesis of a cyclic form of the 
affibody tagged with doxorubicin 
(Figure 2). 

Synthesis of a cyclic affibody- 
doxorubicin conjugate 

For this purpose, peptide 25 
containing an N-terminal GF dipeptide as 
the nucleophile substrate for VyPAL2 and a 
C-terminal NHV tripeptide motif at the C 
terminus as the electrophile substrate for 
butelase-1 was prepared using SPPS 
(Figure 6A). The aminooxy functional 
group in the peptide would allow for 
conjugation with DOX through its ketone 
group via oxime formation [56]. The 
detailed synthetic route of 25 is shown in 
Figure S10. For obvious reasons, 8, the 
affibody substrate for dual labeling, could 
not be used here because the intervening 
peptide 25 already contains the same 
respective nucleophile and electrophile 
substrates for the two PALs (Figure 6A). 
Therefore, affibody ZEGFR 26 containing 
“CG-” at the N terminus and “-NGL” at the 
C terminus was prepared recombinantly in 
E. coli. Interestingly, ESI-MS analysis 
showed that the N-terminal cysteine 
residue of 26 was capped during protein 
expression, presumably as a thiazolidine 
moiety by the ubiquitous aldehyde 
metabolite glyoxylic acid in the bacterial 
cells, effectively blocking it from being used 
as a nucleophile substrate by the PAL 
enzymes. Thus, only the C-terminal 
labeling product ZEGFR 27 would be 
generated in the first ligation step, without 
the possibility of cyclization or self-ligation 
of 26. As expected, when VML was 
performed by mixing 50 μM of ZEGFR 26 and 
150 μM of peptide 25 with 100 nM of 
VyPAL2 at 37 °C for 30 min, only the 
C-terminal ligation product 27 was 
obtained, as shown clearly by HPLC and 
ESI-MS analysis (Figure 6B). The NHV tag 
in 25 or 27 was not affected, confirming its 
orthogonality toward VyPAL2. 

 

 
Figure 5. Cytotoxicity study of the dually labeled protein 12. (A) Schematic structure of the KLA 
D-peptide 11 and dual labeled affibody 12 with fluorescein on the N-terminus and mitochondrion-lytic 
peptide at the C-terminal end; (B) Microscopy analysis of 11 and 12 in MCF-7 and A431. Cells were 
treated with phosphate buffer (as negative control) 11 or 12 for 72 h and then subjected to microscopy 
analysis after washing 3 times with PBS; (C) IC50 of 11 and 12 on MCF-7 and A431 cells. Both cells were 
treated with 11 or 12 for 84 h, followed by an MTT-based viability test to evaluate optical absorbance 
and calculate the corresponding IC50. 
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To unmask the N-terminal cysteine in 27, 
purified 27 (1 mM) was treated with silver nitrate (10 
mM) for 30 min, followed by treatment with 
β-mercaptoethanol (100 mM) for 30 min. The 
deprotection reaction resulted in product 28, as 
confirmed by HPLC and ESI-MS (Figure 6A, 6B). 
Butelase-mediated cyclization was performed by 
mixing 28 (100 μM) with 50 nM butelase-1 for 30 min 
at 37 °C. Cyclic product 29 was characterized by 

HPLC and ESI-MS (Figure 6B). The aminooxy 
functional group in ZEGFR 29 can react with the 
doxorubicin ketone group via Schiff’s base formation. 
Therefore, the oxime ligation reaction was carried out 
by mixing 100 μM of ZEGFR 29 and 1 mM of Dox in the 
presence of 10 mM of aniline as the catalyst [57] at pH 
6 and 37 °C overnight. The reaction gave rise to final 
product 30, as characterized by HPLC and ESI-MS 
(Figure 6B). 

 

 
Figure 6. Synthesis of a cyclic affibody–drug conjugate using PAL-catalyzed orthogonal ligation and cyclization and oxime conjugation. (A) (i) Peptide 25 was tagged to the 
C-terminus of ZEGFR 26 via VML to give 27 (90%); (ii) the N-terminal cysteine of ZEGFR 27 was deprotected using silver nitrate to afford 28 (95%); (iii) ZEGFR 28 was cyclized via 
BML to give 29 (70%); (iv) Dox was attached to ZEGFR 29 via oxime conjugation to obtain final product 30 (80%). (B) HPLC and ESI characterization of purified products (26: calcd 
8785.6, obsvd 8783.5; 27: calcd 9708.9, obsvd 9709.7; 28: calcd 9655.6, obsvd 9656.2; 29: calcd 9401.7, obsvd 9402.2; 30: calcd 9927.7, obsvd 9928.2). 
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Cell imaging and cytotoxic 
study of the synthesized 
cyclic affibody-doxorubicin 
conjugate 30 

Fluorescence imaging, 
microscopy analysis, and MTT 
assay were performed to 
determine the binding and 
inhibitory effects of cPDC 30 on 
the MCF-7 and A431 cell lines. 
The intrinsic fluorescence of 
doxorubicin serves as an imaging 
tool to visualize the binding of 30 
to the cells (Figure 7A, B and 
Figure S11). As shown in the 
figures, only the EGFR- 
overexpressing A431 cells were 
positively stained after 30 min of 
treatment with 30. The same 
treatment did not yield any 
staining of EGFR-negative 
MCF-7 cells. On the other hand, 
both cell lines were stained by 
free doxorubicin, which is not 
surprising as it can enter cells 
and bind to nuclear DNA. In the 
cytotoxicity experiments, both 
cell lines were treated with 0.2 
μM of unconjugated affibody 26, 
doxorubicin, and 30 for 96 h and 
subjected to microscopy analysis. 
At this concentration, 30 
exhibited substantial cytotoxic 
effects on A431 cells, with 
smaller or no effects observed in 
the other control settings (Figure 
7C). Next, an MTT assay was 
conducted to determine the IC50. 
Unconjugated affibody 26, DOX, 
and cPDC 30 were added at 
varying concentrations to MCF-7 
and A431 cells for 96 h. As shown 
in Figure 5D, 30 showed 
significantly higher toxicity with 
an IC50 of 0.13 ± 0.02 μM to A431 
cells than to MCF-7 cells (IC50 of 
1.51 ± 0.08 μM). The affibody 
itself had a low level of 
cytotoxicity, even at very high 
concentrations, which is 
consistent with previously 
published results [58]. The 
unconjugated DOX showed 
lower cytotoxicity in terms of 
IC50 to A431 cells compared to 30, 

 
Figure 7. Cell imaging and cytotoxicity study of the cyclic affibody-Dox conjugate 30. (A) Fluorescent microscopy 
analysis of MCF-7 cells after treatment with 30, DOX, and blank at room temperature for 30 min. (B) Fluorescent 
microscopy analysis of A431 cells after treatment with 30, DOX, and blank at room temperature for 30 min. For cell 
staining experiments in (A) and (B), the nucleus was stained with 700 nM of DAPI; 10 µM DOX and 2 µM 30 were used. 
Scale bar, 50 µm. (C) Cytotoxicity assay of the cPDC 30. Microscopy analysis of cells treated with 30. MCF-7 and A431 
cells were treated with 0.2 µM of different molecules: DOX, unconjugated affibody 26, and 30 for 96 h. Scale bar, 100 
µm. (D) Cytotoxic IC50 of different compounds against MCF-7 and A431 cells. 30 exhibited a ~10-fold enhanced toxicity 
on the EGFR-overexpressing A431 cell line compared to doxorubicin. 
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likely due to a lack of receptor-mediated enrichment 
of the compound in the cells. The measured IC50 of 
DOX in MCF-7 and A431 was 1.60 ± 0.23 μM and 1.22 
± 0.15 μM, respectively (Figure 7D and Figure S12). 
The enhanced toxicity of the cycloaffibody-DOX 
conjugate 30 was likely due to the fast enrichment of 
the conjugate via receptor-mediated endocytosis, 
which led to the uptake of the conjugate through the 
endosomal pathway and delivered it to the lysosome. 
The acidic milieu in this organelle would help cleave 
the oxime linkage to release DOX [56]. Owing to its 
hydrophobic properties, doxorubicin could easily 
escape from the lysosome to bind to nuclear DNA, 
leading to apoptotic cell death. 

Conclusion 
Butelase-1 and VyPAL2 are PAL enzymes that 

recognize short peptide tags for ligation reactions. We 
exploited the different substrate specificities of these 
two PALs to develop a new method for the 
bio-orthogonal dual modification of proteins under 
mild aqueous conditions at a near neutral pH. We 
have used this novel bio-orthogonal method to 
prepare a dual-labeled affibody as a selective imaging 
and cytotoxic agent for the cancer cells. Our results 
have shown that our bio-orthogonal ligation scheme 
is bi-directional, as it can be executed in both the 
N-to-C and C-to-N directions, enabling the synthesis 
of the affibody conjugate 12. Furthermore, the scheme 
was extended to the preparation of a cyclic affibody 
conjugated with the cytotoxic compound doxorubicin. 
Unlike the hydrophobic free doxorubicin, which is 
poorly soluble in water, the prepared cycloaffibody- 
DOX conjugate 30 showed excellent water solubility. 
Such a conjugate is also expected to have lower 
cardiotoxicity than free doxorubicin. A backbone- 
cyclized protein is known to have increased thermal, 
chemical, and proteolytic stability. As demonstrated 
by our data, the prepared linear and cyclic affibody 
conjugates 12 and 30 showed uncompromised high 
binding affinity and enhanced cytotoxicity toward 
EGFR-overexpressing A431 cells. These findings 
indicate that PALs show promise as a tool for the 
precision biomanufacturing of complex bioconjugates 
with multiple functionalities and unusual structures, 
as well as the use of these ligases for the 
functionalization of protein nanoparticles. Therefore, 
the methodologies described in this study may pave 
the way for the development of next-generation 
protein-based theranostics for the diagnosis, 
prevention, and treatment of disease in humans. 

Abbreviations 
PALs, peptidyl asparaginyl ligases; POI, protein 

of interest; AEP, asparaginyl endopeptidase; BML, 

butelase-mediated ligation; VML, VyPAL-mediated 
ligation; NHV, Asn-His-Val tripeptide; NGF, 
Asn-Gly-Phe tripeptide; Vy, Viola Yedoensis; PBS, 
phosphate saline buffer; Ni-NTA, nitrilotriacetic 
acid-nickel; DMEM, Dulbecco's Modified Eagle 
Medium; FBS, fetal bovine serum; EDTA, Ethylene-
diaminetetraacetic acid; MTT, 3-(4,5-Dimethylthiazol- 
2-yl)-2,5-Diphenyltetrazolium Bromide; DAPI, 4’, 6- 
Diamidino-2-Phenylindole, Dihydrochloride; MBHA, 
4-Methylbenzhydrylamine; Fmoc, Fluorenyl-
methyloxycarbonyl; Boc, tert-butyloxycarbonyl; TFA, 
Trifluoroacetic acid; HPLC, High-performance liquid 
chromatography; TIS, Triisopropylsilane; ESI-MS, 
electrospray ionization mass spectrometry; KD, 
equilibrium dissociation constant; DMF, dimethyl-
formamide; DCM, Dichloromethane; PyBOP, 
benzotriazol-1-yl-oxytripyrrolidinophosphonium 
hexafluorophosphate; DIPEA, N,N-Diisopropyl-
ethylamine; cPDC, cycloprotein-drug conjugate; 
IPTG, Isopropyl β-D-1-thiogalactopyranoside; 
EGFR, epidermal growth factor receptor; KD, 
dissociation constant; DOX, doxorubicin; SPPS, solid 
phase peptide synthesis. 

Acknowledgements 
This research was supported by Academic 

Research Grant Tier 3 (MOE2016-T3-1-003) from the 
Singapore Ministry of Education (MOE) to J.P.T., J. L., 
and C.-F. L. 

Supplementary Material  
Supplementary figures and tables. 
http://www.thno.org/v11p5863s1.pdf  

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Kelkar SS, Reineke TM. Theranostics: combining imaging and therapy. 

Bioconjug Chem. 2011; 22: 1879-1903. 
2. Funkhouser J. Reinventing pharma: the theranostic revolution. Curr Drug 

Discov. 2002; 2: 17-19. 
3. Xie J, Lee S, Chen X. Nanoparticle-based theranostic agents. Adv Drug Deliv 

Rev. 2010; 62: 1064-1079.  
4. Luo S, Yang X, Shi C. Newly emerging theranostic agents for simultaneous 

cancertargeted imaging and therapy. Curr Med Chem. 2016; 23: 483-497. 
5. Langbein T, Weber WA, Eiber M. Future of theranosctics: an outlook on 

precision oncology in nuclear medicine. J Nucl Med. 2019; 60: 13S-19S. 
6. Sumer B, Gao J. Theranostic nanomedicine for cancer. Nanomedicine. 2008; 3: 

137–140. 
7. Chen H, Zhang W, Zhu G, Xie J, Chen X. Rethinking cancer nanotheranostics. 

Nat Rev Mater. 2017; 2: 17024. 
8. Lim EK, Kim T, Paik S, Haam S, Huh YM, Lee K. Nanomaterials for 

theranostics: recent advances and future challenges. Chem Rev. 2015; 115: 
327-394.  

9. Zhang L, Jing D, Jiang N, Rojalin T, Baehr CM, Zhang D, et al. Transformable 
peptide nanoparticles arrest HER2 signalling and cause cancer cell death in 
vivo. Nat Nanotechnol. 2020; 15: 145-153.  

10. Dammes N, Peer D. Monoclonal antibody-based molecular imaging strategies 
and theranostic opportunities. Theranostics. 2020; 10: 938-955. 



Theranostics 2021, Vol. 11, Issue 12 
 

 
http://www.thno.org 

5875 

11. Moek KL, Giesen D, Kok IC, de Groot DJ, Jalving M, Fehrmann RS, et al. 
Theranostics using antibodies and antibody-related therapeutics. J Nucl Med. 
2017; 58: 83S-90S.  

12. Hoyt EA, Cal PM, Oliverira BL, Bernardes GJ. Contemporary approaches to 
site-selective protein modification. Nat Rev Chem. 2019; 3: 147-171. 

13. Spicer CD, Davis BG. Selective chemical protein modification. Nat Commun. 
2014; 5: 4740. 

14. Lotze J, Reinhardt U, Seitz O, Beck-Sickinger AG. Peptide-tags for site-specific 
protein labelling in vitro and in vivo. Mol Biosyst. 2016; 12: 1731-1745. 

15. Abrahmsen L, Tom J, Burnier J, Butcher KA, Kossiakoff A, Wells JA. 
Engineering subtilisin and its substrates for efficient ligation of peptide bonds 
in aqueous solution. Biochemistry. 1991; 30: 4151-4159. 

16. Chang TK, Jackson DY, Burnier JP, Wells JA. Subtiligase: a tool for 
semisynthesis of proteins. Proc Natl Acad Sci U S A. 1994; 91: 12544-12548. 

17. Henager SH, Chu N, Chen Z, Bolduc D, Dempsey DR, Hwang Y, Wells J, et al. 
Enzyme-catalyzed expressed protein ligation. Nat Methods. 2016; 13: 925-927. 

18. Tan X, Yang R, Liu C-F. Facilitating subtiligase-catalyzed peptide ligation 
reactions by using peptide thioester substrates. Org Lett. 2018; 20: 6691-6694. 

19. Weeks AM, Wells JA. Subtiligase-catalyzed peptide ligation. Chem Rev. 2020; 
120: 3127-3160. 

20. Schneewind O, Fowler A, Faull KF. Structure of the cell wall anchor of surface 
proteins in Staphylococcus aureus. Science. 1995; 268: 103-106. 

21. Mao H, Hart SA, Schink A, Pollok BA. Sortase-mediated protein ligation: a 
new method for protein engineering. J Am Chem Soc. 2004; 126: 2670-2671. 

22. Popp MW, Antos JM, Grotenbreg GM, Spooner E, Ploegh HL. Sortagging: a 
versatile method for protein labeling. Nat Chem Biol. 2007; 3: 707-708. 

23. Williamson DJ, Fascione MA, Webb ME, Turnbull WB. Efficient N-terminal 
labeling of proteins by use of sortase. Angew Chem Int Ed Engl. 2012; 124: 
9511-9514.  

24. Pishesha N, Ingram JR, Ploegh HL. Sortase A: a model for transpeptidation 
and its biological applications. Annu Rev Cell Dev Biol. 2018; 34: 163-188. 

25. Nguyen GKT, Wang S, Qiu Y, Hemu X, Lian Y, Tam JP. Butelase 1 is an Asx- 
specific ligase enabling peptide macrocyclization and synthesis. Nat Chem 
Biol. 2014; 10: 732-738. 

26. Nguyen GKT, Kam A, Loo S, Jansson AE, Pan LX. Tam JP. Butelase 1: a 
versatile ligase for peptide and protein macrocyclization. J Am Chem Soc. 
2015; 137: 15398-15401. 

27. Nguyen GKT, Qiu Y, Cao Y, Hemu X, Liu C-F, Tam JP. Butelase-mediated 
cyclization and ligation of peptides and proteins. Nat Protoc. 2016; 11: 
1977-1988. 

28. Bi X, Yin J, Nguyen GKT, Rao C, Halim NBA, Hemu X, at al. Enzymatic 
engineering of live bacterial cell surfaces using butelase 1. Angew Chem Int Ed 
Engl. 2017; 56: 7822-7825. 

29. Bi X, Yin J, Zhang D, Zhang X, Balamkundu S, Lescar J, et al. Tagging 
transferrin receptor with a disulfide FRET probe to gauge the redox state in 
endosomal compartments. Anal Chem. 2020; 92: 12460-12466. 

30. Müntz K, Shutov AD. Legumains and their functions in plants. Trends Plant 
Sci. 2002; 7: 340-344. 

31. Dall E, Brandstetter H. Structure and function of legumain in health and 
disease. Biochimie. 2016; 122: 126-150. 

32. Min W, Jones DH. In vitro splicing of concanavalin A is catalyzed by 
asparaginyl endopeptidase. Nat Struct Biol. 1994; 1: 502-504. 

33. Gillon AD, Saska I, Jennings CV, Guarino RF, Craik DJ, Anderson MA. 
Biosynthesis of circular proteins in plants. Plant J. 2008; 53: 505-515. 

34. James AM, Haywood J, Mylne JS. Macrocyclization by asparaginyl 
endopeptidases. New Phytol. 2018; 218: 923-928. 

35. Bernath-Levin K, Nelson C, Elliott AG, Jayasena AS, Millar AH, Craik DJ, et al. 
Peptide macrocyclization by a bifunctional endoprotease. Chem Biol. 2015; 22: 
571-582. 

36. Harris KS, Durek T, Kaas Q, Poth AG, Gilding EK, Conlan BF, et al. Efficient 
backbone cyclization of linear peptides by a recombinant asparaginyl 
endopeptidase. Nat Commun. 2015; 6: 10199. 

37. Yang R, Wong YH, Nguyen GKT, Tam JP, Lescar J, Wu B. Engineering a 
catalytically efficient recombinant protein ligase. J Am Chem Soc. 2017; 139: 
5351-5358. 

38. Zauner FB, Dall E, Regl C, Grassi L, Huber CG, Cabrele C, et al. Crystal 
structure of plant legumain reveals a unique two-chain state with pH- 
dependent activity regulation. Plant Cell. 2018; 30: 686-699.  

39. Jackson MA, Gilding EK, Shafee T, Harris KS, Kaas Q, Poon S, et al. Molecular 
basis for the production of cyclic peptides by plant asparaginyl 
endopeptidases. Nat Commun. 2018; 9: 2411. 

40. Zauner FB, Elsässer B, Dall E, Cabrele C, Brandstetter H. Structural analyses of 
Arabidopsis thaliana legumain γ reveal differential recognition and 
processing of proteolysis and ligation substrates. J Biol Chem. 2018; 293: 
8934-8946. 

41. James AM, Haywood J, Leroux J, Ignasiak K, Elliott AG, Schmidberger JW, et 
al. The macrocyclizing protease butelase 1 remains autocatalytic and reveals 
the structural basis for ligase activity. Plant J. 2019; 98: 988-999. 

42. Hemu X, El Sahili A; Hu S, Wong K, Chen Y, Wong YH, et al. Structural 
determinants for peptide-bond formation by asparaginyl ligases. Proc Natl 
Acad Sci U S A. 2019; 116: 11737-11746. 

43. Hemu X, To J, Zhang X, Tam JP. Immobilized peptide asparaginyl ligases 
enhance stability and facilitate macrocyclization and site-specific ligation. J 
Org Chem. 2019; 85: 1504-1512. 

44. Ling JJ, Policarpo RL, Rabideau AE, Liao X, Pentelute BL. Protein thioester 
synthesis enabled by sortase. J Am Chem Soc. 2012; 134: 10749-10752. 

45. Li Y-M, Li Y-T, Pan M, Kong X-Q, Huang Y-C, Hong Z-Y, et al. Irreversible 
site-specific hydrazinolysis of proteins by use of sortase. Angew Chem Int Ed 
Engl. 2014; 126: 2230-2234. 

46. Cao Y, Nguyen GKT, Tam JP, Liu C-F. Butelase-mediated synthesis of protein 
thioesters and its application for tandem chemoenzymatic ligation. Chem 
Commun (Camb). 2015; 51: 17289-17292. 

47. Harmand TJ, Bousbaine D, Chan A, Zhang X, Liu DR, Tam JP, et al. One-pot 
dual labeling of IgG 1 and preparation of C-to-C fusion proteins through a 
combination of sortase A and butelase 1. Bioconjug Chem. 2018; 29: 3245-3249. 

48. Rehm FB, Harmand TJ, Yap K, Durek T, Craik DJ, Ploegh HL. Site-specific 
sequential protein labeling catalyzed by a single recombinant ligase. J Am 
Chem Soc. 2019; 141: 17388-17393. 

49. Antos JM, Chew GL, Guimaraes CP, Yoder NC, Grotenbreg GM, Popp MW, et 
al. Site-specific N-and C-terminal labeling of a single polypeptide using 
sortases of different specificity. J Am Chem Soc. 2009; 131: 10800-10801. 

50. Nord K, Gunneriusson E, Ringdahl J, Ståhl S, Uhlén M, Nygren P-Å. Binding 
proteins selected from combinatorial libraries of an α-helical bacterial receptor 
domain. Nat Biotechnol. 1997; 15: 772-777. 

51. Friedman M, Orlova A, Johansson E, Eriksson TL, Höidén-Guthenberg I, 
Tolmachev V, et al. Directed evolution to low nanomolar affinity of a 
tumor-targeting epidermal growth factor receptor-binding affibody molecule. 
J Mol Biol. 2008; 376: 1388-1402. 

52. Ellerby HM, Arap W, Ellerby LM, Kain R, Andrusiak R, Del Rio G, et al. 
Anti-cancer activity of targeted pro-apoptotic peptides. Nat Med. 1999; 5: 
1032-1038. 

53. Dubowchik GM, Firestone RA, Padilla L, Willner D, Hofstead SJ, Mosure K, et 
al. Cathepsin B-labile dipeptide linkers for lysosomal release of doxorubicin 
from internalizing immunoconjugates: model studies of enzymatic drug 
release and antigen-specific in vitro anticancer activity. Bioconjug Chem. 2002; 
13: 855-869. 

54. Davidson NE, Gelmann EP, Lippman ME, Dickson RB. Epidermal growth 
factor receptor gene expression in estrogen receptor-positive and negative 
human breast cancer cell lines. Mol Endocrinol. 1987; 1: 216-223. 

55. Nakase I, Okumura S, Katayama S, Hirose H, Pujals S, Yamaguchi H, et al. 
Transformation of an antimicrobial peptide into a plasma membrane- 
permeable, mitochondria-targeted peptide via the substitution of lysine with 
arginine. Chem Commun (Camb). 2012; 48: 11097-11099. 

56. Jin Y, Song L, Su Y, Zhu L, Pang Y, Qiu F, et al. Oxime linkage: a robust tool for 
the design of pH-sensitive polymeric drug carriers. Biomacromolecules. 2011; 
12: 3460-3468. 

57. Dirksen A, Dawson PE. Rapid oxime and hydrazone ligations with aromatic 
aldehydes for biomolecular labeling. Bioconjug Chem. 2008; 19: 2543-2548. 

58. Lee SB, Hassan M, Fisher R, Chertov O. Chernomordik V, Kramer-Marek G, et 
al. Affibody molecules for in vivo characterization of HER2-positive tumors by 
near-infrared imaging. Clin Cancer Res. 2008; 14: 3840-3849. 


