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Protein splicing in trans by split inteins has become a useful tool for pro-

tein engineering in vivo and in vitro. Inteins require Cys, Ser or Thr at the

first residue of the C-terminal flanking sequence because a thiol or hydro-

xyl group in the side chains is a nucleophile indispensable for the trans-

esterification step during protein splicing. Newly-identified distinct

sequences with homology to the hedgehog/intein superfamily, called bacte-

rial intein-like (BIL) domains, often do not have Cys, Ser, or Thr as the

obligatory nucleophilic residue found in inteins. We demonstrated that

BIL domains from Clostridium thermocellum (Cth) are proficient at pro-

tein splicing without any sequence changes. We determined the first solu-

tion NMR structure of a BIL domain, CthBIL4, to guide engineering of

split BIL domains for protein ligation. The newly-engineered split BIL

domain could catalyze protein ligation by trans-splicing. Protein ligation

without any nucleophilic residues of Cys, Ser and Thr could alleviate

junction sequence requirements for protein trans-splicing imposed by split

inteins and could broaden applications of protein ligation by protein

trans-splicing.
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The resonance assignments and structure coordinates have been deposited in BMRB (18653)

and RCSB (2LWY)

Introduction

Protein splicing is an intriguing post-translational

modification of proteins in which an intervening

sequence excises itself from the host protein, simulta-

neously joining the two divided host protein fragments

[1–3]. Protein splicing and auto-processing post-trans-

lational modification of hedgehog proteins are often

considered to be evolutionally related because both

reactions are catalyzed by the hedgehog/intein (Hint)

fold [4,5]. Although protein-splicing domains termed

inteins catalyze self-excision from the host proteins

and ligation of the two flanking sequences with a pep-

tide bond, the C-terminal domains of hedgehog pro-

teins catalyze the release of the N-terminal domain

and lipid modification at the C-terminus of the N-ter-

minal domain via an N-S acyl shift (Fig. 1) [5]. The

hedgehog domain utilizes the same first-step N-S acyl

shift of protein splicing but the C-terminal trans-esteri-

fication by the peptide chain in protein splicing is

replaced by nucleophilic attack of a hydroxyl group of

cholesterol [4]. Structural analysis has revealed the

similarity of the three-dimensional architectures of the

two domains with a horseshoe-like disk shape.
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Rapid advances in genomic DNA sequencing have

identified an increasing number of inteins in various

organisms [6]. Database searches have also identified

protein sequences with homology to the Hint domain

in diverse bacterial species, which is distinct both from

inteins and hedgehog proteins [7,8]. The newly-identi-

fied Hint domain has been termed bacterial intein-like

(BIL) domain, which typically consists of 130–155 resi-

dues [7]. BIL domains can catalyze the cleavage of

their host proteins, as well as protein splicing, indicat-

ing that BIL domains are closely related to inteins

[7,9]. Although inteins are usually inserted into an

active site of essential proteins that are often involved

in DNA metabolism such as DNA polymerases, BIL

domains are found in non-essential and secreted pro-

teins. The biological functions of BIL domains are still

obscure, although cleavage of the polypeptide chains

appears to be an important function of BIL domains

for the host proteins [9]. BIL domains have been cate-

gorized into three groups (i.e. A-, B- and C-types)

based on distinct characteristic sequence motives

[7,9,10]. Importantly, BIL domains often lack Cys, Ser

or Thr at the +1 position, which corresponds to the

first residue after the intein [i.e. the first residue of

C-terminal flanking sequence (C-extein)]. These

nucleophilic residues at the +1 position are indispens-

able for the trans-esterification step in protein splicing

by inteins [3]. Despite the lack of a thiol or hydroxyl

group in the side chain of the +1 residue, A-type BIL

domains were demonstrated to catalyze protein splic-

ing [7,9]. The efficiency of protein splicing catalyzed by

BIL domains was found to be as low as 10–25% in

model systems [7,9]. The absence of Cys, Ser and Thr

at the +1 position makes BIL domains attractive for

the development of protein ligation tools because pro-

tein ligation technology using split inteins that catalyze

protein trans-splicing (PTS) is often restricted by the

prerequisite of Cys, Ser or Thr at the ligation junction

(Figs 1 and 2) [3,11]. Protein ligation by PTS without

Cys, Ser and Thr could broaden the applications of

PTS because it could significantly alleviate the

sequence requirements for PTS [11–15]. Not only pro-

tein ligation by PTS, but also other in vitro ligation

approaches, such as native chemical ligation, require

an N-terminal cysteine in the C-terminal fragment as a

nucleophile [16]. The limitations imposed by the

ligation junction sequences also restrict the broad

applications of other enzymatic approaches, including

sortase-mediated ligation and subtiligase [17,18]. BIL

domains identified in the genome sequences contain

diverse amino acid types at the +1 position that cannot

usually serve as a nucleophile like Cys, Ser or Thr [7].

Therefore, BIL domains catalyzing protein splicing

without Cys/Ser/Thr at the +1 position are of potential

importance for developing Cys/Ser/Thr-free protein

ligation by trans-splicing using split BIL domains.

Previously, 10 genes containing BIL domains have

been identified in the genome sequence of Clostridium

A

B

C

Fig. 1. Schematic drawing of the reactions

catalyzed by (A) inteins and split inteins,

(B) hedgehog protein (Hh) and (C) bacterial

intein-like (BIL) domains.
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thermocellum (Cth) [7]. One of them, CthBIL4, has

been biochemically characterized, catalyzing predomi-

nantly N- and C-cleavage [9]. Despite the fact that

CthBILs lack a typical Cys, Ser or Thr at the +1 posi-

tion found in inteins (Fig. 1), a minute amount of the

spliced product was also observed with CthBIL4 [9].

BIL domains in C. thermocellum are highly homolo-

gous, with sequence identities of >80% (Fig. 2). These
BIL domains are found in proteins of unknown function
(DUF1577).

To better understand the function of BIL domains

and the splicing mechanism at atomic resolution, we

determined the solution structure of an A-type BIL

domain, CthBIL4, by NMR spectroscopy. The first

three-dimensional structure of a BIL domain suggests

a strong relation to inteins and provides the structural

basis for creating a new protein engineering tool.

Results

The NMR solution structure of CthBIL4

For the structural analysis, we introduced a mutation

of C1A in CthBIL4 to prevent any possible cleavage

and splicing reactions. A sequence of SMK was also

included at the N-terminus of CthBIL4 as an N-flank-

ing sequence. The nearly complete resonances were

assigned for the structure calculations (Fig. S1). The

20 NMR solution structures have been well defined

with the backbone rmsd value of 0.34 � 0.05 Å, which

do not have any significantly disordered regions

(Figs 3 and S2 and Table 1). CthBIL4 consists of 12

b-strands without any helical region, folded into a

horseshoe-like fold, in which the N- and C-termini are

located at the centre of the structure as commonly

observed in the Hint superfamily (Fig. 3a).

Structural comparison with inteins

The length of inteins varies significantly from 134 resi-

dues to > 1000 residues [6]. Inteins are typically 400

residues long as a result of an endonuclease domain

insertion in the loop between blocks B and F [19]. The

endonuclease domains can play an important role for

intein propagation. Inteins are often considered to be

functionless, selfish genetic elements because their host

proteins are usually essential for the organisms and

due to the presence of the endonuclease domains for

propagation [20]. Inteins lacking an endonuclease

domain are often called mini-inteins [21]. The lengths

of the mini-inteins also vary from 134 to 200–300 resi-

dues. By contrast, BIL domains appear to be relatively

invariable because BIL domains have typically between

133 and 155 residues. To identify the most structurally

Fig. 2. A sequence alignment of BIL domains from C. thermocellum. The secondary structures of CthBIL4 obtained from the NMR

structure are indicated on top of the alignment. Conserved intein sequence regions of blocks A, B, F and G are also aligned based on the

structures. The residues are highlighted in accordance with the sequence identity among BIL domains (< 70% in dark grey, > 70% in grey,

> 85% in light grey and 100% in white, respectively). h, hydrophobic residues (G, V, L, I, A,M); a, acidic residues (D, E); r, aromatic residues

(F, Y, W); p, polar residues (S, T, C) (6). The two split sites are indicated by filled triangles (labelled with C42 and C16).
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similar structure, the NMR structure of CthBIL4 was

subjected to a DALI server search [22]. The DALI server

identified the structure of DnaB intein from Synecho-

cystis sp. PCC6803 (Ssp) [Protein Data Bank (PDB):

1MI8] with the highest Z-score of 19.2, covering 131

residues with an rmsd of 1.6 �A (Fig. 4a) [21]. PI-MtuI

(RecA intein) and PI-PkoII (PDB: 3IFJ, 2CW7) also

have relatively high Z-scores [23,24]. This suggests that

the backbone conformation of CthBIL4 is similar to

inteins, even though the BIL domain lacks an endonu-

clease domain. Not only the backbone conformations,

but also all the active site residues can be well super-

imposed between CthBIL4 and SspDnaB intein

(Fig. 4c). The notable difference with inteins is Asn115

in CthBIL4, located at the position of the highly-con-

served Asp at block F among inteins, which plays a

critical role in protein splicing in some inteins (Figs 2

and 4) [21,25,26].

Comparison with hedgehog protein

Another member of Hint superfamily is the C-terminal

domain of hedgehog protein (Hh-C), which catalyzes

lipid modification of the N-terminal signalling domain

of hedgehog protein (Hh-N) (Fig. 1b). The DALI server

gave a Z-score of 16.7 for Hh-C (PDB: 1AT0), cover-

ing 128 residues with an rmsd of 2.0 �A [4]. Structure

alignment between CthBIL4 and Hh-C revealed that

most of the variations are located in the loop regions

(Fig. 4b). The largest differences of the regular second-

ary structures are b5 and b10 in CthBIL4, which corre-

spond to b4a and b4b in Hh-C, respectively [4]. The

structural deviations are caused by the differences in

the lengths of the b-strands. Although b5 and b10 in

CthBIL4 consist of nine residues (residues 45–53) and

12 residues (residues 102–113) in CthBIL4, the corre-

sponding b4a and b4b in the Hh-C structure consist of

11 residues (residues 302–312) and nine residues (resi-

dues 373–381), respectively. These differences in length

are accommodated by slight shifts of the b-strands,
increasing the rmsd. The superposition of the two

structures indicates that the active site residues Cys1,

Thr65 and His68 in CthBIL4 correspond to Cys258,

Thr326 and His329 in Hh-C, respectively (Fig. 4d).

The highly-conserved Asp in block F of inteins is

replaced with Asn115 in CthBIL4 but with Ala383 in

A

B

Fig. 3. The NMR solution structure of

CthBIL4 domain. (A) A stereo view of

ribbon presentation of the NMR structure

labelled with the secondary structures. (B)

A stereo view of the 20 superimposed

NMR structures. N- and C-termini are

indicated. The C-terminal region

corresponding to the split C42 fragment is

coloured in red (see text).
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Hh-C. Asn135 in CthBIL4 corresponds to the last resi-

due of intein, which cleaves the branched intermediate

by Asn cyclization. This Asn residue is absent in Hh-C

because it does not require any cleavage of C-extein.

The structure of the active sites also clearly indicates

the closer relationship of BIL domains to inteins

rather than Hh-C.

Fully functional protein splicing activity of

CthBIL4

The predominant function of BIL domains was consid-

ered to be cleavage of the host proteins. Because some

type-A BIL domains possess intein signature motifs

except for the +1 residue, protein-splicing activity

could be partly restored when Ala at the +1 position

was replaced with Cys in the BIL domain from Mag-

netospirillum magnetotacticum [27]. The superposition

of CthBIL4 structure and intein structures allows us to

compare the characteristic intein signatures found in

blocks B and F with atomic precision (Fig. 2). Struc-

tural comparison also confirmed that the position of

Asp in the block F found in many inteins corresponds

to Asn115 in CthBIL4 (Fig. 4c). The Asp in the block

F was considered to be very important for the splicing

reaction because replacement by Asn resulted in pre-

dominant cleavage reactions, suggesting that this resi-

due might be important for the cleavage of CthBIL4

[21,25]. Interestingly, when a mutation of A+1C at the

+1 splicing junction was introduced in our model sys-

tem that uses the B1 domain of immunoglobulin IgG

binding protein G (GB1) as N- and C-flanking

sequences, CthBIL4 spliced with an efficiency of

> 90% (defined as the ratio between His-tagged ligated

product and the remaining precursor and cleaved

products with His-tag), dominantly producing the cis-

spliced product of H6-GB1-GB1 (Fig. S3). It also had

negligible N- and C-cleavages (Fig. 5a). CthBIL4 was

thus fully converted to an ‘intein’ with efficient cis-

splicing activity. CthBIL4 is fully proficient at protein

splicing without any sequence changes within CthBIL4,

although the following +1 residue is essential for splic-

ing. This suggests that Asp in the block F found in in-

teins is not required for splicing by CthBIL4. We also

tested another BIL domain, BIL5 from C. thermocel-

lum (CthBIL5), for which the sequence identity to

CthBIL4 is 89% (Fig. 2). CthBIL5 has Val at the +1
position instead of Ala in CthBIL4. The effect of the

mutation from Val to Cys (V+1C) was similar to that

of CthBIL4, producing predominantly the cis-splicing

product (Fig. 5b). BIL domains of C. thermocellum

are capable of protein splicing depending on the fol-

lowing +1 position despite the Asn in block F. We also

tested the effect of a mutation from Asn115 to Asp115

in CthBIL4 with +1A, resulting in predominant

C-cleavage with no cis-splicing product (Fig. 5c). The

functional role of Asn in the block F in CthBIL

appears to be different from Asp in block F, which is

highly conserved among many inteins despite the simi-

lar three-dimensional coordination [25]. Considering

that many inteins do not necessarily have efficient

splicing activity even with native junction sequences,

and also induce considerable side-reactions of N- and/

or C-cleavage [28], CthBILs are fully functional pro-

tein splicing domains similar to inteins, depending on

the +1 residue despite their distinct sequence homology

from inteins [7].

A possible function of CthBIL4

BIL domains lack endonuclease domains, unlike most

inteins. The endonuclease domain in inteins presum-

ably plays an important role for the spread of inteins

by horizontal transfer [20]. BIL domains might have

evolved from a mini-intein and are likely to have been

fixed for some function during evolution. One of the

proposed functions of BIL domains is to increase the

variability of host proteins [9]. CthBIL4 and CthBIL5

act as functional intein-like protein splicing domains

Table 1. Experimental data for the NMR structure calculation and

the structural statistics.

Quantity Value

NOE upper distance limits

Short range NOE (i�j ≤ 1) 1662

Medium-range NOE (1 < i�j < 5) 465

Long-range NOE (i�j ≥ 5) 1608

Residual CYANA target function 0.38 � 0.03

Residual NOE violation

Number ≥ 0.2 �A 2 � 2

Maximum (�A) 0.35 � 0.25

Amber energies (kcal�mol�1)

Total �91 931 � 1417

van der Waals 14 982 � 269

Electrostatic �122 650 � 1759

rmsd from ideal geometry

Bond length (�A) 0.0238 � 0.0001

Bond angles (°) 2.142 � 0.017

rmsd to mean coordinate

Backbone 1–135 (�A) 0.34 � 0.05

Heavy atoms 1–135 (�A) 0.65 � 0.06

Ramachandran plot statistics (%)a

Most favoured regions 91.7

Additional allowed regions 8.2

Generously allowed regions 0.1

Disallowed regions 0.0

a Derived by PROCHECK-NMR [46].
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when Cys at the +1 position is introduced. We further

tested the mutations of other nucleophilic residues of

Ser and Thr at the +1 position, as also used for pro-

tein splicing by many inteins. However, these muta-

tions did not increase protein splicing but diminished

the C-cleavage product (H6-GB1-BIL) (Fig. 5a). We

also tested Gly at the +1 residue, showing no improve-

ment of protein splicing. These mutations suggest that

the +1 position with CthBIL4 might be optimized to

have all N-, C-cleavage and protein splicing reactions,

thereby increasing the molecular repertories of the host

protein, as suggested previously [9]. Because the host

protein is a protein of unknown function, the biologi-

cal function of BIL domains in C. thermocellum

remains to be revealed. However, our experiments

demonstrate that CthBIL4 is fully capable of protein

splicing, although the protein splicing function is not

fully exploited by retaining Ala at the +1 position. We

speculate that this might be because the variety of dif-

ferent cleaved and spliced molecules is important for

host protein function. Therefore, the relative propor-

tions of the different molecules produced by BIL

domains are tuned by the +1 position.

Protein ligation by CthBIL4

Cis-splicing of CthBIL4 and CthBIL5 bearing Cys at

the +1 position is efficient with very little cleavage and

is comparable to highly efficient inteins [28]. This

observation prompted us to create split BIL domains

for trans-splicing. We split CthBIL4 into two halves

based on the structural information from the solution

A B

C

DFig. 4. Comparisons of CthBIL4 structure

and other Hint folds. (A) Superposition of

the two structures of CthBIL4 (grey) and

SspDnaB intein (PDB: 1MI8) (yellow). (B)

Superposition of the two structures of

CthBIL4 (grey) and hedgehog C-terminal

domain (PDB: 1AT0) (cyan). (C)

Comparison of the active sites of CthBIL4

and Ssp DnaB intein or (D) CthBIL4 and

Hh-C in stereo view. Active site residues

from CthBIL4 (bold), Ssp DnaB intein, and

Hh-C are labelled.
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structure of CthBIL4, as previously demonstrated with

an intein [29]. The first split site in CthBIL4 was intro-

duced at the front of b10 (termed C42) (Fig. 3), which

corresponds structurally to the naturally split site of

the Nostoc punctiforme (Npu) DnaE intein [29,30]. This

new split BIL was capable of trans-splicing with good

yields using a model system of GB1s, producing trans-

spliced product of H6-GB1-GB1 by in vivo ligation

(Fig. 5d). We also shortened the C-terminal fragment

further to 16 residues (termed C16) by splitting after

residue 119 between b10 and b11 of CthBIL4 because

this region also indicated internal flexibility (Fig. S2).

This split site corresponds to an engineered split Npu

DnaE intein [31]. The newly-split BIL with the C16

site could also splice in trans in vivo, although there

were more cleaved products than with the C42 site

(Fig. 5e). For in vitro protein ligation by BIL-mediated

trans-splicing, the C42 site was inappropriate because

split fragments became insoluble. However, split frag-

ments at the C16 site can be purified under nondena-

turing conditions and might be used for the in vitro

ligation reaction despite its lower yield and slow reac-

tion (Fig. S4a). These split BIL domains could be used

for in vivo and in vitro protein ligation by PTS.

Cys/Ser/Thr-free protein ligation by CthBIL4

Although inteins invariably require Cys, Ser or Thr at

the +1 position of C-extein for protein splicing [32],

BIL domains contain various amino acid types at the

+1 position of the C-flanking sequence. Albeit with

poor efficiency (10–25%), BIL domains have been

demonstrated to splice with Ala or Val at the +1 posi-

tion [7,9]. PTS by split BILs without any Cys, Ser and

Thr at the +1 position could significantly alleviate the

sequence requirements for protein ligation by PTS

with inteins even when the yield might be low. There-

fore, we tested whether split BIL domains can splice in

trans without Cys at the +1 position by using CthBIL4

split at the C42 site. We used His-tagged GB1 and yel-

low fluorescent protein (YFP) as N- and C-flanking

sequences, respectively. The N-terminal split BIL

(BILN) was fused to an N-terminally His-tagged GB1,

which is encoded in a plasmid with kanamycin

resistance. The C-terminal split BIL (BILC) was fused

with YFP in the other compatible plasmid with ampi-

cillin resistance. Both precursor proteins were overex-

pressed simultaneously to test PTS between them in

Escherichia coli [31]. His-tagged proteins were purified

A B

C D

E F

Fig. 5. Protein splicing and effects of the

mutations at the +1 position. (A) Cis-

splicing of CthBIL4 and the effects of the

+1 residues. (B) Cis-splicing of CthBIL5

and the +1C variant. (C) Cis-splicing of

CthBIL4 with N115D for +1A and +1C

variants. (D) Protein ligation by split

CthBIL4 at the C42 site. (E) Protein

ligation by split CthBIL4 at the C16 site.

(F) Protein ligation of H6-GB1 and YFP

with split CthBIL4 at the C42 site with the

+1A at the C-junction. Ligated product

(bold), precursors and cleaved products

are indicated by arrows. An asterisk

indicates the presumable branched

intermediate. Lanes 2 and 4 indicate total

cell lysate at 2 and 4 h after the induction,

respectively. Lane E, elution fraction from

IMAC purification.

3262 FEBS Journal 280 (2013) 3256–3269 ª 2013 FEBS

Cys/Ser/Thr-free protein ligation by BIL A. Sesilja Aranko et al.



by immobilized metal ion affinity chromatography

(IMAC) and analyzed by SDS-PAGE (Fig. 5f). The

purified products by IMAC included the ligated prod-

uct of H6-GB1-YFP (Fig. 5f). The ligation was also

confirmed by MALDI-MS and by monoclonal anti-

His-tag and anti-green fluorescent protein antibodies

(Fig. S5). We obtained approximately 0.5 mg�L�1 of

the ligated H6-GB1-YFP. Split BIL at the C16 site,

which is less productive but more soluble than the C42

site, was also used for in vitro ligation without +1Cys,
producing a minute amount of the spliced product

(Fig. S4b).

Towards better protein ligation by BIL domains

Protein ligation efficiency without +1Cys is very low

for most applications. To improve the efficiency by

rational protein engineering, it is necessary to under-

stand the mechanism at atomic resolution. The mecha-

nism of protein splicing by A-type BIL domains has

been proposed previously [9]. The first step is the N-S

acyl shift reaction common for Hint domains. The sec-

ond step is presumably C-terminal cleavage upon Asn

cyclization (Fig. 6a). The C-terminally cleaved prod-

ucts could be diffused away, resulting in C-cleaved

product. The N-terminal amino group released by

C-cleavage could also attack the thioester group for

aminolysis, producing the ligation product (splicing

product). Aminolysis of the thioester intermediate of

canonical inteins with +1Ala has been investigated

extensively [33]. This aminolysis has been also used for

the amidation of recombinant proteins because this

thioester group could be attacked by any amine in the

vicinity [33,34]. In the case of wild-type CthBIL4 with

a sequence of ‘AN’ at the C-terminal junction, the

carboxamide group of Asn at the +2 position (the sec-

ond residue after the BIL domain), which is in very

close proximity, could also attack the same thioester

group, forming an imide group (Fig. 6a, pathway 1).

The imide group can be easily hydrolyzed at a higher

pH. The presumable ‘ligation’ band observed with the

C-terminal ‘AN’ junction sequence diminished during

storage in buffer at pH 8 with incubation at room

temperature or in SDS loading buffer at �20 °C
(Fig. 6b). This is probably a result of hydrolysis of the

imide group. This product was stable only under acidic

conditions, supporting the imide formation (Fig. 6c).

When Asn at the +2 position was replaced by Ser, the

‘ligation’ band did not diminish, thereby suggesting

that stable amide bond formation by aminolysis with

the N-terminal amino group, as confirmed previously

[9]. We consider that, in the case of +1Cys, the thiol

group of cysteine residue could directly attack the

thioester group after N-S acyl shift for trans-esterifica-

tion similar to inteins, which might occur even earlier

than Asn cyclization because we observed a significant

reduction of C-cleaved product and the N115D muta-

tion did not affect cis-splicing with +1Cys (Figs 5c and

6b). For better protein ligation without Cys/Ser/Thr at

the +1 position, BIL domains might be improved by

removing amino group in the vicinity and preventing

the diffusion of the C-cleaved product before aminoly-

sis.

Discussion

The protein splicing mechanism catalyzed by inteins

has several variations for achieving protein splicing

because several diversified mechanisms have been

identified and classified into three classes [35]. Even

among the inteins classified as class I inteins, the resi-

dues in the vicinity of the catalytic site are not strictly

conserved [6,36]. Protein splicing can thus be accom-

plished by different residues in individual inteins. BIL

domains were originally identified as homologous

sequences that are distinct from characteristic intein

sequences. Particularly, indispensable Cys, Ser or Thr

at the +1 position for protein splicing by inteins is

absent among many BIL domains. However, our

experiments demonstrated that CthBIL4 and CthBIL5

are fully capable of intein-like protein splicing activ-

ity, although missing Cys at the +1 position for pro-

tein splicing. The CthBIL domain is yet another

sequence variant that can perform protein splicing

efficiently. This suggests that the roles of the residues

in the vicinity of the splicing site vary considerably

not only among inteins, but also among the Hint

superfamily. The functional roles of these residues in

the vicinity of the splicing site appear to be very spe-

cific to individual inteins/BIL domains, although the

key steps in canonical protein splicing mechanism

(e.g. the N-S acyl shift step) are probably shared with

many inteins and intein-related proteins but per-

formed in a slightly different manner [32,36]. There

might be undiscovered intein-related sequences that

could also catalyze protein splicing with or without

the typical Cys/Ser/Thr splicing motif at the +1 posi-

tion. Importantly, we demonstrated that protein liga-

tion could be achieved by using a split BIL domain

without any Cys, Ser and Thr in the C-terminal

flanking sequence, albeit with a very low efficiency.

This result opens a new possibility for PTS catalyzed

by BIL domains. The optimally engineered BIL

domains might be able to overcome the limitation

imposed by the splicing junction requirements of

intein-mediated PTS [11–15]. A better understanding
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Fig. 6. (A) Proposed mechanisms with three different junction sequences (AN, AS and CN). Grey arrows indicate the possible alternative

reaction pathways of aminolysis by N-terminal amine, which could also be present. (B) Stability of the ‘ligated’ bands with different junction

sequences. Lanes buf., samples stored at �20 °C in SDS loading buffer overnight; r.t., samples incubated at room temperature overnight in

elution buffer (pH 8.0); pre, pre-incubation sample immediately after IMAC purification. (C) Stability of the ‘ligated’ band of H6-GB1-YFP with

the ‘AN’ junction sequence under various conditions. Lane 1, elution from IMAC with 1 mM dithithreitol; lane 2, 1 : 1 mixture of elution

from IMAC with 0.5 M sodium phosphate (pH 4.2); lane 3, precipitated sample by 50% trichloroacetic acid; lane 4, incubated on ice

overnight in elution buffer (50 mM sodium phosphate, 300 mM NaCl, 250 mM imidazole, pH 8); lane 5, incubated at room temperature

overnight in elution buffer.
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of the protein splicing mechanism by BIL domains

and rational protein engineering could further

improve the ligation efficiency and enable the practi-

cal application of split BIL domains.

Materials and methods

Construction of plasmids

BIL4 gene (NCBI GI number: 23020817) was amplified

from genomic DNA of C. thermocellum (DSM-1237) using

PCR with the oligonucleotides: I53: 5′-A GGA TCC ATG

AAG TGC TTT GTT GCA GGC-3′ and I54: 5′-TA GGT

ACC ATA ATT TGC ATT ATG CAC CAA TAC-3′ (for

pSCFDuet7) or I206: 5′-TTG GAT CCT GCT TTG TTG

CAG GCA CG-3′ and I207: 5′-GA GGT ACC ACG AGA

TGC ATT ATG CAC CAA TAC-3′ (for pSADuet712).

The gene of CthBIL5 was also amplified from the genomic

DNA by PCR with the oligonucleotides: I214: 5′-GA GGA

TCC AAG TGC TTT GTT GCA GGC ACG ATG-3′ and

I215: 5′-CG GGT ACC ATA TTT TAC ATT ATG AAC

CAA AAC-3′.

The PCR products were digested with restriction

enzymes of BamHI and KpnI and ligated into pSKDuet16,

resulting pSADuet712 or pSCFDuet7 (CthBIL4) and

pSCFDuet98 (CthBIL5) [28]. The constructs for testing the

cis-splicing contain an N-terminally hexahistidine-tagged

GB1 (H6-GB1) as the N-flanking sequence and a GB1 as

the C-flanking sequence.

Mutagenesis of the +1 position with CthBIL4 and

CthBIL5

For construction of the plasmids encoding the +1 variants

of CthBIL4, the oligonucleotides used for the PCR were:

for +1C variant (pSADuet714), I53 and I219: 5′-TA GGT

ACC ATA ATT ACA ATT ATG CAC CAA TAC TTC-3′;

for +1G variant (pSADuet715), I53 and I220: 5′-TA GGT

ACC ATA ATT ACC ATT ATG CAC CAA TAC TTC-3′;

for +1S variant (pJODuet50), I53 and I234: 5′-TA GGT

ACC ATA ATT AGA ATT ATG CAC CAA TAC TTC-3′;

for +1T variant (pJODuet51), I53 and I235: 5′-TA GGT

ACC ATA ATT AGT ATT ATG CAC CAA TAC TTC-3′.

The PCR products were digested with BamHI and KpnI and

ligated into pSKDuet16 using the same restriction sites. The

+1C variant for CthBIL5 was constructed with the same pro-

cedure using the oligonucleotides I214 and I243, 5′-CG GGT

ACC ATA TTT ACA ATT ATG AAC CAA AAC-3′,

resulting in pSADuet733.

N115D mutation

Plasmid pJODuet49 harbouring H6-GB1-CthBIL4-GB1

with the N115D mutation and +1Ala was constructed from

pSCFDuet7 by inverse PCR using oligonucleotides I223:

5′-CCT GTT AAA GTT TAT GAT TTT AAA GTA GAT

G-3′ and I224: 5′-CAT CTA CTT TAA AAT CAT AAA

CTT TAA CAG G-3′. For expression of H6-GB1-CthBIL4-

GB1 with N115D mutation and +1Cys, pJODuet52 was

constructed using the two oligonucleotides I53 and I219

from pJODuet49.

Split CthBIL4 for trans-splicing

Split CthBIL4 was constructed as follows. For the N-terminal

split fragment, the gene of N-terminal split BIL4 was ampli-

fied by PCR from pSADuet712 with the oligonucleotides,

DuetMCS1-fw: 5′-GGA TCT CGA CGC TCT CCC T-3′

and I277: 5′-TAC AAG CTT ATC TTG AAT CAA GCA

G-’ (for the C42 site), or DuetMCS1-fw and I244: 5′-TCC

AAG CTT AAT CTA CTT TAA AAT TAT AAA C-3′ (for

the C16 site), then cloned into pHYRSF-1 using BamHI and

HindIII sites, resulting in pSARSF740 (C42 site) and

pSARSF725 (C16 site) [37]. The gene of the C-terminal split

CthBIL4 was also amplified from pSCFDuet7, together with

GB1 by PCR using the oligonucleotides, I276: 5′-TT CAT

ATG GGC AAT GTT TTA GTG-3′ and SZ015: 5′-TGC

CAA GCT TAT TCC GTT ACG GTG-3′ for the C42 site,

or I245: 5′-A CAT ATG GAC TTC CAT ACT TAT CA-3′

and SZ015 for the C16 site. The amplified genes were

digested with NdeI and HindIII and ligated into pSKBAD2,

resulting in pSABAD739 (C42) and pSABAD726 (C16) [37].

Protein splicing and cleavage analysis by IMAC

purification

Protein splicing and cleavage by BIL domains were ana-

lyzed by expressing precursor proteins from the constructs

described above. The proteins were expressed in 5-mL cul-

tures from E. coli ER2566 cells harbouring the plasmid.

The cells were grown and induced in log-phase with 1 mM

isopropyl thio-b-D-galactoside (IPTG) for 2 or 4 h. The

cells were harvested by centrifugation at 4500 g at 4 °C for

10 min for further purification. The cell pellets were sus-

pended in 100 lL of B-PER� Bacterial Protein Extraction

Reagent (Thermo Scientific, Waltham, MA, USA) and

incubated at room temperature for 10 min. The cell lysate

was then cleared by centrifugation at 15 000 g for 5 min.

The cleared supernatant was loaded on a pre-equilibrated

nickel-nitrilotriacetic acid spin column (Qiagen, Valencia,

CA, USA). Unbound proteins were washed away with

50 mM sodium phosphate, 300 mM NaCl and 30 mM imid-

azole (pH 8.0). Bound proteins were eluded from the spin

column using 150 ll of 50 mM sodium phosphate, 250 mM

imidazole and 300 mM NaCl (pH 8.0). The elution fractions

were diluted with SDS loading buffer containing 0.5 mM

tris(2-carboxyethyl)phosphine and analyzed by 18% SDS/

PAGE and stained with PhastGelTM Blue R (GE Health-

care, Milwaukee, WI, USA) for visualization.
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Protein production of 13C, 15N labelled CthBIL4

For the NMR sample preparation, the gene of CthBIL4 was

amplified using the oligonucleotides, I69: 5′-A GGA TCC

ATG AAA GCC TTT GTT GCA GGC ACG ATG-3′ and

I70: 5′-ACA AGC TTA ATT ATG CAC CAA TAC TTC

ATT ATC-3′. The PCR product was cloned into

pHYRSF53-36 vector between BamHI and HindIII restric-

tion sites for the fusion with Sumo domain tag [38]. The

resulting plasmid of pSCFRSF17 encodes a fusion protein

of the N-terminally H6-tagged Sumo and CthBIL4 bearing

a C1A mutation, together with two-residue N-extein of MK

and no C-extein. For the doubly 15N-, 13C-labelled sample,

E. coli ER2566 strain harbouring pSCFRSF17 was grown

in M9 medium containing 25 lg�mL�1 kanamycin,

0.8 g�L�1 15NH4Cl as the sole nitrogen source, and 2 g�L�1

13C-D-glucose as the sole carbon source. The cells were

grown at 37 °C until OD600 of 0.6 was reached, and subse-

quently induced with a final concentration of 0.5 mM IPTG.

The protein was induced for another 4 h before harvesting

by centrifugation at 6700 g at 4 °C for 10 min. The cell pel-

let was resuspended in 50 mM sodium phosphate and

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

nitrogen for storage at �75 °C. The cells were thawed and

lysed by ultrasonication. The cell debris was cleared by cen-

trifugation at 42 800 g at 4 °C for 50 min. The supernatant

was applied on a 5-mL HisTrap FF column (GE Health-

care) after filtration with a 0.45-lm filter. The column was

washed with 50 mM sodium phosphate and 300 mM NaCl

(pH 8.0). Bound proteins were eluded from the column by

applying a linear gradient of 50–250 mM imidazole in 50 mM

sodium phosphate, 300 mM NaCl and 50 mM imidazole (pH

8.0). The eluted fractions containing the protein with the

expected size were dialyzed against phosphate buffered sal-

ine at 4 °C. After dialysis overnight, N-terminally H6-tagged

Ubiquitin-like-specific protease 1 was added to the solution

to cleave off H6-Sumo purification tag [38]. The digested

solution was loaded onto a 5-mL HisTrap FF column. The

flow through fractions containing the labelled CthBIL4 were

collected and dialyzed against 20 mM sodium phosphate

buffer (pH 6.0). The protein was concentrated with a centrif-

ugal filtering device with a molecular weight cut-off of 3000

(Millipore, Billerica, MA, USA) and transferred into a mi-

crocell NMR tube (Shigemi. Inc., Allison Park, PA, USA).

NMR spectroscopy and resonance assignment

All NMR measurements were performed on INOVA 600

or 800 MHz spectrometers (Varian Inc., Palo Alto, CA,

USA) equipped with cryogenic probeheads. The NMR

experiments were recorded at 298 K with a 1.2 mM protein

solution in 20 mM sodium phosphate (pH 6.0). For the

resonance assignments, a set of two-dimensional and 3D

spectra were recorded: [1H,15N]-HSQC, aliphatic CT-

[1H,13C]-HSQC, HNCACB, CBCA(CO)NH, HNCO, HN

(CA)CO, 15N-edited TOCSY with a mixing time of 50 ms,

HN(CO)HAHB, H(C)CH-COSY, H(C)CH-TOCSY with a

mixing time of 50 ms, (HB)CB(CGCD)HD, (HB)CB

(CGCDCE)HE, aromatic CT-[1H,13C]-HSQC.

For structure determination, a 15N-edited NOESY-

HSQC and aliphatic 13C-edited NOESY-HSQC spectra,

both with a mixing time of 80 ms, were recorded at 1H fre-

quency of 800 MHz. T1 and T2 relaxation and heteronucle-

ar 15N{1H}-NOEs measurements were performed at 1H

frequency of 600 MHz [39]. T1(
15N) relaxation rates were

determined using the relaxation delays of 10, 20, 30, 40, 50,

70, 90, 110, 130, 150 and 210 ms. T2 (15N) relaxation rates

were determined using a Carr–Purcell–Meiboom–Gill based

pulse sequence with relaxation delays 10, 30, 50, 70, 90,

110, 150 and 210 ms. Heteronuclear 15N{1H}-NOEs were

determined by comparing peak intensities in HSQC spectra

with and without 1H saturation for 3.5 s.

All spectra were processed using NMRpipe [40] and res-

onance assignment was performed using CCPNMR, version

2.3 [41]. The backbone resonance assignments (HN, N, HA,

CA, CO, HB, and CB) of CthBIL4 were completely

assigned, except for Ser-3. For Met-2 and Lys-1, HN and N

resonance assignments are also missing. In total, 97% of all

the expected resonances in CthBIL4 were completed

(Fig. S1). The NMR structure was calculated using CYANA,

version 3.0, with an automatic NOE assignment procedure

[42]. The chemical shift and unassigned NOE peak lists

were used as sole inputs for the calculation [42]. In each

calculation, 100 structures were calculated. The 20 struc-

tures with the lowest CYANA target function were chosen

for energy refinement. The final structure was energy

refined using AMBER in a 10 �A water shell [43]. The quality

of the structures was validated using NMR-CING [44]. The

statistics from the structure calculation are listed in

Table 1.

In vitro ligation by split CthBIL4 at the C16 site

C-terminal precursor proteins carrying split CthBIL4 at the

C16 site and GB1 as the flanking sequence were con-

structed in pHYRSF-1 from pSADuet714 (+1Ala) and

pSADuet712 (+1Cys) by amplifying the DNA fragment

with two oligonucleotides I245 and SZ015. The resulted

plasmids carry H6-CthBIL4C16-GB1 with +1Cys
(pSARSF726) or +1Ala (pSARSF778).

Split precursor proteins were purified from E. coli cells

carrying pSARSF725, pSARSF726, or pSARSF778. The

cells were growth in 0.5 L of LB medium supplemented

with 25 lg�mL�1 kanamycin until OD600 of 0.5-0.6 was

reached, and then induced with a final concentration of

1 mM IPTG for 4 h at 37 °C. The cells were harvested by

centrifuging for 10 min at 4690 g. The cell pellets were re-

suspended with lysis buffer (300 mM KCl, 50 mM KH2PO4,

5 mM imidazole, pH 8.0) (pSARSF725 and pSARSF726)

or into buffer A (50 mM NaPi, 300 mM NaCl, pH 8.0)
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(pSARSF778). The precursor proteins were purified by

IMAC after cell lysis by ultrasonification and removal of

cell debris by centrifugation at 48 000 g for 50 min. Elution

fractions from IMAC were dialyzed against ligation buffer

(0.5 M NaCl, 10 mM Tris-HCl, pH 7.0, 1 mM EDTA) over-

night at 4 °C.

Purified split precursor proteins were mixed at a final

concentration of 80 lM with an equal molar ratio in liga-

tion buffer with a final concentration of 0.5 mM Tris(2-

carboxyethyl)phosphine hydrochloride. The in vitro reac-

tion was followed at 37 °C by taking samples after mixing

the two fragments. The samples were analyzed by 18%

SDS/PAGE. The band intensities were quantified using

IMAGEJ (NIH, Bethesda, MD, USA).

Split CthBIL4 for protein ligation of GB1 and YFP

pSARSF373 was constructed from pHYDuet183 replacing

the first three residues of ‘GSS’ by ‘RGS’ [28]. The gene of

H6-GB1-BIL4N at the C42 site was amplified with oligonu-

cleotides I277 and DuetMCS1-fw from pSADuet712 and

then cloned into pSARSF373 with BamHI and HindIII

sites, resulting in pSARSF373-740. The gene of YFP

(Venus) [45] was amplified from pHWV using the oligonu-

cleotides SA001: 5′-GTG GTA CCG GCA AGG GCG

AGG AGC-3′ and HK031: 5′-CGC AAG CTT AAG TGA

TCC CGG CGG CGG-3′ and the gene of the C-terminal

split CthBIL4 was amplified using the oligonucleotides of

I277 and I276. These genes were cloned into a pBAD vec-

tor, resulting in pSABAD128-771. The two compatible

plasmids of pSABAD128-771 and pSARSF373-770 were

co-transformed into E. coli ER-2566 for in vivo protein

ligation [37]. The two precursor proteins were induced first

with a final concentration of 0.09% arabinose for 0.5 h,

followed by the addition of IPTG at a final concentration

of 0.7 mM. The cells were induced for another 5.5 h before

harvest. The His-tagged proteins were purified by IMAC

using a 5-mL HisTrap HP column. The elution fractions

were concentrated with an ultracentrifugal device with a

molecular weight cut-off of 30 000.
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