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Abstract: Three domain fragments of a multi-domain protein, ER-60, 

were ligated in two short linker regions using asparaginyl 

endopeptidase not involving denaturation. To identify appropriate 

ligation sites, by selecting several potential ligation sites with fewer 

mutations around two short linker regions, their ligation efficiencies 

and the functions of the ligated ER-60s were examined experimentally. 

To evaluate the dependence of ligation efficiencies on the ligation 

sites computationally, steric hinderances around the sites for the 

ligation were calculated through molecular dynamics simulations. 

Utilizing the steric hindrance, a site-dependent ligation potential index 

was introduced as reproducing the experimental ligation efficiency. 

Referring to this index, the reconstruction of ER-60 was succeeded 

by the ligation of the three domains for the first time. In addition, the 

new ligation potential index well-worked for application to other 

domain ligations. Therefore, the index may serve as a more time-

effective tool for multi-site ligations. 

Domain ligation is an essential technique for providing a multi-

domain protein (MDP) with differently labeled domains. With the 

ligated MDP, domain conformations and dynamics can be 

measured using neutron scattering, nuclear magnetic resonance, 

and fluorescence resonance energy transfer[1-11]. Progress in 

these studies has involved MDPs with two domains, as well as 

three or more domains, making multi-site ligation techniques an 

important research tool. 

There are several techniques used for protein ligation, 

which are mainly classified into three methods (Figure S1 and 

Table S1): protein trans-splicing with split inteins[12-18], enzymatic 

methods[19-22], and native chemical ligation[3,12,18,23,24]. Several 

single-site ligations were performed using these methods[2,3,5,6,8-

11]. Regarding the ligation at two or more sites, there are only a 

few reports due to the difficulty that all ligation sites should have 

reasonably high efficiencies. The succeeded studies utilized a site 

in a long unstructured region, which was induced by 

denaturation[1,7,25,26] or its intrinsic nature[4], meaning that the long 

unstructured region has the advantage of high ligation efficiency. 

However, protein denaturation carries the risk of poor refolding 

after ligation. Furthermore, addition of a large fragment, such as 

a split intein in a protein trans-splicing method, may result in the 

insolubilization of the domain with the fragment[19,27] Therefore, it 

is crucially demanded for multi-site ligation on any MDP to 

develop a method with high ligation efficiency even at a site in a 

short flexible region but not involving denaturation. 

To this end, we focused on an enzymatic method that does 

not require denaturation in a ligation reaction and has a low risk 

of insolubilization. In this study, we first targeted the multi-domain 

reconstruction of ER-60: ER-60, which is an oxidative protein-

folding enzyme, is one of typical MDPs with short flexible regions 

between domains (Figures S2 and S3)[28-31]. In this study, multi-

site ligations of ER-60 not involving denaturation were carried out 

by enzymatic ligations using Oldenlandia affinis asparaginyl 

endopeptidase (OaAEP)[8,10,27,32-36] (Figures 1). The structures 

and functions of ER-60 and OaAEP are described in Supporting 

Information (Functional and structural information of ER-60 and 

OaAEP, Figures S2-S4). 

 
Figure 1. Schematic representation of OaAEP-mediated protein ligation. (a) 

Ligation reaction with OaAEP. OaAEP recognizes the N-G-L motif in the C-

terminus of the N-side domain, resulting in the cleavage of G-L, and then 

OaAEP connects the C-terminus of the N-side domain with the G-L motif in the 

N-terminus of the C-side domain. (b) Process for multi-site ligation for three 

domains, a, bb’, and a’, of ER-60. The His x6-smt3 tag was added to the 

domains to protect for the unintentional ligation in each reaction step. In the first 

step, the ligation reaction of the bb’ domain and a’ domain of which the tag was 

priorly cleavage was performed, followed by the purification and cleavage of the 

tag on the bb’ domain. In the second step, the ligation reaction of the a domain 

and the ligated bb’-a’ domain was conducted, followed by the purification and 

cleavage of the tag on the a domain. 

To achieve multi-site ligation for MDP, appropriate ligation 

sites should be identified under the following three conditions. The 

first is that the ligation sites are set near the domain boundary, 
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retaining the enzyme recognition motif with few mutations without 

structural disruptions. The second is that the selected sites have 

high ligation efficiencies. The third is that the ligated products 

have the same function as the wild-type. Generally, it is possible 

to identify several ligation sites which satisfy the first condition for 

the sequences. Therefore, in this study, by selecting several 

potential ligation sites, their ligation efficiencies were determined, 

followed by the experimental determination of the functions of the 

ligated proteins.  
ER-60 reconstitution was designed by ligation of three 

fragments: the a, bb', and a' domains (Figure 1b). The potential 

ligation sites were selected as follows: OaAEP recognition 

requires an N-G-L motif in the C- terminus of the N-side domain 

and a G-L motif in the N-terminus of the C-side domain (Figure 

1a). To minimize mutations in the recognition sites, two ligation 

sites were selected near the boundary between the a and b 

domains (S(a:b)-1 and S(a:b)-2) and four sites were  between the 

b’ and a’ domains (S(b’:a’)-1, S(b’:a’)-2, S(b’:a’)-3, and S(b’:a’)-

4) (Figure 2 and Figure S3). 

 
Figure 2. Schematic representation of the ER-60 domain structure and 

locations of the ligation sites. S(a:b)-1 and S(a:b)-2 were set between the a and 

b domains. S(b’:a’)-1, S(b’:a’)-2, S(b’:a’)-3, and S(b’:a’)-4 were between the b’ 

and a’ domains. As shown in parentheses, the OaAEP recognition motif, N-G-

L, was created by mutation, except for S(b’:a’)-2 of which  the motif was created 

by insertion. S(b’:a’)-1 and S(b’:a’)-2 were designed at the overlapping 

positions. 

To identify appropriate ligation sites between the six 

selected sites, the single-site ligations were performed at them. 

Domain fragments with ligation motifs of the six selected sites 

were individually prepared, followed by ligation reactions (Figure 

S5 and Methods in Supporting Information). Figures 3 and S6 

show the ligation results at the six selected sites and Table S2 

summarizes their ligation efficiencies. The result clearly indicates 

a considerable difference in ligation efficiencies between the 

ligation sites. Between the a and b domains, S(a:b)-1 achieved a 

ligation efficiently with 66% under the optimal conditions while the 

reaction did not proceed in S(a:b)-2. Between the b’ and a’ 

domains, the reaction in S(b’:a’)-3 achieved the most efficient 

ligation with a yield of 69%. For S(b’:a’)-4 and S(b’:a’)-2, the 

reaction efficiencies were 67% and 36%, respectively. In S(b’:a’)-

1, the efficiency was extremely low.  

The quality of the ligation products was checked by SDS-

PAGE and matrix-assisted laser desorption/ionization time-of-

flight (MALDI-TOF) mass spectrometry (Figure S7a and S7b). 

The measured molecular weights agreed with the calculated 

values within experimental error (Table S3). Their functions were 

evaluated based on their oxidative refolding activities. No 

difference was observed in terms of the activities between the 

ligated products and wild-type ER-60 (Table 1 and Figure S7c), 

indicating that the enzymatic function of ER-60 was not affected 

by our ligation methodology. 

 
Figure 3. SDS-PAGE of ligation products from two domain fragments of ER-60 

by OaAEP (reaction times of 64 h at 30°C). The ligation sites are (a) S(a:b)-1 

and (b) S(a:b)-2 between the a and b domains, and (c) S(b’:a’)-1, (d) S(b’:a’)-

2, (e) S(b’:a’)-3, and (f) S(b’:a’)-4 between the b’ and a’ domains. 

Table 1. Oxidative refolding activities of the wild-type (WT) and purified ligation 

products of ER-60. 

 WT S(a:b)-1 S(b’:a’)-2 S(b’:a’)-3 S(b’:a’)-4 

Activity 

(mmol/mol/

min) 

199.1 ± 8.9 176.6 ± 8.9 197.1 ± 44.5 175.8 ± 39.3 206.4 ± 2.6 

The errors indicate standard deviations (N = 3). 

As above-mentioned experiments, the evaluation of the 

ligation efficiencies for many potential ligation sites is necessary 

to achieve multi-site ligation. However, this requires extensive 

time and labor. Therefore, information on the ligation efficiency for 

each site, such as a site-dependent ligation-potential index, is 

helpful in identifying appropriate ligation sites. Prior to the two-site 

ligation of ER-60, we conducted molecular dynamics simulations 

to investigate the differences in ligation efficiencies between the 

selected sites, followed by a consideration of the site-dependent 

ligation-potential index. 

It is possible that one of the dominant factors for ligation 

efficiency involves steric hindrance around the recognition motif 

for an enzyme-substrate intermediate. If the domain fragment 

directly linking to the recognition motif has a bulky structure, there 

is less free space around the recognition motif due to the steric 

hindrance. Accordingly, such a bulky structure prevents the 

recognition motif from accessing the binding region of the enzyme. 

On the other hand, if the recognition motif was directly linked to 

the flexible chain, the recognition motif could have sufficient free 

space and easily accesses to the binding region of the enzyme. 

To estimate the degree of steric hindrance around a recognition 

motif, Ninv was defined as the invasion number of amino acids in 

the vicinity of the recognition motif within the domain fragment; 

therefore, Ninv reflects the shape of the domain fragment to which 

the recognition motif directly links. Next, the threshold number 

Ninv* was introduced. When Ninv of a ligation fragment is less than 

Ninv* (Ninv ≤ Ninv*), the recognition motif can easily access the 

binding region of the enzyme because of sufficient free space. In 

this case, the ligation fragment is categorized into a “sterically 

favorable state” (F-state). Conversely, in the case of Ninv > Ninv*, 
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the ligation fragment is categorized as a “sterically unfavorable 

state” (U-state). Furthermore, the ligation fragment temporally 

fluctuates between the two states owing to its dynamics in solution. 

Consequently, the appearance probability of the F-state (PF) is 

regarded as the site-dependent ligation-potential index for the 

fragment of the ligation site.  

 
Figure 4. (a) Two representative simulation snapshots of N-side fragments, (up) 

Ninv=3 and (bottom) Ninv=5. The NGL motif, the residues within 10 Å around N 

and the other residues are expressed with white, black, and cyan, respectively. 

(b) Appearance probabilities of the sterically favorable states with Ninv* = 4 (PF) 

based on coarse-grained molecular dynamics simulations and experimental 

ligation efficiencies at 4ºC for 16 h for the N-side domain fragments. PF and 

experimental ligation efficiencies are shown with bars and rhombuses, 

respectively. 

In this study, the long-term structural fluctuations of all 

domain fragments were sampled using coarse-grained molecular 

dynamics (CG-MD) simulations[37,38]. An area of 10 Å around N in 

the N-G-L motif of the N-side fragment was set as the vicinity, and 

that around L in the G-L motif of the C-side fragment was set 

likewise. This size was sufficiently large to evaluate the bulkiness 

of the structure linked to the motif. The number of amino acids in 

the area was monitored as Ninv in the simulation (Figure S8). 

Based on the Ninv value, each snapshot was apportioned to the F-

state (Ninv ≤ Ninv*) or U-state (Ninv > Ninv*). The numbers of F-states 

and U-states, N (F-state) and N (U-state), were calculated over 

the simulation time. The appearance probability of the F-state, PF, 

was defined as N (F-state)/ [N (F-state) + N (U-state)]. The PF 

values for the domain fragments should correspond to the 

experimental ligation efficiencies in our enzymatic system. 

Therefore, to find the Ninv* value which provides the appropriate 

PF values, this calculation was repeated by changing Ninv* as 

shown in Figure S9. In the simulation snapshots, the N-G-L motifs 

of the N-side fragments with Ninv = 3 or 4 were mainly linked to the 

disordered loop and had sufficient free space. In contrast, the 

motifs were often directly linked to the folded structure and had 

less free space when Ninv = 5 or 6 (Figures 4a and S10). When 

Ninv* was set to 3 or 4, the PF values for the N-side domain 

fragments were found to well-correlate with the experimental 

ligation efficiencies (Figures 4b, S11, S12, and S13, and Table 

S4). Therefore, it was reasonable to set the threshold at Ninv* = 4 

or lower to evaluate steric hindrance.  

As indicating the ligation experiment, even though S(b’:a’)-

1 and S(b’:a’)-2 were overlapping sites, the former showed a 

much lower reaction efficiency than the latter. The difference 

between the two sites was the method to create the enzyme 

recognition motif, involving mutation (G-N-L=>N-G-L) for S(b’:a’)-

1 or insertion (N-L=>N-G-L) for S(b’:a’)-2 (Figure 2). Therefore, 

the ligation efficiency could be affected by the slight difference in 

the ligation motif and PF (Ninv* = 4) well predicted the effect on the 

ligation efficiency. 

The measured ligation efficiency of OaAEP could be related 

to the steric hindrance around the ligation motif of the N-side 

fragments, whereas the appropriate Ninv* was not provided in the 

C-side fragment (Figure S12b). It has been reported that 

accessibility to the motif of the N-side fragment is the more 

dominant factor for reaction efficiency compared with that of the 

C-side fragment in an enzymatic reaction[39]. Accordingly, PF with 

Ninv* = 4 at the N-side fragment well-correlated with these 

experimental ligation efficiencies, suggesting that the difference 

in ligation efficiencies should be interpreted as the difference in 

the accessibility of the N-side fragment to the binding region of 

the enzyme. It has also been reported that a flexible and exposed 

structure close to the C-terminus is required for ligation with 

sortase[40, 41]. Our index of steric hindrance has semi-quantified 

the degree of the flexibility and exposedness the C-terminus 

region of N-side domain for OaAEP. The PF in the N-side fragment 

can be regarded as a ligation-potential index.  

The final step was to challenge the ligation of three 

fragments, involving the a, bb’, and a’ domains (Figure 1b), with 

the appropriate ligation sites derived from experiments and 

calculations. Considering the efficiencies of both the reaction and 

purification, S(a:b)-1 and S(b’:a’)-2 were selected. First, the bb’ 

and a’ domain fragments were ligated at S(b’:a’)-2. After 

purification, the ligation product bb’-a’ and a domain fragment 

were ligated at S(a:b)-1. The first and second ligations were 

successfully carried out (Figure 5 and Figure S14). The yields of 

the first ligation product, bb’-a’, and the final product, a-bb’-a’, 

were 46% and 71%, respectively (Table S5).  

 
Figure 5. SDS-PAGE of ligation products in the two-sites ligation of ER-60 by 

OaAEP (reaction times of 64 h at 30°C). (a) The first step: the bb’ and a’ 

domains were ligated at S(b’:a’)-2. (b) The second step: the a domain and the 

ligated bb’-a’ domain were ligated at S(a:b)-1. 

In summary, this study experimentally verified that ligation 

efficiency is remarkably dependent on ligation sites. This means 

that identifying efficient ligation sites is important for multi-site 

ligation. By exploring the ligation sites and reaction conditions, we 

identified those with an efficiency of 69%. This value is 

approximately 1.4-fold higher than that of the former record with 

OaAEP[10]. Utilizing these results, two-step domain ligation was 

succeeded not involving denaturation. To the best of our 

knowledge, this is the first report of the ligation reaction of more 

than three domains with an enzyme that does not involve 

denaturation. 
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In this study, the appearance probability of a sterically 

favorable state of a ligating domain fragment were calculated 

through CG-MD simulations. The calculated probability was 

experimentally confirmed to be regarded as a ligation-potential 

index. The feasibility of the proactive application of our index was 

examined with human PDI, which is another MDP (Figure S15). 

In this examination, firstly the indices at the potential ligation sites 

were calculated (Figures S16 and S17, and Table S6) and then 

examined them experimentally (Figure S18). As a result, the 

ligation reactions were successful at the site with high indexes (PF 

≥ 0.5) and unsuccessful at those with low ones (PF ≤ 0.2) (Table 

S7). To further examine the index, chimera ligation reactions of 

ER-60 and PDI were performed (Figure S19), and succeeded and 

failed by the sites of N-side domain with a high index (PF ≥ 0.5) 

and a low one (PF ≤ 0.2), respectively (Figure S20 and Table S8 

for ligation between various ER-60 N-side domain fragments and 

PDI C-side domain fragments, and Figure S21 and Table S9 for 

those between of various PDI N-side domain fragments and ER-

60 C-side domain fragments, respectively). All ligation 

experiments indicated that PF with Ninv* = 4 at the N-side fragment 

well worked as a site-dependent ligation potential index. The 

detailed experiments and results are described in Supporting 

Information, Application of the ligation-potential index to ligation 

of PDI. In addition, as another practical application, partially 

deuterated and hydrogenated domains were successfully ligated 

for neutron scattering experiments (Figure S22).  

In conclusion, it is crucially important to identify appropriate 

ligation sites for multi-domain ligations of a wide variety of proteins. 

The newly developed site-dependent ligation-potential index has 

a potential to be a useful parameter for identifying the feasible 

ligation sites with lesser time and labor. We are therefore 

conducting the refinement and improvement of the index by using 

different enzymes, enzyme recognition motifs, and other 

parameters. 
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