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Asparaginyl endopeptidases (AEPs) catalyze head-to-tail backbone cycliza-

tion of naturally occurring cyclic peptides such as cyclotides, and have

become an important peptide-engineering tool for macrocyclization and pep-

tide ligation. Here, we report efficient protein ligation in trans by mimicking

efficient backbone cyclization by an AEP without any excess of reactants.

We demonstrate a practical application of segmental isotopic labeling for

NMR studies of a single-domain globular protein without any refolding step

using the recombinant AEP prepared from Escherichia coli. This simple pro-

tein ligation approach using an AEP could be applied for incorporation of

various biophysical probes into proteins as well as post-translational produc-

tion of full-length proteins.

Keywords: asparaginyl endopeptidase; NMR; protein ligation; segmental

isotopic labeling

Selective ligation of two or more polypeptides with

peptide bonds has increasingly become important for

incorporating various biochemical and biophysical

probes such as stable-isotopes, fluorophores, drugs,

and unnatural amino acids into proteins. Ligation of

protein fragments with peptide bonds could also facili-

tate production of toxic proteins in vitro. Protein liga-

tion has thus opened various peptide and protein

engineering possibilities such as head-to-tail backbone

cyclization. Ligation of a synthetic unprotected peptide

or a recombinant protein/peptide with a-thio-ester and
a peptide bearing an N-terminal cysteine has been

achieved by native chemical ligation (NCL; Fig. 1A)

[1]. This reaction requires a Cys residue at the junction

and is limited by production of thio-ester modified

proteins, which can be produced either by chemical

synthesis, by thiolysis of recombinant intein-fusion

proteins [expressed protein ligation (EPL)], or by

enzyme-mediated modification [2–4]. Protein ligation

by protein trans-splicing (PTS) via split inteins or split

HINT domains is not restricted by Cys residue at the

ligation junction (Fig. 1B) [5–11]. However, the target

protein sequences have to be genetically fused with

split intein fragments and the split protein fragments

have to be reconstituted into an active conformation

for protein ligation. This procedure can be cumber-

some and time-consuming [10,11]. The fusion proteins

with split intein fragments could also be insoluble,
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thereby requiring additional refolding steps [8–11].

Even though the solubility issue of the precursors

fused to split intein fragments has been recently allevi-

ated by highly soluble inteins from halophilic organ-

isms, preparations of individual split intein fusions are

mandatory [12].

An alternative approach is enzyme-catalyzed pro-

tein/peptide ligation. Formally, peptide ligation is

reversal of hydrolysis of a peptide bond by proteases.

Thus, proteases have been used for peptide ligation by

shifting the equilibrium toward ligation from hydroly-

sis by changing the solvent conditions using organic

solvents, or using one of the reactants in excess, and/

or by using the proximity effect [13,14]. This approach

has been applied only to a limited number of peptides

and proteins [13].

As reversal of protease activities has been very lim-

ited, enzymes with trans-peptidase activity have been

designed or identified in nature. An engineered serine

protease of subtilisin called subtiligase has been

demonstrated to ligate peptide fragments via thio-ester

intermediate [15]. Sortase-catalyzed protein ligation

using Staphylococcus aureus sortase A (SrtA), which

cross-links surface proteins to the peptidoglycan in the

cell wall of Gram-positive bacteria, has been widely

used for peptide ligation in labeling and cyclization

[16,17]. SrtA catalyzes trans-peptidation by cleaving

between threonine and glycine within ‘LPXTG’ recog-

nition motif and subsequently joining the carboxyl

group of threonine to an amino group of di- or trigly-

cine of an incoming C-terminal peptide (Fig. 1C) [16].

This SrtA-catalyzed protein ligation can be limited by

the insertion of ‘LPXTG’ sequence in the ligated pro-

duct, although SrtA-catalyzed protein ligation using

engineered sortase with altered specificities have been

recently developed [17,18]. Due to this sequence inser-

tion, the ligated product remains the substrate of SrtA,

which additionally reduces final yields.

Some of naturally occurring cyclic peptides have

been produced by head-to-tail backbone cyclization by

enzymes such as PatG and asparaginyl endopeptidases

(AEPs) [19–22]. In particular, cyclotides such as kalata

B1 from plants have been efficiently cyclized by AEPs

from plants such as butelase 1 from Clitoria ternatea

and AEP1b from Oldenlandia affinis (OaAEP1b)

[21,22]. As cyclization and protein ligation in trans is

an identical trans-peptidase reaction, enzymes capable

of backbone cyclization can be used for bimolecular

peptide ligation in trans depending on the conditions

[21–24]. When thermodynamically controlled, the sim-

plest way to shift the equilibrium toward peptide liga-

tion is to supply one of the reactants in excess. Indeed

a fivefold excess of one of the reactants has been used

for bimolecular ligation in trans by butelase 1 [21,23].

In contrast, backbone cyclization of cyclotides and

other small peptides by AEPs is very efficient reaching

> 95% backbone cyclization. This suggests that the

head-to-tail peptide formation is favorable compared

with bimolecular trans reaction due to their close prox-

imity [21,22].

Here, we present an efficient protein ligation

approach by the proximity effect using an AEP and

Fig. 1. Commonly used protein ligation

methods. (A) NCL and EPL. (B) PTS via

split inteins. (C) SrtA-catalyzed protein

ligation with the recognition sequence. (D)

AEP-catalyzed protein ligation with the

reported recognition sequence of

OaAEP1b.
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demonstrate a practical application in segmental iso-

topic labeling of a single-domain globular protein

without any refolding process.

Materials and methods

Construction of plasmids

Plasmid for production of AEP1 from

Oldenlandia affinis

The codon optimized gene of AEP1 from O. affinis

(OaAEP1) (UniProtKB Entry name: A0A0N9JZ32_OL-

DAF) was synthesized and purchased from Integrated

DNA Technologies, Inc. USA. The gene corresponding to

the residues 24–474 of OaAEP1 was cloned between

BamHI and HindIII sites of pHYRSF53, resulting in

pBHRSF184 [25]. This plasmid expresses the N-terminally

His-tagged SUMO-OaAEP1 fusion protein, instead of

UBQ fusion of OaAEP1b originally reported [22]. This

plasmid for OaAEP1 production is deposited at www.add

gene.org/Hideo_Iwai with ID: 89482.

Plasmids for backbone cyclization assay

The gene of green fluorescent protein (GFP) was amplified

together with the N-terminal hexahistidine tag and the C-

terminal thrombin cleavage sequence from pIWT55-63his

using two oligonucleotides of I965: 50-CACAGAGAACAGA

TTGGTGGTGGATTACCACATCATCACCACCATCAC

TC and I964: 50-AGGAAGCTTACAGTCCATTTCGGG

TACTACCGCGTGGCACCAACCCAG [26].

The gene of yeast SMT3 (SUMO) domain without the

N-terminal hexahistidine tag was amplified from pHY

RSF53 using I916: 50-ACATATGGGCGACTCAGAAGT

CAATC and HK157: 50-ACATATGGCTCTTCGAAC

CACCAATCTGTTCTCTGTGAG [25]. The two PCR

products were assembled and reamplified using the two

oligonucleotides of I916 and I964. The amplified assembled

PCR product was cloned into pHYRSF194 using NdeI and

HindIII sites, resulting in pITRSF4 encoding SMT3-GLPH6-

(GFP)-LVPRGSTRNGL. pHYRSF194 was derived from

pHYRSF1 by mutating NcoI site to NdeI site at the N termi-

nus [12,27]. Plasmid pJTRSF50 encoding SMT3-GLPH6-

(GFP)-LVPRGSTRNCL was constructed by PCR using the

two oligonucleotide of I916 and J052: 50-AGGAAGCTTA

CAGACAATTTCGGGTACTACCGCG, followed by clon-

ing into pHYRSF194 between NdeI and HindIII sites. The

vector pJTRSF55 encoding SMT3-GLPH6-(GFP)-

LVPRGSTRNAL was similarly constructed using the two

oligonucleotides of I916 and J083: 50-AGGAAGCTTACAG

AGCATTTCGGGTACTACCGC. The vectors of pITR

SF4, pJTRSF50, and pJTRSF55 are deposited at www.add

gene.org/Hideo_Iwai with IDs: 89699, 89700, and 89701,

respectively.

Plasmids of substrates for bimolecular protein ligation

For protein ligation in trans, GFP with the N-terminal

‘GLP’ sequence was constructed by amplifying the SMT3-

GFP fusion from pITRSF4 with the two oligonucleotides of

I916 and #153: 50-CGCAAGCTTAAGTCAACCCAG

CAGCAG and cloned into pHYRSF194 using NdeI and

HindIII sites, resulting in pBHRSF208. This vector encodes

SMT3-GLPH6-(GFP). The gene of B1 domain of IgG-bind-

ing protein G (GB1) was amplified from pSKBAD2 vector

using the two oligonucleotides of SK001: 50-TCC
TTACATATGGCGTACAAACTTATCCTG and J165: 50-
ATGAAGCTTACAGAGCATTACGACCTTCCGTTACG

GTGTAGGT, and cloned into pHYRSF1 using NdeI and

HindIII sites, resulting in plasmid pKERSF3 [27,28]. This

plasmid encodes GB1 under inducible T7 promoter with the

C-terminal ligation tag of ‘GRNAL’.

Plasmids for coexpression to produce a nicked MBP

The gene of maltose-binding protein (MBP)-N, the N-term-

inal fragment (residues 1–173) of Escherichia coli MBP with

the C-terminal ligation tag sequence of ‘CL’ and E172K

mutation was amplified from plasmid pFGRSF03 using the

following two oligonucleotides of I393: 50-AAACC

ATGGCTAAAATCGAAGAAGGTAAACTG and J141:

50-ATGAAGCTTACAGACAGTTTTTATACTTGAACG

CAT [25]. The amplified gene was cloned into pRSF-1b

(Novagen) between NcoI and HindIII sites, resulting in

pEMRSF13. MBP-C (residues 174–366) was cloned into

pSABAD250 using NdeI and EcoRI sites after PCR ampli-

fication from pFGRSF03 as the template using the two pri-

mers of J144: 50-AACATATGGGCCTGTACGACATT

AAAGACG and J109: 50-TTGGAATTCAGTCTGCGC

GTCTTTCAGG [25,29]. The resulted plasmid of pEM-

BAD12 encodes MBP-C with ‘GL’ and K175L mutation at

the N terminus and the C-terminal His-tag. MBP-C on

pEMBAD12 can be induced by addition of L-arabinose.

Plasmid for the full-length MBP

The gene of E. coli MBP was amplified from plasmid

pFGRSF03 [25] using the following two oligonucleotides of

I393 and SZ031: 50-GTCCAAGCTTAAGTCTGCGCGTC.

The amplified gene was cloned into pRSF-1b (Novagen)

between NcoI andHindIII sites, resulting in pBHRSF103.

Protein expression and purification

Expression, purification, and activation of rOaAEP1

The plasmid of pBHRSF184 bearing OaAEP1 was trans-

formed into chemically competent E. coli T7 SHuffle cells

according to the manufacturer’s instructions (E. coli K12

#C3026H; New England BioLabs, Inc., Ipswich, MA,
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USA). The transformed cells were grown in Super Broth

(SB) media supplemented with 10 lg�mL�1 kanamycin at

30 °C until OD600 reached 0.6. The cell culture was cooled

down to 18 °C, followed by the induction of the fusion

protein for 18 h with a final concentration of 0.1 mM iso-

propyl-b-D-thiogalactoside (IPTG). The induced cells were

harvested by centrifugation for 10 min at 4000 g, 4 °C. The
harvested cell pellets were immediately resuspended in

20 mL of lysis buffer (50 mM Tris/HCl (pH 7.0), 150 mM

NaCl, 0.1% Triton X100, and 1 mM EDTA) and disrupted

by passing through Emulsiflex C-3 for 10 min at

15 000 psi, 4 °C. The cleared supernatant after centrifuga-

tion at 18 000 g for 60 min was diluted eight times with

50 mM sodium phosphate buffer (pH 8.0) and 300 mM

NaCl. The cleared supernatant was subsequently loaded

onto a 5 mL HisTrap HP column (GE Healthcare Life

Sciences, Milwaukee, WI, USA) followed by washing with

200 mL of 50 mM sodium phosphate (pH 8.0), 300 mM

NaCl, and 30 mM imidazole. H6-SMT3-OaAEP1 fusion

protein was eluted with a linear gradient of 30–300 mM imi-

dazole. Fractions containing the fusion protein were col-

lected and dialyzed against phosphate-buffered saline (PBS)

buffer overnight at 8 °C. On the following day, the fusion

protein was digested at 24 °C for 2 h by addition of a final

concentration of 1 mM dithiothreitol (DTT) and 37 nM

Ulp1 protease [25]. The reaction mixture was loaded onto

HisTrap HP column to remove the N-terminally His-tagged

SMT3 and Ulp1 protease. Flow-through fractions contain-

ing rOaAEP1 were collected and dialyzed overnight against

2 L of 20 mM HEPES/KOH (pH 8.0) and 150 mM NaCl.

The purified rOaAEP1 was activated, following the previ-

ously reported protocol [22]. Briefly, after addition of final

concentrations of 1 mM EDTA and 0.5 mM tris(2-carbox-

yethyl)phosphine (TCEP), pH of the protein solution was

adjusted to 4.0 with 1 M sodium acetate for self-cleavage

activation and incubated at 37 °C for 5 h. The cleaved

active enzyme was stored at �74 °C for further usage.

Expression and purification of substrate proteins: GFP

variants and GB1

Escherichia coli strain ER2566 was transformed using

chemically competent cells with plasmids pITRSF4,

pJTRSF50, pJTRSF55, pKERSF3, or pBHRSF208 and

grown at 37 °C in LB medium supplemented with

25 lg�mL�1 kanamycin. When OD600 reached 0.6, the pro-

tein was induced with a final concentration of 1 mM IPTG

and incubated for 3 h at 37 °C. The induced cells were har-

vested by 10-min centrifugation at 4000 g, 4 °C. The cell

pellet was resuspended in 20 mL of 50 mM sodium phos-

phate buffer (pH 8.0) and 300 mM NaCl and flash-frozen

in liquid nitrogen for storage at �74 °C. The frozen cells

were thawed and lysed at 15 000 psi for 10 min using

Emulsiflex C-3. The cell debris were removed by centrifuga-

tion at 18 000 g, 4 °C for 60 min. The supernatant was

passed through 0.45-lm filter and loaded onto a 5 mL

HisTrap HP column (GE Healthcare Life Sciences), which

was pre-equilibrated with 50 mM sodium phosphate buffer

(pH 8.0) and 300 mM NaCl. After washing with 50 mM

sodium phosphate buffer (pH 8.0), 300 mM NaCl, and

30 mM imidazole, the protein of interest was eluted with a

linear gradient of 30–300 mM imidazole in sodium phos-

phate buffer (pH 8.0) and 300 mM NaCl. The elution was

dialyzed overnight against PBS buffer. The His-tagged

SMT3 protein in the GFP fusion proteins was digested by

Ulp1 protease in the presence of 1 mM DTT and removed

by loading onto a 5 mL HisTrap HP column. The flow-

through fractions containing the protein of interest (GFP

with different C-terminal sequences) were dialyzed against

2 L of 20 mM Tris/HCl buffer (pH 8.0) and 150 mM NaCl

overnight at 8 °C.

Expression, purification, and ligation of segmentally

labeled MBP

Segmentally 15N-labeled MBP was prepared by differential

labeling using the time-delayed coexpression system, fol-

lowed by ligation using rOaAEP1. First, differentially

labeled two fragments of split MBP were expressed follow-

ing the previously reported protocol using the dual vector

system [27,28]. Escherichia coli strain ER2566 (New Eng-

land Biolabs) was transformed with the two plasmids of

pEMBAD12 and pEMRSF13 and plated on LB agar plates

supplemented with 25 lg�mL�1 kanamycin and

100 lg�mL�1 ampicillin at 37 °C. About 50 mL of LB

medium supplemented with a final concentration of

25 lg�mL�1 kanamycin and 100 lg�mL�1 ampicillin was

inoculated with a single colony from the LB agar plate and

incubated at 30 °C overnight with vigorous shaking at

200 r.p.m. The bacterial culture was diluted into 1.25 L of

LB medium supplemented with the antibiotics and incu-

bated at 37 °C. When OD600 reached 0.6, MBP-C was

induced with a final concentration of 0.2% L-arabinose for

2 h at 37 °C. The cells were spun down for 20 min at

850 g in order to exchange the culture media. To remove

the remaining inducer, the cell pellet was briefly washed by

gently suspending with 15 mL of 100% 15N-labeled M9-

medium, followed by another centrifugation at 850 g. The

cell pellet was then resuspended in 1.8 L of 100% 15N-

labeled M9-medium supplemented with 25 lg�mL�1 kana-

mycin, 50 lg�mL�1 ampicillin, 50 lg�mL�1 carbenicillin,

and a final concentration of 1 mM IPTG. MBP-N was

induced for additional 3 h at 37 °C with shaking at

200 r.p.m. After the second induction, the cells were har-

vested with 10-min centrifugation at 5000 g and resus-

pended in 20 mL of 50 mM sodium phosphate buffer (pH

8.0) and 300 mM NaCl. The cell suspension was flash-fro-

zen and stored for further purification. The frozen cells

were thaw and lysed at 15 000 psi for 10 min using Emulsi-

flex C-3. The cell lysate was cleared by centrifugation at
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18 000 g for 60 min at 4 °C. The supernatant was passed

through 0.45-lm filter and loaded onto pre-equilibrated

5 mL HisTrap HP column (GE Healthcare Life Sciences)

with 50 mM sodium phosphate buffer (pH 8.0) and 300 mM

NaCl. After washing with 30 mM imidazole, 50 mM sodium

phosphate buffer (pH 8.0) and 300 mM NaCl, the differen-

tially labeled nicked MBP was eluted with a linear gradient

of 30–300 mM imidazole in 50 mM sodium phosphate buf-

fer (pH 8.0) and 300 mM NaCl. The elution fraction con-

taining the nicked MBP was dialyzed overnight against 2 L

of 20 mM Tris/HCl buffer (pH 8.0) and 150 mM NaCl. The

protein solution was concentrated to 210 lL and flash-fro-

zen in liquid nitrogen for storage at �74 °C.
Ligation of the nicked MBP was performed at 25 : 1

molar ratio for MBP and the enzyme. Final concentrations

of 152 lM MBP and 6 lM activated rOaAEP1 were mixed

in 0.5 mL volume for preparative ligation. The reaction

mixture was transferred into a dialysis tube with MWCO

3.5 kDa and dialyzed overnight at 24 °C against 50 mM

HEPES/KOH buffer (pH 7.0), 50 mM NaCl, 1 mM EDTA,

and 0.5 mM TCEP. After overnight ligation reaction, the

ligation mixture was further purified by anion exchange

chromatography using MonoQTM 5/50 GL (GE Healthcare

Life Sciences). Only fractions containing the ligated MBP

were dialyzed overnight at 4 °C against 1 L of 20 mM

sodium phosphate buffer (pH 6.0). The ligated MBP was

concentrated to 0.1 mM using an ultracentrifugation device.

A final concentration of 0.3 mM maltose was added for

NMR measurement.

Expression and purification of the uniformly
15
N-labeled

MBP

The plasmid of pBHRSF103 bearing MBP was trans-

formed into chemically competent E. coli strain ER2566

(New England Biolabs). One colony was inoculated in

5 mL of LB medium supplemented with 25 lg�mL�1 kana-

mycin and was grown at 37 °C for 7 h. The preculture was

diluted into 50 mL of 100% 15N-labeled M9-medium sup-

plemented with 25 lg�mL�1 kanamycin and incubated

overnight at 30 °C with 200 r.p.m. shaking. The overnight

preculture was diluted with 450 mL of 100% 15N-labeled

M9 medium supplemented with 25 lg�mL�1 kanamycin.

When OD600 reached 0.6, MBP was induced with a final

concentration of 0.1 mM IPTG and incubated overnight at

24 °C. The induced cells were harvested by 10-min centrifu-

gation, at 4000 g, 4 °C. The cell pellet was resuspended in

10 mL of 50 mM sodium phosphate buffer (pH 8.0) and

300 mM NaCl and flash-frozen in liquid nitrogen for stor-

age at �74 °C. The frozen cells were thawed and lysed at

15 000 psi for 10 min using Emulsiflex C-3. The cell debris

were removed by centrifugation at 18 000 g, 4 °C for

60 min. The supernatant was diluted with 30 mL of 20 mM

Tris/HCl (pH 7.5), 200 mM NaCl, and 1 mM EDTA, and

mixed with 15 mL of pre-equilibrated amylose resin beads

(New England Biolabs). The supernatant and beads suspen-

sion were loaded onto an empty Econo-Pac chromatogra-

phy column (BioRad, Hercules, CA, USA). The amylose

beads were washed 5 times with 10 mL of 20 mM Tris/HCl

(pH 7.5), 200 mM NaCl, and 1 mM EDTA. MBP was

eluted 5 times with 5 mL of 20 mM Tris/HCl (pH 7.5),

200 mM NaCl, 1 mM EDTA, and 10 mM maltose. All

washing and elution fractions were analyzed on SDS/

PAGE. Fractions containing a single band of MBP were

collected and concentrated to a final concentration of

0.57 mM using an ultracentrifugation device. A final con-

centration of 1.71 mM maltose was added to the protein

solution prior to the storage at �74 °C.

Cyclization assays with rOaAEP1

Five micromolar solution of each GFP variant with differ-

ent C-terminal sequences of ‘NGL’, ‘NAL’, or ‘NCL’ in

50 mM HEPES/KOH buffer (pH 7.0) 50 mM NaCl, 1 mM

EDTA, and 0.5 mM TCEP was mixed with a final concen-

tration of 0.2 lM rOaAEP1 for backbone cyclization. The

reaction mixture was incubated in an eppendorf tube at

24 °C for 2 h. The samples for SDS/PAGE analysis of

backbone cyclization were taken after 30 min, 1 h, and 2 h

of the reaction. Cyclized GFP migrates faster than linear

GFP as previously reported and could be relinearized by

thrombin digestion to confirm backbone cyclization [26].

Trans-ligation assays with rOaAEP1

Purified two substrate proteins were mixed at an equimolar

ratio at a final concentration of 5 lM in the reaction buffer

of 50 mM HEPES/KOH (pH 7.0), 50 mM NaCl, 1 mM

EDTA, and 0.5 mM TCEP. Activated rOaAEP1 was then

added at a final concentration of 0.2 lM at 24 °C in eppen-

dorf tubes. The samples for SDS/PAGE analysis were

taken after 1, 2 h, and 4 h of the reaction.

Quantification of the ligation yields

Time courses of the ligation/cyclization reactions were ana-

lyzed by SDS/PAGE. The samples taken at different time

points were diluted with two-time SDS reducing loading

buffer, and loaded on 12% or 18% SDS polyacrylamide

gels. The SDS-gels were stained with Coomassie Blue R

(GE Healthcare) and quantified using NIH IMAGEJ software

(Bethesda, MD, USA), assuming that the dye binds equally

to proteins [30].

NMR measurements

All the NMR spectra were recorded on Bruker Avance III

HD spectrometer equipped with cryogenic probehead at 1H

frequency of 850 MHz. The NMR samples for segmentally

and uniformly 15N-labeled MBP were concentrated to
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0.1 mM, 200 lL and 0.57 mM, 650 lL, respectively and

transferred into Shigemi microcell tubes for NMR

measurements.

Result and discussion

First, we recombinantly produced the codon optimized

AEP1 from O. affinis (rOaAEP1) using E. coli overex-

pression system as a SUMO fusion protein replacing

the reported ubiquitin fusion and purified as previ-

ously reported with slight modifications (see materials

and methods) [22,25]. We discovered that the sequence

of ‘AL’ or ‘CL’ at the P10 and P20 positions consider-

ably improved the backbone cyclization efficiency of a

model protein of GFP to > 95% with our recombinant

OaAEP1 (rOaAEP1; Fig. 2A,B) [26]. The cyclization

efficiency of GFP with ‘AL’ was about 30% better

than the previously reported ‘GL’ taken from kalata

B1, which is different from the sequence of ‘HV’ of

butelase 1 [21]. We decided to use either ‘AL’ or ‘CL’

because these sequences are more tolerant of amino

acid changes at P2 position (data not shown). We next

tested bimolecular ligation of two globular proteins,

GFP and GB1, by rOaAEP1. For bimolecular ligation

in trans, we added ‘TRNAL’ sequence at the C termi-

nus of GB1 and ‘GLP’ at the N terminus of GFP,

which is followed by a hexahistidine tag for purifica-

tion (Fig. 2C). Ulp1 digestion was used to create the

N-terminal glycine residue in the GFP for ligation.

rOaAEP1 could ligate the two fragments at an

equimolar ratio with about 50% yield although degra-

dation of GB1 was evident presumably due to internal

Asn residues (Fig. 2C). This is in agreement with the

previous reports, suggesting that an excess of the reac-

tants is necessary to achieve a higher yield [22–24]. To
improve the ligation yield in trans, we decided to

mimic backbone cyclization by producing a nicked

protein where the N and C termini for ligation are in

close proximity to each other as previously demon-

strated with NCL [31]. Nicked proteins can be pro-

duced when two split fragments of a protein fold

together inside E. coli cell after the coexpression

(Fig. 3A) [28]. We used maltose-binding protein

(MBP) as a model system. MBP was split within a

loop into two fragments (residues 1–173 for MBP-N

and residues 174–366 for MBP-C). We added a His-

tag of ‘EFH6’ at the C terminus of MBP-C after resi-

due 366 for purification. MBP-N was cloned into

pRSF vector under T7 promoter together with the C-

terminal ligation tag of ‘CL’ after N173. We originally

selected ‘CL’, because we thought that ‘CL’ could be

better due to the thiol group. However, ‘AL’ was

found to be as efficient as or slightly better than ‘CL’

(Fig. 2B). In addition, we replaced E172 with Lys.

MBP-C with the C-terminal His-tag was cloned into

pBAD vector under arabinose promoter for dual coex-

pression. In addition, K175 was replaced with Leu in

MBP-C for the ligation by rOaAEP1 to achieve a

higher yield (Fig. 3A). The transformed cells with

these two plasmids could express MBP-C by induction

with arabinose, followed by expression of MBP-N

induced with an addition of IPTG (Fig. 3C). Because

the two fragments could fold together inside E. coli

cells and tightly associate, the nicked MBP was puri-

fied from soluble fraction owing to the folded confor-

mation and the C-terminal His-tag (Fig. 3B) without

any purification from insoluble fraction. Because the C

terminus of MBP-N and the N terminus of MBP-C

are in close proximity in the nicked protein, which is

similar to the head-to-tail cyclization of cyclotides by

AEPs, we expect that the ligation of these two frag-

ments by rOaAEP1 is more favorable due to the

Fig. 2. Backbone cyclization and protein ligation in trans by

rOaAEP1. (A) Schematic illustration of cyclization assay by

rOaAEP1-catalyzed ligation. (B) SDS/PAGE analysis and

quantification of the backbone cyclization of GFP substrates by

rOaAEP1. 0, 0.5, 1, and 2 h stand for 0, 0.5, 1, and 2 h time points

after addition of the enzyme. Arrows indicate the bands of circular

GFP. *** indicates significance at the 0.001 probability level. (C)

Schematic illustration and SDS/PAGE analysis of bimolecular

protein ligation using GB1 and GFP by rOaAEP1.
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proximity effect than bimolecular trans-ligation with-

out any affinity [31]. Moreover, we split MBP within

an exposed loop so that the enzyme can access to the

ligation site. More than 80% of ligation of the two

fragments was indeed completed within 3 h without

degradation (Fig. 3D). The ligated MBP has no addi-

tional amino acid insertion but only two residue

changes of E172K and K175L near the ligation junc-

tion in the sequence because we exploited a natural

‘NG’ sequence in a loop of MBP.

One of the practical applications of protein ligation

has been differential isotopic labeling of proteins to

reduce NMR signal overlaps for NMR investigations

of larger proteins and proteins with repeating

sequences. EPL, PTS, and SrtA have been successfully

used for segmental isotopic labeling of multidomain

proteins containing self-contained domains [5,6,32–34].
However, segmental isotopic labeling of a single-

domain globular protein is more challenging because

individual split fragments of a globular domain alone

are usually insoluble, requiring refolding steps of iso-

lated fragments from insoluble fractions [9–11]. Hence,

only PTS using split inteins have been used for a sin-

gle-domain globular protein such as MBP, which

requires labor-intensive optimization of the refolding

conditions of the two precursors containing split intein

fragments in vitro [9–11]. The shorter tag required for

protein ligation by AEPs could facilitate segmental iso-

topic labeling of single-domain globular proteins

because the smaller ligation tag of ‘CL’ or ‘AL’ is less

likely to disturb the solubility of the split fragments to

be ligated.

To demonstrate segmental isotopic labeling of MBP

without any refolding step, we performed differential

labeling of the two split MBP fragments (MBP-N and

MBP-C) using the time-delayed coexpression as previ-

ously reported [28]. MBP-C was first induced in the

unlabeled medium by arabinose, and then the medium

was replaced with 15N-labeled medium containing

IPTG after a washing step. After the time-delayed

dual-induction, the nicked MBP containing the associ-

ated 15N-labeled MBP-N and unlabeled MBP-C was

purified by immobilized metal ion affinity chromato-

graphy (IMAC). The gap between 15N-labeled MBP-N

and unlabeled MBP-C was closed with a peptide bond

by protein ligation using rOaAEP1 (Fig. 3B,D). Fig-

ure 4 shows the comparison of HSQC spectra between

uniformly 15N-labeled MBP and the segmentally 15N-

labeled MBP by protein ligation using rOaAEP1,

demonstrating effective segmental isotopic labeling of

a single-domain globular protein without any refolding

step. Both HSQC spectra recorded in the presence of

Fig. 3. Protein ligation of a nicked MBP by

rOaAEP1. (A) Schematic drawing of

production of a nicked MBP with the

ligation tag for AEP using the dual

coexpression system. (B) Schematic

drawing of ligation of the nicked MBP by

AEP to close the gap after purification. (C)

SDS/PAGE analysis of overexpression of

the N- and C-terminal fragments of MBP

(MBP-N and MBP-C). ‘0 h’ indicates

before induction. ‘+Ara’ indicates the first

induction by arabinose for expressing

MBP-C in the unlabeled medium. ‘+IPTG’

indicates the second induction of MBP-N

in the labeled medium after the first

arabinose induction. (D) SDS/PAGE

analysis of the time course of ligation of

the nicked MBP by rOaAEP1. Reactions

were performed at room temperature in

the presence of 0.2 lM rOaAEP1 and 5 lM

nicked MBP.
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maltose can be overlaid without any shift or with

slight shifts for visible peaks of MBP-N (residues 1–
173), confirming that segmental labeled MBP produced

by protein ligation is properly folded and capable of

binding maltose (Fig. 4C). Some larger shifts are

caused presumably by the sequence variations at the

ligation site and the C-terminal His-tag used for purifi-

cation of the ligated product. Importantly, the modifi-

cation in the sequences required for protein ligation by

rOaAEP1 is much smaller compared with PTS and

SrtA approaches. The required sequences of ‘NCL/

NAL’ and ‘GL’ for the C and N termini, respectively,

are so small that AEP approach could be applicable to

other nicked folded proteins when a split site is appro-

priately selected. Approximately, > 200 times better

ligation efficiency of rOaAEP1 than SrtA and the

shorter sequences required for ligation make recombi-

nant OaAEP1 produced from E. coli an attractive

alternative [22]. In particular, OaAEP1 has the differ-

ent specificity from butelase 1. Recombinant produc-

tion from E. coli could facilitate further protein

engineering of OaAEP1 for improving the enzymatic

activity and creating desired specificities to broaden

the application [35].

In summary, we demonstrated efficient protein liga-

tion of a nicked protein with rOaAEP1 by making use

of the proximity effect and the newly discovered recog-

nition sequences of OaAEP1 with better ligation effi-

ciency. This approach could be widely applicable for

segmental isotopic labeling of proteins particularly for

single-domain globular proteins without labor-inten-

sive refolding steps. When a nicked form of proteins

can be produced by a dual-expression system, AEP-

catalyzed ligation could be used for activating nicked

proteins, e.g., inactive split toxic proteins that could

not be expressed in E. coli. Less stringent proteolytic

activity of AEPs due to the shorter recognition

sequences might limit the application to relatively

small globular domains. However, sequential combina-

tion of traceless ligation by PTS and enzymatic liga-

tion by AEPs could be applied for production of more

complex protein conjugates, incorporation of various

biophysical probes in proteins, and production of full-

length proteins in a post-translational manner.
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