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Ribosome-derived macrocyclic peptides and proteins are natu-
ral products with diverse structures and functions1. With their 
defined conformation and enhanced metabolic stability, they 

are attractive candidates for drug development2,3. Both prokaryotes 
and eukaryotes produce macrocyclic peptides. Certain bacteria are 
known to produce very large macrocycles such as bacteriocins and 
pilins, which consist of 35–78 residues4,5, whereas cyanobacteria 
produce much smaller cyanobactins that are usually 6–11 residues6. 
Higher organisms typically produce medium-sized rings, with some 
containing one to three disulfide bonds. An example of this type of 
ring is the family of θ-defensins and retrocyclins, but this is also the 
only known family of animal-produced cyclic peptides7,8. In con-
trast, cyclic peptides occur more commonly in plants, particularly 
in the families of cyclotides, sunflower trypsin inhibitors (SFTIs) 
and orbitides9–11.

A major step in the bioprocessing of macrocyclic peptides from 
their precursors involves an enzyme that acts as a ligase or cyclase 
to join the N and C termini of the processed mature domain to form 
a cyclic structure. Although peptide-specific enzymes for nonri-
bosomal cyclization are well characterized12,13, only three peptide 
cyclases involved in ribosomal peptide synthesis have been isolated 
at the protein level: TraF, PATG and PCY1 (refs. 14–16). All three 
cyclases are serine proteases and require a C-terminal propeptide. 
However, they exhibit slow kinetics, with a Kcat of 1 h−1 or 1 d−1, 
which may limit their applications for chemoenzymatic synthesis 
of macrocyclic peptides and labeling of macromolecules. For these 
and many other applications, an efficient enzyme with broad sub-
strate specificity would be desirable.

Hints of naturally occurring ligases can be found in the cyclotide-
producing plant families. Cyclotides are macrocyclic peptides that 
function as the host defense in plants17. The cyclotide family, esti-
mated to contain over 50,000 members, is believed to be the most 
diverse family of macrocyclic peptides18. A legumain or asparaginyl 
endopeptidase (AEP) (family C13, clan CD) has been suggested to 
be responsible for the backbone cyclization that involves an Asx 
residue at the ligation site19, but its identity has remained elusive.

Here we report the isolation and characterization of a new  
Asx-specific peptide ligase from C. ternatea (of the family Fabaceae), 
a tropical cyclotide-producing plant with medicinal values20,21. We 
named this enzyme butelase 1, in accordance with the plant’s local 
name (bunga telang plus ligase). Butelase 1 efficiently cyclized non-
native peptides from various organisms, including plant cyclotide 

kalata B1 (kB1), SFTI, conotoxin, the insect antimicrobial peptide 
thanatin and the human salivary antimicrobial peptide histatin. The 
catalytic kinetics of these reactions were extraordinarily high, with  
catalytic efficiencies of up to 542,000 M−1 s−1. Furthermore, butelase 1  
appears to diverge evolutionarily from the peptidases of family  
C13 to function in a reverse direction as an Asx-specific ligase.

RESULTS
Screening of AEP and cyclase activity
To assay for AEP activity, we incubated the crude extract of  
C. ternatea with Z-Ala-Ala-Asn-AMC (Z-AAN-AMC), a fluorogenic  
substrate selective for legumains22,23. We observed a large increase in 
fluorescence intensity at 460 nm, which indicated the presence of a 
putative legumain.

We then assayed cyclase activity using the peptide substrate 
kB1-NHV, a 31-residue linear and oxidatively folded form of the 
cyclotide kB1 with a His-Val sequence at the C terminus as the 
propeptide (Table 1 and Supplementary Results, Supplementary 
Fig. 1). We selected kalata B1, the prototypic cyclotide found in 
Oldenlandia affinis but not in C. ternatea, in our screening assays  
to distinguish it from the native cyclotides produced by C. ternatea.  
The His-Val motif is conserved in the cyclotide precursors of  
C. ternatea, and a C-terminal dipeptide has been shown to be  
sufficient for the biosynthesis of cyclotides24,25. Treatment of kB1-
NHV with the crude extract of C. ternatea yielded a new peptide 
that matched the calculated mass of native cyclic kB1 (Fig. 1a). We 
further confirmed this peptide product as cyclic kB1 by (i) coelu-
tion with native cyclic kB1 in reversed phase HPLC (RP-HPLC) 
(Supplementary Fig. 2); (ii) tryptic digestion, which resulted in a 
mass increase of 18 Da, suggesting a cyclic backbone, and MS/MS 
analysis, confirming the kB1 sequence and Asn-Gly as the ligation 
site (Supplementary Fig. 3); and (iii) one-dimensional (1D) NMR, 
which showed identical chemical shifts for the cyclized peptide and 
native cyclic kB1 (Supplementary Fig. 4). These results indicate the 
presence of a putative ligase capable of peptide macrocyclization in 
the crude extract of C. ternatea.

Purification and identification of butelase 1
Our initial attempts to isolate the peptide ligase guided by Z-AAN-
AMC were unsuccessful. Fractions giving strong fluorescence 
intensity after HPLC separation of the crude extract were unable 
to cyclize kB1-NHV. Instead we observed a peptide corresponding 

School of Biological Sciences, Nanyang Technological University, Singapore. *e-mail: jptam@ntu.edu.sg

Butelase 1 is an Asx-specific ligase enabling 
peptide macrocyclization and synthesis
Giang K T Nguyen, Shujing Wang, Yibo Qiu, Xinya Hemu, Yilong Lian & James P Tam*

Proteases are ubiquitous in nature, whereas naturally occurring peptide ligases, enzymes catalyzing the reverse reactions of 
proteases, are rare occurrences. Here we describe the discovery of butelase 1, to our knowledge the first asparagine/aspartate 
(Asx) peptide ligase to be reported. This highly efficient enzyme was isolated from Clitoria ternatea, a cyclic peptide–producing 
medicinal plant. Butelase 1 shares 71% sequence identity and the same catalytic triad with legumain proteases but does not 
hydrolyze the protease substrate of legumain. Instead, butelase 1 cyclizes various peptides of plant and animal origin with 
yields greater than 95%. With Kcat values of up to 17 s−1 and catalytic efficiencies as high as 542,000 M−1 s−1, butelase 1 is the 
fastest peptide ligase known. Notably, butelase 1 also displays broad specificity for the N-terminal amino acids of the peptide 
substrate, thus providing a new tool for C terminus–specific intermolecular peptide ligations. 

np
g

©
 2

01
4 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

http://www.nature.com/doifinder/10.1038/nchembio.1586
http://www.nature.com/naturechemicalbiology/


nature CHEMICAL BIOLOGY | vol 10 | september 2014 | www.nature.com/naturechemicalbiology	 733

articleNature chemical biology doi: 10.1038/nchembio.1586

to the linear form of kB1 with His-Val being hydrolyzed (data not 
shown). This result suggests that these fractions contain a putative 
legumain that is capable of hydrolyzing the asparaginyl bond but is 
not able to catalyze the backbone cyclization.

As Z-AAN-AMC was not useful in screening the putative ligase, 
we directly tested all HPLC-separated fractions using kB1-NHV 
as the substrate. Notably, we found cyclase activity in the fractions 
lacking fluorescence (Fig. 1b). This result demonstrates that cyclase 
activity is separate from AEP activity. As a control, commercial jack 
bean legumain was unable to cyclize kB1-NHV and generated only 
the linear form of kB1 (Fig. 1c). We then pooled all the fractions 
containing cyclase activity and purified the putative ligase in several 
chromatographic steps to give a single protein band of 38 kDa on 
an SDS-PAGE gel (Fig. 2a). The purified enzyme remained stable 
with minimal loss of activity (<5%) for 30 days at 4 °C, was soluble 
in water at a concentration of 10 mg/ml and displayed an optimal 
working pH of 5.5–6.5 (data not shown).

To determine the identity of the purified ligase, we excised 
the protein band from the SDS gel and subjected it to an in-gel 
tryptic digestion, which gave five dominant tryptic fragments 
(Supplementary Fig. 5). The resulting tryptic sequences obtained  
by MS/MS were searched against the transcriptome data of  
C. ternatea provided by the Beijing Genomics Institute and were 
found to match a unique sequence of a new protein designated as 
butelase 1. Transcriptome profiling also showed five additional 
butelase-like partial sequences, suggesting the presence of multiple 
legumains or ligases in C. ternatea (Supplementary Fig. 6).

Butelase 1 does not hydrolyze Z-AAN-AMC
To determine why Z-AAN-AMC was not useful in assaying for  
butelase 1, we incubated 0.125 μM purified enzyme with 50 μM 
Z-AAN-AMC. No apparent increase in the fluorescence intensity 
was observed after incubating for 30 h, indicating that butelase 1 did 
not hydrolyze Z-AAN-AMC. RP-HPLC analysis showed that <3% 
hydrolyzed product was formed (Supplementary Fig. 7). As a positive  
control, jack bean legumain completely hydrolyzed Z-AAN-AMC 

under the same experimental conditions. This result suggests that 
butelase 1 has evolved to function as a ligase rather than a protease.

Sequence analysis of butelase 1
BLASTP search against the NCBI non-redundant protein database 
showed that butelase 1 shares high sequence homology with several 
members of the legumain family. Butelase 1 has the highest homol-
ogy with a legumain-like protein from Glycine max (NCBI refer-
ence sequence XP_003525979) and VmPE-1 from Vigna mungo 
(GenBank BAA76744.1) with 71% and 70% sequence identity, 
respectively. This result strongly suggests that butelase 1 is a new 
member of the legumain family. The enzymological classification 
of butelase 1 was further supported by its labeling with the fluores-
cent probe LP-1, an aza-Asn epoxide probe specific for legumains  
(Fig. 2b and Supplementary Fig. 8)26.

On the basis of the expressed sequence tag sequences in the  
transcriptome of C. ternatea, we predicted that butelase 1 consists  
of 482 residues and has a mass of 53 kDa, whereas the purified  
active enzyme is approximately 38 kDa, suggesting that it is post-
translationally modified by proteolytic processing. Incubating 
butelase 1 with PNGase F or glycopeptidase A produced no change 
in molecular weight, indicating that butelase 1 is not N-glycosylated 
(data not shown). Legumains are known to produce as inactive 
zymogens that undergo autoproteolytic activation to release the  

Table 1 | Yields of propeptides cyclized by butelase 1.
Peptide 
substrate Sequence

Time  
(h)

Yield  
(%)

kB1-NHVIA GLPVCGETCVGGTCNTPGCTCSWPV 
CTRNHVIA

3 >95

kB1-NHVI GLP...TRNHVI 2 >95
kB1-NHV GLP...TRNHV 0.8 >95
kB1-NH GLP...TRNH 4 <5
kB1NH2 GLP...TRNNH2 4 <10
kB1-DHV GLP...TRDHV 4 <10
kB1-AHV GLP...TRAHV 4 <1
kB1-QHV GLP...TRQHV 4 <1
kB1-EHV GLP...TREHV 4 <1
SA-kB1-NHVa GLP...TRNHV 0.2 >95
SFTI-NHV GRCTKSIPPICFPNHV 0.8 >95
SFTI-DHV GRCTKSIPPICFPDHV 4 <10
MrIA GVCCGYKLCHPCAGNHV 0.2 >95
Histatin-3 GLDSHAKRHHGYKRKFHEKHHSHR 

GYRSNYLYDNHV
0.2 >90

Thanatin GSKKPVPIIYCNRRTGKCQRMNHV 4 59
Assays were performed at 37 °C and an enzyme-to-peptide ratio of 1:400 (0.125 μM butelase 
1:50 μM peptide). kB1NH2 indicates the linear, amidated form of kalata B1 at the C terminus.
aS-carbamidomethylated kB1-NHV. Yields are the means of triplicate experiments. Variation 
between experiments was typically less than 5%. Underlining indicates the P1 residue where 
cleavage takes place at its C-terminal peptide bond.
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Figure 1 | MS characterization of peptide cyclase activity. (a,b) MS 
profiles of kB1-NHV cyclization mediated by the crude extract of  
C. ternatea (a) and purified butelase 1 (b). Peptides in the horizontal  
bracket are cliotides, which are naturally occurring cyclotides in C. ternatea. 
The product, cyclic kB1, is indicated by the arrows. (c) MS profile using Jack 
bean legumain as a control. Jack beak legumain hydrolyzed the asparaginyl 
bond in kB1-NHV to give a linear form of kB1 (kB1L). Peaks labeled with 
K+ or K2+ are ion adducts corresponding to the binding of one or two 
potassium ions, respectively.
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N- and C-terminal prodomains. Edman sequencing revealed 
VEGTR as the N-terminal sequence of butelase 1. The C-terminal 
processing site was predicted to occur between Asn383 and Ser384 
(Fig. 2c), which is based on the apparent molecular weight of  
38 kDa, and the autocleavage site of other legumains such as  
proteinase B from Vicia sativa and jack bean legumain27,28.

Homology modeling of butelase 1
We used MODELLER to construct a homology model of butelase 1  
based on the zymogen of human legumain, the only member of 
the legumain family with a known crystal structure (Fig. 2d)29. 
The zymogen of butelase 1 (Val42–Ile468) shares 37.8% sequence 
identity with human legumain. The constructed model of butelase 1  
agreed well with the template structure of human legumain with  
a r.m.s. deviation of 0.352 Å for the backbone Cα (Fig. 2e).

Previous study has defined the zymogen of human legumain 
into three structural parts: the AEP active domain, the activation  
peptide region and the legumain stabilization and activity modula-
tion (LSAM) domain. The latter two domains are autocleaved dur-
ing enzyme activation in human legumain. Similarly, we also divided  
the modeled structure of butelase 1 into three parts: the putative  
AEP active domain (marine blue, Val42–Thr318), the activation  
peptide region (magenta, Asp319–Asn383) and the LSAM domain 
(gray, Ser385–Ile468, which is excluded in the final active form of 
butelase 1). Overall, the AEP active domain of butelase 1 retains 
49.8% sequence identity (Val42–Thr318) and displays good struc-
tural alignment of the catalytic triad (Asn59, His165 and Cys207) 
with that of human legumain (Fig. 2e,f). Of interest and possible 
relevance to the ligase activity in butelase 1 is the activation peptide 
region, which is cleaved off in human legumain. This domain also 
displays low sequence identities with human (<10%) and jack bean 
legumains (35%).

Butelase 1 cyclizes non-native peptide substrates
We determined the kinetics of butelase 1 as a peptide cyclase  
by HPLC and MS analysis using two non-native linear peptide  
substrates derived from different plant families: the 31-residue  
kB1-NHV and the 16-residue SFTI-NHV. Despite being non-native 

substrates with different lengths and sequences, butelase 1 efficiently 
cyclized these peptides with excellent yields (Table 1).

RP-HPLC traces of the cyclization reaction revealed that butelase 1  
converted about 40% of kB1-NHV into cyclic kB1 within 6 min and 
reached >95% conversion within 45 min at an enzyme-to-peptide 
ratio of 1:400 (Supplementary Fig. 9). The apparent kinetic param-
eters of butelase 1 for kB1-NHV calculated from a Michaelis-Menten 
plot using GraphPad Prism are 2.28 ± 0.05 s−1 for Kcat, 213 ± 10 μM 
for Km and 10,700 M−1 s−1 for catalytic efficiency (Kcat/Km) (Fig. 3a).

With SFTI-NHV, butelase 1 also showed >95% conversion yield 
with a Kcat of 0.6 ± 0.02 s−1, a Km of 51 ± 4 μM and a catalytic effi-
ciency of 11,700 M−1 s−1 (Fig. 3b). These data suggest that butelase 1 
could cyclize a wide range of peptide substrates.

Cyclization is independent of disulfide bonds
As both SFTI and kB1 exist in nature as cyclic peptides stabilized by 
disulfide bonds, we then determined whether conformational assis-
tance by disulfide bonds is required for the cyclization reaction by 
butelase 1. S-alkylation of the reduced kB1-NHV with iodoacetamide 
gave SA-kB1-NHV. Treatment of 50 μM S-alkylated peptide (SA-kB1-
NHV) with 0.125 μM butelase 1 resulted in >95% conversion to its 
cyclic form within 12 min (Table 1). Kinetic analysis showed a 50-fold 
improvement in the catalytic efficiency of SA-kB1-NHV as compared 
to kB1-NHV (Fig. 3c). This result demonstrates that disulfide bonds 
are not required for peptide cyclization by butelase 1.

Butelase 1 mediates cyclodimerization
At high substrate concentrations (>400 μM), we observed a minor 
peak that eluted later than the cyclized kB1 peptide (Fig. 4a). MS 
analysis revealed that this peak had a molecular weight of 5,782 Da, 
which corresponds to the cyclodimer of kalata B1 (Fig. 4b). This 
result suggests that butelase 1 is able to perform intermolecular  
ligation and cyclization of long peptides.

Cyclization is facilitated by a C-terminal NHV or DHV
To investigate the requirement of the P1′ and P2′ positions of 
the C-terminal propeptide, we synthesized four analogs of kB1-
NHV (Table 1). Analogs with longer propeptides than kB1-NHV  
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Figure 2 | Isolation, characterization and homology modeling of butelase 1. (a) SDS-PAGE analysis of purified butelase 1. Proteins were visualized by 
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the catalytic triad (Asn59, His165 and Cys207) are numbered. Peptide sequences obtained from the in-gel tryptic digestion are underlined. (d) Modeling 
structure of zymogenic butelase 1 based on the structure of human legumain, with the AEP domain shown in blue, the activation peptide region in magenta 
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template, human legumain (Protein Data Bank (PDB) ID 4FGU; yellow). (f) Enlarged view of the catalytic triad residues.
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displayed a small decrease in cyclization rates, with catalytic effi-
ciencies of 4,032 and 2,971 M−1 s−1 for kB1-NHVI and kB1-NHVIA, 
respectively (Table 1 and Supplementary Table 1). In contrast, 
butelase 1 was substantially less efficient in cyclizing two truncated 
analogs lacking either valine or His-Val with <10% cyclic kB1 yield 
after 4 h and an incomplete reaction after 30 h (Supplementary  
Fig. 10). This result indicates that a C-terminal HV dipeptide is 
necessary for an efficient cyclization reaction by butelase 1.

To determine the substrate specificity of butelase 1 at the P1 posi-
tion, we prepared analog substrates of kB1-NHV by individually 
replacing the conserved asparagine residue with alanine or closely 
related residues such as aspartate, glutamate or glutamine (Table 1). 
No cyclization of kB1-AHV, kB1-QHV or kB1-EHV was observed 
after incubating with butelase 1 for 4 h (Supplementary Fig. 11a–c). 
Butelase 1 was able to cyclize kB1-DHV but at about 10,000% slower 
than kB1-NHV and with less than 10% cyclized product after 4 h 
(Supplementary Fig. 11d). Similarly, we compared the activity of 
butelase 1 on SFTI-NHV and SFTI-DHV. Butelase 1 cyclized both 
peptide substrates but was markedly more efficient with SFTI-NHV  
than with SFTI-DHV (Supplementary Fig. 12). These results  
demonstrate that a C-terminal NHV or DHV tripeptide motif is 
sufficient for cyclization by butelase 1.

Butelase 1 cyclizes bioactive peptides of animal origin
To provide evidence of generality, we examined whether butelase 1  
can cyclize non–plant derived proteins using substrates derived 
from conotoxin (MrIA), thanatin (an insect antimicrobial peptide) 
and histatin-3 (a human saliva antimicrobial protein) (Table 1). As 
95% of known cyclotide sequences contain a glycine residue at the  
N terminus, we designed our linear precursors to have an N-terminal 
glycine. Butelase 1 efficiently cyclized conotoxin and histatin-3 but 
displayed a slower cyclization rate for thanatin (Supplementary 
Figs. 13–15). The Kcat, Km and catalytic efficiencies were determined 
as 2.2 ± 0.2 s−1, 7.9 ± 2 μM and 278,000 M−1 s−1, respectively, for 
conotoxin and as 0.04 ± 0.003 s−1, 0.8 ± 0.25 μM and 50,000 M−1 s−1 
for thanatin. The kinetic parameters for histatin-3 were not deter-
mined because of coelution of the linear precursor and the cycl-
ized peptide in RP-HPLC. Instead, we monitored the cyclization  
of histatin-3 by MS (Supplementary Fig. 14). At an enzyme-to-
peptide ratio of 1:400, butelase 1 cyclized 70% of histatin-3 within  
6 min and reached >90% conversion in 12 min, a rate comparable  
to SA-kB1-NHV and MrIA conotoxin.

Intermolecular ligation and N-terminal specificity
The cyclodimerization of kB1 suggests that butelase 1 is able to 
mediate intermolecular peptide ligation. It is worthwhile to point 
out that the high sequence diversity of >24 native cyclotides isolated 

from C. ternatea also provides tantalizing hints that butelase 1 is 
a promiscuous enzyme with broad substrate specificity. To define 
the N-terminal specificity of an acceptor nucleophile, we used 
KALVINHV as a model peptide and evaluated its ligation efficiency 
with XIGGIR (where X is any of the 20 amino acids) in the pres-
ence of 0.1 μM butelase 1, 50 μM KALVINHV and 1 mM XIGGIR. 
Butelase 1 efficiently mediated intermolecular peptide ligation 
with broad specificity, accepting most natural amino acids at the  
P1″ position, except for proline and acidic amino acids such as aspar-
tate and glutamate (Fig. 5a). The expected ligation products gave  
60–80% yields within 10 min together with <5% hydrolyzed  
products and 15–35% starting materials.

To define the specificity at the P2″ position, we synthesized a sec-
ond peptide library, LXGGIR. Butelase 1 exhibited a more stringent 
requirement at the P2″ position as compared to the P1″ position and 
displayed a high preference for hydrophobic amino acids, particularly 
isoleucine, leucine and valine (Fig. 5b). This result also explains the 
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high catalytic efficiency of butelase 1 for conotoxin and histatin-3 but 
not for thanatin, which contains a serine residue at the P2″ position. 
However, it remains to be determined whether the specificity of the 
P2″ position would be similar when leucine is not at the P1″ position.

To determine whether the acyl-enzyme intermediate of a pep-
tide substrate would react with a thiol or a non-peptidyl nucleo-
phile, we incubated KALVINHV with various alkyl and aryl thiols 
as well as hydrazine (Supplementary Table 2). HPLC traces showed 
that no substantial amount of the expected thioester or hydrazide 
of KALVIN was observed. Instead, only the hydrolyzed product, 
KALVIN, together with the starting material, KALVINHV, were 
observed (data not shown).

Hydrolysis compared to ligation
To determine the effect of hydrolysis when the N terminus of a pep-
tide substrate is blocked and cannot act as an acceptor nucleophile 
in a cyclization reaction, we synthesized an analog of kB1-NHV 
with the N-terminal glycine being replaced by pyroglutamic acid 
(pGlu) as pGlu-kB1-NHV. Treatment of 50 μM pGlu-kB1-NHV 
with 0.125 μM butelase 1 gave <40% hydrolysis of the asparaginyl 
bond to generate pGlu-kB1-N after 20 min (Fig. 5c). The hydrolysis 
was reduced to 10% and <5% in the presence of a 5- and 20-fold 
molar excess of GIGGIR (Fig. 5c), respectively, together with the 
expected ligated product pGlu-kB1-NGIGGIR (65–85% yields).

Recombinant expression of butelase 1
With the goal of simplifying production, we cloned the encod-
ing region of butelase 1 without the signal peptide into the vector 
pNIC28-Bsa4 for recombinant expression in Escherichia coli. The 

recombinant protein was induced in LB 
medium containing 25 μg/ml of kanamycin  
and 0.5 mM of IPTG at 16 °C for 18 h. 
However, butelase 1 was only expressed in 
the insoluble form in E. coli cells, suggesting 
that either E. coli may not be a suitable host 
for soluble expression of butelase 1 or further 
optimization of the construct is required.

DISCUSSION
Peptide ligases are rare occurrences and valu-
able biochemical tools. Here we describe the 
discovery of butelase 1, an Asx-specific ligase 
that efficiently cyclized various peptides. Our 
study provides strong evidence that butel-
ase 1 is responsible for the biosynthesis of  
cyclotides in Fabaceae, the third-largest 
family of flowering plants that includes 
many economically important plants and  
food crops.

Butelase 1 is a unique ligase displaying 
three different types of catalytic activities: 
transamidase (kB1-N-amide to cyclic kB1), 
cyclase (kB1-NHV to cyclic kB1) and ligase 
(ligation of KALVINHV). It is C-terminal 
specific to produce Asx-Xaa bonds, accept-
ing a diverse group of Xaa residues at the 
P1″ position. As a tool, it will complement 
the widely used sortase A and N terminus– 
specific chemical ligation30–33.

Kinetic analysis showed that butelase 1 is 
the fastest peptide ligase or cyclase reported 
so far. Its turnover numbers (0.04–17 s−1) are 
three to four orders of magnitude faster than 
those of the known peptide cyclases PATG  
(1 d−1) and PCY1 (1 h−1)15,16. Furthermore, 
the cyclization catalyzed by butelase 1 is 

highly efficient, producing macrocyclic peptides quantitatively, 
whereas PCY1 generates a mixture of both cyclic and linear peptides 
at equilibrium16. The catalytic efficiency of butelase 1 is comparable 
to those of the extensively characterized thioesterase domains of 
nonribosomal peptide synthetases12,34. However, these thioesterases 
require a C-terminal thioester and generally function best in the 
context of a large multidomain protein34.

Enzymes that do not have native cyclization functions, such as 
sortase A and inteins, have been exploited to produce macrocyclic 
peptides35,36. Sortase A is a transpeptidase that anchors surface pro-
teins to bacterial cell walls35. It has been used for the cyclization of 
histatin and kalata B1 (refs. 37,38). However, its cyclization reac-
tion requires a high enzyme-to-peptide ratio of 1:3 and an overnight 
incubation. In comparison, at an enzyme-to-peptide ratio of 1:400, 
butelase 1 cyclizes over 90% of SA-kB1-NHV, MrIA conotoxin and 
histatin-3 in <12 min. Inteins are autocatalytic splicing elements that 
have been used successfully for the expression of cyclotides, SFTI-1 
and θ-defensin39–41. Furthermore, the production of combinatorial 
cyclic peptide libraries inside living E. coli cells using expressed 
protein ligation and protein trans-splicing has been achieved42,43. 
These methods also allow for efficient production of cyclic peptides 
containing non-natural amino acids44. Intein-mediated cycliza-
tion, however, requires genetic fusion of each target protein with 
the intein domain and ectopic expression of this fusion protein in  
bacterial systems. Butelase 1, with a broad substrate scope and 
hyperefficient kinetics, could provide an alternative and comple-
mentary approach for peptide macrocyclization.

Although the ligase mechanism of butelase 1 remains to be 
solved, clues can be deduced from PatG and PCY1 (refs. 15,16). 
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Figure 5 | Acceptor specificity of butelase-mediated peptide ligation. (a) Intermolecular ligation 
of KALVINHV and XIGGIR facilitated by butelase 1. (b) Intermolecular ligation of KALVINHV and 
LXGGIR facilitated by butelase 1. The reactions were performed in the presence of 0.1 μM butelase 1,  
50 μM KALVINHV and 1 mM XIGGIR or LXGGIR and incubated for 10 min. The yields shown in a 
and b are the means of triplicate experiments. Variation between experiments was typically less than 
5%. (c) HPLC profiles of pGlu-kB1-NHV ligation with GIGGIR. The ligation reactions were performed 
at 37 °C for 20 min in the presence of 0.125 μM butelase 1 and 50 μM pGlu-kB1-NHV and varying 
concentrations of GIGGIR (0, 250 μM and 1 mM). The pGlu-kB1-NHV used in the ligation reactions 
was S-carbamidomethylated. Peaks labeled 1, 2 and 3 correspond to pGlu-kB1-NHV, the hydrolyzed 
product pGlu-kB1-N and the ligated product pGlu-kB1-NGIGGIR (shaded), respectively.
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A structural study showed that PatG contains a subtilisin-like 
domain that is modified by insertions as a ‘latch’ to allow its 
substrate recognition and to perhaps loosely bind the cleaved 
substrate at the active site and shield the acyl-enzyme intermedi-
ate from premature hydrolysis45. Similarly, the ligase activity of 
PCY1 might be attributed to insertion or deletion near the active 
site based on the structure homology with the porcine muscle 
prolyl oligopeptidase POP16. By analogy, our homology modeling 
showed that butelase 1 contains an extended C-terminal sequence 
and may use a similar mechanism as PatG to act as a ligase.

Butelase 1 acted, albeit at a slower rate, as a protease in the 
absence of a suitable acceptor nucleophile. Blocking the N termi-
nus of kB1-NHV resulted in hydrolysis, which can be minimized 
by an acceptor peptide. These results suggest a plausible explana-
tion for cyclization in favor of hydrolysis by butelase 1, as cyclization 
occurs intramolecularly with a high effective molarity of an accep-
tor nucleophile. However, hydrolysis is a competing reaction in the 
absence or a low molar excess of a suitable acceptor in the inter-
molecular ligation reaction. Notably, butelase 1 does not hydrolyze 
the legumain substrate Z-AAN-AMC, which contains an unusual 
Asn-AMC amide bond.

It is intriguing how butelase 1 has evolved to become a ligase, as 
jack bean legumain, a closely related enzyme, fails to catalyze cycl-
ization19. Although transpeptidation activity has been demonstrated 
for jack bean legumain46, it only hydrolyzed but did not cyclize kB1-
NHV. Different plants may independently evolve the ability to cycl-
ize, as although legumains are ubiquitous in nature, only a limited 
number of plants have been found to produce cyclic peptides in a 
screening for cyclotide-producing plants18. Transgenic expression of 
kB1 genes in Arabidopsis thaliana, Nicotiana tabacum and Nicotiana 
benthamiana resulted in mostly linear and <6% cyclic peptides25,47. 
This observation suggests that legumains in these plants are not 
optimized for cyclization. This may explain for the sporadic dis-
tribution of cyclotides in plants, as plant legumains must evolve to 
obtain butelase 1–like features to produce cyclic peptides.

In conclusion, butelase 1 is a new and unconventional member 
of the legumain family that is capable of intermolecular peptide liga-
tion and cyclization of peptides from 14 to 58 residues. Butelase 1  
holds promise for biotechnology and protein engineering, especially 
in its application for chemoenzymatic synthesis of macrocyclic  
peptides and proteins.

Accession codes. Genbank. The nucleotide sequence for butelase 1 
has been deposited under accession number KF918345. 
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Methods
Methods and any associated references are available in the online 
version of the paper.
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ONLINE METHODS
Materials. Sodium 2-mercaptoethanesulfonate, 2-mercaptoethanol,  
3-mercapto-1-propanol, 2-mercaptoacetic acid, methyl 2-mercaptoacetate, 
3-mercaptopropionic acid, 4-mercaptophenylacetic acid, benzyl mercaptan 
and hydrazine were purchased from Sigma-Aldrich (USA) with >98% purity. 
Z-AAN-AMC (N-carbobenzyloxy-Ala-Ala-Asn-7-amido-4-methylcoumarin) 
and the peptide substrates shown in Table 1 were synthesized by GL Biochem 
(Shanghai). All the purchased peptides (originally 80% purity) were repuri-
fied to obtain >95% purity before being used in the subsequent experiments. 
Except for histatin, all peptide substrates used in the cyclization assays  
were oxidized to form disulfide bonds. Oxidative folding of each peptide was 
performed for 18 h at a peptide concentration of 30 μM in the buffer con-
taining 50% acetonitrile, 100 mM ammonium bicarbonate and 3 mM reduced  
glutathione, pH 8.0. Jack bean legumain was purchased from Takara Bio 
(Japan). Native kB1 peptide was isolated from the aerial parts of O. affinis and 
purified by RP-HPLC. The legumain-specific probe LP-1 was provided by  
M. Bogyo (Stanford University).

Solid-phase synthesis of peptide libraries. Wang resin (1,110 mg, 0.9 mmol/g,  
1 mmol) was swelled with anhydrous dimethylformamide (DMF) for  
30 min. Subsequently, Fmoc-Arg(Pbf)-OH (4.5 eq., 4.5 mM) and benzo
triazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBop) 
(2.34 g, 4.5 eq., 4.5 mmol) were added to the resin in the presence of  
N,N-diisopropylethylamine (DIEA) (1.19 ml, 6.75 eq., 6.75 mmol) in DMF. 
The reaction was performed in the shaker at 25 °C for 1 h and repeated once to 
ensure the coupling reaction was completed. This was followed by deprotection  
reactions in 20% piperidine for 5 min twice. A Kaiser test consisting of a mix-
ture of ninhydrin, potassium cyanide and phenol (10 μl, 1:1:1, v/v/v) was used 
to detect the presence of free amines. The completion of Fmoc deprotection 
was indicated by the presence of a blue color on the resin. Peptide elongation 
was carried out manually using standard protocols with Fmoc amino acid, 
PyBop and DIEA (4, 4 and 6 eq., respectively) in DMF for 0.5 h each.

The peptide sequences IGGIR and GGIR were synthesized on a 1-mmol 
scale for the first and second library, respectively. Subsequently, the resin 
was split into 20 vessels for the synthesis of individual peptides with varia-
tions of the 20 amino acids at the first or second position to yield the peptide 
sequences XXGGIR. Final cleavage from the resins and removal of all the 
side chain protecting groups was achieved by treatment with a mixture of 
5% triisopropylsilane (TIS) and 95% trifluoroacetic acid (TFA) for 3 h. The 
cleaved peptides were precipitated with cold diethylether and dried in vacuo 
to give the crude peptides. Purification was carried out by RP-HPLC using a 
Phenomenex C18 preparative column (250 mm × 10 mm) with a linear gradi-
ent of 10–40% acetonitrile over 60 min and lyophilized to yield peptides of 
>95% purity. The RP-HPLC was monitored at a 220-nm absorbance. The pep-
tides were characterized and analyzed by MALDI-TOF MS. MS and HPLC 
spectra are shown in Supplementary Table 3 and Supplementary Note 1.

S-alkylation of kB1-NHV and pGlu-kB1-NHV. Each peptide (~50 μM) was 
dissolved in ammonium bicarbonate buffer (100 mM, pH 7.8) containing  
50 mM DTT and incubated for 1 h at 37 °C. A twofold excess of iodoacetamide 
as compared to total thiols was then added and incubated for a further 1 h at  
37 °C. S-alkylated peptides were purified by RP-HPLC.

Transcriptome sequencing. Total RNA was extracted from fresh plant  
materials using the PureLink RNA purification system (Invitrogen). The 
extracted RNA was shipped in dry ice to Beijing Genomic Institute (BGI) for 
transcriptome analysis using Illumina HiSeq 2000 (5 Gb of data).

Isolation and purification of butelase 1. 300 g of pods of C. ternatea were 
homogenized with 500 ml of extraction buffer (20 mM sodium phosphate, 
1 mM EDTA, 1 mM PMSF and 5 mM β-mercaptoethanol (β-ME), pH 6.0). 
The extraction was conducted at 4 °C to minimize protein degradation. The 
homogenate was centrifuged and filtered to remove plant debris. Ammonium 
sulfate was added to the supernatant to reach 20% saturation. The precipitated 
proteins were discarded, and ammonium sulfate was continually added to the 
supernatant to reach 85% saturation. After centrifugation, the supernatant 
was discarded, and the precipitated proteins were re-dissolved in 300 ml of 
extraction buffer. The dissolved sample was dialyzed overnight against 6 l of 
extraction buffer using a 10-kDa cutoff dialysis tubing. The dialyzed sample 

was centrifuged and filtered to give the crude extract of C. ternatea. This crude 
extract was applied to a flash column containing 100 ml slurry of Q-Sepharose 
Fast Flow anion-exchange resin (GE Healthcare). The column was washed with 
800 ml of buffer A (20 mM phosphate buffer, 1 mM EDTA and 5 mM β-ME, 
pH 6.0) and eluted with 400 ml of buffer B (20 mM sodium phosphate, 1 mM 
EDTA, 5 mM β-ME and 200 mM KCl, pH 6.0). The eluent was concentrated 
to a final volume of 3 ml using 10-kDa cutoff centrifugal filter units (Amicon 
Ultra, Millipore). The concentrated sample was subjected to size exclusion 
chromatography using a BioSuite HPLC column (300 mm × 21.5 mm, Waters). 
Fractions with peptide cyclase activity were pooled and further purified  
by anion-exchange chromatography using an analytical PolyWAX HPLC  
column (200 mm × 4.6 mm, PolyLC) with a linear gradient of 0–500 mM 
sodium chloride in 60 min. The enzyme purity was analyzed by SDS-PAGE 
and silver staining. Approximately 0.4 mg butelase 1 was obtained from 300 g 
of plant materials.

1D NMR spectra of kalata B1. Native and butelase-cyclized kalata B1 were 
prepared in 95% H2O and 5% D2O at a 0.1 mM concentration, pH 4.3. 1D 
1H spectra of both peptides were recorded on a 600 MHz NMR spectrometer 
(Bruker) equipped with a cryoprobe. Spectra from both native and butelase-
cyclized kB1 showed high similarity.

Protein identification of butelase 1 and BLAST analysis. Purified butelase 1  
was analyzed by SDS-PAGE under denaturing conditions. The gel was  
silver stained, and the protein band was excised and subjected to in-gel  
tryptic digestion. Tryptic peptides were sequenced by MALDI-TOF MS/MS. 
The resulting sequences were used for TBLASTN searches against the  
C. ternatea transcriptome database provided by BGI using BioEdit software. 
To identify homologous proteins, BLASTP searches were performed using  
the translated protein sequence of butelase 1 against the NCBI non-redundant 
protein database.

N-terminal Edman sequencing. Purified butelase 1 (100 pmol) was separated 
by SDS-PAGE and transferred to a PVDF membrane. The N-terminal Edman 
degradation of butelase 1 was performed for five cycles with a ABI Procise  
494 Protein Sequencer (Applied Biosystems).

Homology modeling. The homology model of butelase 1 was constructed 
by MODELLER (version 9.10) with the template human legumain (PDB  
ID 4FGU). The structure of modeled butelase 1 was viewed and analyzed  
with the software PyMOL.

Determination of AEP activity. AEP activity was determined using the  
fluorogenic substrate Z-AAN-AMC at a concentration of 100 μM in buffer 
A. Crude extract or HPLC-separated fractions (50 μl) were added at an equal 
volume of 100 μM Z-AAN-AMC solution and incubated at 37 °C for 30 min. 
Emitted fluorescence was measured with an excited wavelength of 380 nm and 
an emission wavelength of 460 nm.

In vitro cyclization assays and kinetic analysis. In vitro cyclization assays  
were performed in 50-μl reaction mixtures containing buffer A, 0.125 μM 
butelase 1 and varying peptide concentrations (0.5–400 μM). The enzyme  
concentration was estimated by the UV absorbance at 280 nm. Each reaction 
was performed in triplicate at 37 °C and quenched by adding 5 μl of 1 M HCl 
solution. The peptides were separated using a reversed-phase C18 analytical 
column (150 mm × 2.1 mm, Vydac) with a linear gradient from 12 to 48%  
acetonitrile over 15 min on a Nexera UHPLC system (Shimadzu). The cycli-
zation velocities were calculated by converting the HPLC peak areas of the 
remaining linear precursors or the cyclized products into concentrations. 
The identity of each HPLC peak was analyzed by MALDI-TOF MS (ABI 
4800 MALDI TOF/TOF). All reactions were carried out in triplicates, and the 
velocities were input into GraphPad Prism (GraphPad Software, San Diego) to 
obtain the Michaelis-Menten curve and the kinetic parameters (Kcat and Km) 
for each peptide.

Biophysical characterization of butelase 1. The solubility of butelase 1 was 
determined by concentrating the purified enzyme solution from 100 μg/ml to 
10 mg/ml using an Amicon Ultra-15 centrifugal filter device, 10-kDa molec-
ular weight cutoff (Merck Millipore Ltd, Ireland). No visible precipitate was 
observed during the concentrating process.
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The enzyme stability at 4 °C was determined by comparing the activity of 
the freshly isolated enzyme and the 30-day-storage sample using SFTI-NHV 
as substrate. The amount of the product formed was compared and quantified 
by RP-HPLC.

The optimal pH for the enzyme activity was determined by conducting  
the cyclization reactions of SFTI-NHV under different pH conditions  
(from 3.6 to 8.0; 12 pH values were tested at intervals of 0.4). Each assay  
was performed in a 50-μl reaction mixture containing 50 μM STTI-NHV,  
0.1 μM butelase 1 and 20 mM sodium acetate buffer for pH <6.0 or sodium 
phosphate buffer for pH >6.0. The amount of the product formed was  
compared and quantified by RP-HPLC.

Butelase-mediated ligation of KALVINHV and the peptide library XXGGIR. 
For substrate specificity determination, reactions were conducted at the ratio of 
1:500:10,000 for butelase 1:KALVINHV:XXGGIR at the final concentrations of  
0.1 μM:0.05 mM:1 mM in the presence of 1 mM EDTA and incubated at pH 6.5 

and 42 °C. After 10 min, 25 μl reaction mixture was quenched with 250 μl 0.1% TFA 
and analyzed by RP-HPLC. The yields were calculated by converting the HPLC 
peak areas of the remaining peptides or the ligated products into concentrations.

Butelase-mediated ligation of KALVINHV and thiols (or hydrazine). The 
reactions were conducted in the presence of butelase 1:KALVINHV:XXGGIR 
at the final concentrations of 0.1 μM:0.05 mM:10 mM with 1 mM EDTA and 
incubated at pH 6.5 and 42 °C. After 30 min, the reaction was quenched and 
analyzed by RP-HPLC.

Recombinant expression of butelase 1. The coding region for butelase 1  
without the signal peptide was cloned into the expression vector pNIC28-
Bsa4. The recombinant construct was confirmed by DNA sequencing. The 
expression vector was transformed into E. coli strain BL21(DE3) Rosetta T1R.  
The recombinant protein was induced in LB medium containing 25 μg/ml of 
kanamycin and 0.5 mM of IPTG at 16 °C for 18 h.
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