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Abstract

Protein splicing is a posttranslational modification in which an intein domain excises itself out of a 

host protein. Here, we investigate how the steps in the splicing process are coordinated so as to 

maximize the production of the final splice products and minimize the generation of undesired 

cleavage products. Our approach has been to prepare a branched intermediate (and analogs 

thereof) of the Mxe GyrA intein using protein semi-synthesis. Kinetic analysis of these molecules 

indicates that the high fidelity of this protein splicing reaction results from the penultimate step in 

the process (intein-succinimide formation) being rate-limiting. NMR experiments indicate that 

formation of the branched intermediate affects the local structure around the amide bond cleaved 

during succinimide formation. We propose that this structural change reflects a re-organization of 

the catalytic apparatus to accelerate succinimide formation at the C-terminal splice junction.

Introduction

Protein splicing is a post-translational process in which an intervening sequence, termed an 

intein, is removed from a host protein, the extein [1, 2]. Over 375 members of this protein 

domain family have been identified in unicellular organisms from all three phylogenetic 

domains (for a complete listing see; www.neb.com/neb/inteins.html) [3]. In addition, 

multicellular organisms contain autoprocessing domains orthologous to inteins at the 

structural and/or mechanistic levels [4-6].

Members of the intein family share conserved sequence motifs that contain residues critical 

to the splicing reaction (Fig. 1a). A wealth of biochemical data indicates that protein splicing 

is a multi-step process (reviewed in refs 1, 2, 7). The first step in the standard protein 

splicing mechanism involves an N→S (or N→O) acyl shift in which the N-extein unit is 

transferred to the side-chain SH or OH group of a Cys/Ser residue (Fig. 1b). In the next step, 
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the entire N-extein unit is transferred to a second conserved Cys/Ser/Thr residue at the 

intein-C-extein boundary (+1 position) in a transesterification step. The resulting branched 

intermediate is then resolved through a cyclization reaction involving a conserved 

asparagine residue at the C-terminus of the intein [8]. The intein is thus excised as a C-

terminal succinimide derivative. In the final step, an amide bond is formed between the two 

exteins following an S→N (or O→N) acyl shift. The final step is known to be a spontaneous 

chemical reaction [9] and presumably does not require the structured intein.

Although we have a reasonable description of the chemical steps in protein splicing, the 

mechanistic details of autocatalysis are incomplete. The high-resolution structures of several 

protein splicing precursors (i.e. intein embedded in exteins) have been solved by x-ray 

crystallography [10-13] and NMR methods [14, 15] and reveal a conserved β-sheet intein 

fold which positions the key catalytic residues proximal to the N- and C-terminal splice 

junctions (Fig. 1c). However, all intein structures reported to date have, by necessity, used 

inteins inactivated through mutation – the kinetics of protein splicing is rapid relative to the 

time required for high-resolution structural analyses. Thus, we currently have no high-

resolution structural information on an active protein-splicing precursor, and by extension of 

any splicing intermediate. This caveat aside, structural analyses provide some surprising 

insights into how inteins might accelerate certain of the steps. For instance, the scissile 

peptide bond at the amino-terminal splice junction (-1 amide) has been found in a variety of 

conformations ranging from normal trans [13] to twisted-trans [10] to a cis-configuration 

[16]. This has led to the hypothesis that the scissile bond is activated by distortion away 

from the normal trans-peptide plane. Consistent with this distortion idea, we demonstrated 

using NMR methods that the -1 amide has an abnormally low one bond dipolar coupling 

(1JNC = 12.3 ± 0.3 Hz) in a fully active protein splicing precursor containing the 

Mycobacterium xenopi DNA gyrase A intein (Mxe GyrA) [17]. Intriguingly, the scissile 

peptide bond at the C-terminal splice junction (+1 amide) was also found to be distorted in 

the crystal structures of a mutant Sce VMA intein [10] and a mutant Synechocystis sp (Ssp) 

DnaB intein [11]. However, it remains to be established whether, by analogy to the -1 

scissile amide, peptide bond distortion at the C-terminal splice junction is required for the 

cleavage reaction.

The overall fidelity of protein splicing hinges on succinimide formation occurring after 

branched intermediate formation (Fig. 1b). Premature cleavage of the C-extein would be a 

competing reaction were that not the case. Although mutant inteins have been generated 

with C-extein cleavage activity [18-20], this represents only a very minor side-reaction in 

the context of wild-type inteins embedded in native extein flanking sequences [21-23]. It is 

currently unclear how the steps in protein splicing are coordinated so as to ensure that 

succinimide formation occurs only in the presence of the branched intermediate. The 

simplest explanation would be if succinimide formation were the rate-limiting step in the 

process – thus, there would be a build up of branched intermediate. While there have been a 

number of kinetic studies performed on inteins [24-26], the rate of succinimide formation in 

the context of a branched intermediate has not been reported. Thus, it remains to be seen if 

the high efficiency of splicing in a native context is explained by the differential kinetics of 

the steps. A second possibility, which is not mutually exclusive from the first, is that 
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formation of the branched intermediate induces a local conformational change in the C-

terminal splice site that accelerates succinimide formation. In other words, branched 

intermediate formation and succinimide formation are coupled. This triggering model is 

attractive, but in the absence of any structural information on a branched intermediate, it is 

currently unclear whether any reorganization of the intein active site occurs upon branched 

intermediate formation.

Here we employ semi-synthetic versions of the Mxe GyrA intein to show that succinimide 

formation is indeed the rate-determining step in the splicing reaction of this intein, and that 

conserved histidine residues in box F and G are essential for this step. Selective 

incorporation of NMR active-isotopes into the +1 amide bond allowed us to directly show 

that branched intermediate formation affects the local structure around the +1 amide bond. 

We propose that this structural change reflects a re-organization of the catalytic apparatus, 

perhaps including distortion of the +1 amide itself, to favor succinimide formation at the C-

terminal splice junction.

Results

As in our previous studies, we chose to work on the Mxe GyrA intein due to its accessibility 

to semi-synthesis and suitability for NMR studies [17].

Semisynthesis of an active branched intermediate

The goal of this study was to perform biochemical and biophysical studies on an active 

branched intermediate. Since this is an evanescent species in the splicing process, it cannot 

be easily isolated in pure form from protein splicing reactions. Consequently, we undertook 

to prepare this molecule using expressed protein ligation (EPL) [27]. We envisioned the 

synthetic route outlined in Fig. 2a in which a premade branched synthetic peptide, 

corresponding to the C-terminus of the intein and including both native N- and C-extein 

residues, would be ligated to a recombinant polypeptide corresponding to the remainder of 

the intein (Fig. 2a). Importantly, this intein fragment would contain a Cys1 to Ser mutation 

to prevent the reverse reaction (branched intermediate back to linear precursor) in the final 

product, which would otherwise complicate our analysis. In preliminary studies, we 

identified Ala185 as a suitable ligation site; the A185C mutant of Mxe GyrA had 

comparable splicing activity to the wild-type (Supplementary Fig. 1). Construct 1 was 

generated by ligation of GyrA(1-184)-α-thioester and a branched peptide corresponding to 

the remainder of the intein (residues 185-198) linked to four native C-extein residues 

(TEAP) as well as four native N-extein residues (AMRY) attached through the side-chain of 

the threonine in the C-extein sequence (Fig. 2b). The former building block was prepared by 

thiolysis of the corresponding recombinant intein fusion, whereas the latter was chemically 

synthesized using an orthogonal protection strategy (Supplementary Fig. 2 & 3). In addition, 

the recombinant fragment was uniformly labeled with 15N to assess the folded state of the 

final product. The ligation reaction was performed under denaturing conditions in order to 

prevent the product from undergoing in situ succinimide formation. Analysis by HPLC and 

mass spectrometry indicated the reaction was complete after five days, after which the 

product was purified (Supplementary Fig. 5 & 6). Folding was achieved by a stepwise 
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dialysis protocol at 4 °C (see Methods). Note, succinimide formation was found to be very 

slow at this temperature (Table 1), allowing the branched intermediate to be studied by 

NMR. The 1H{15N} HSQC spectrum of refolded 1 was found to be well dispersed and 

indicative of a defined tertiary fold (Fig. 3a). This semi-synthesis and refolding protocol was 

used to prepare a series of branched intermediate and linear precursor analogs containing 

unnatural amino acid substitutions and heavy-isotope labels (Fig. 2b, Supplementary Fig. 5 

& 6).

Branched intermediate resolution is the rate-limiting step

An HPLC-based assay was developed to measure the efficiency and kinetics of succinimide 

formation from the various refolded semi-synthetic constructs. The expected splice products, 

intein-succinimide and amide-linked exteins, were efficiently generated when branched 

intermediate construct 1 was incubated at 25 °C and pH 7.5 (Fig. 3b, Supplementary Fig. 7). 

Succinimide formation from branched intermediate 1 obeyed first-order kinetics with a 

calculated rate constant of 2.1 × 10-5 s-1 (t1/2 ∼ 8h) (Table 1, Supplementary Fig. 8). The 

rate of this step is substantially slower than that of the initial N→S acyl shift for this intein 

(step 1 in Fig. 1b), which we have previously shown proceeds with an apparent first-order 

rate constant of at least 1 × 10-3 s-1 (t1/2 ∼11 min) [17]. The overall rate of the Mxe GyrA 

splicing reaction was measured using linear precursor construct 2 (Fig. 2b). Splice product 

accumulation could be fit well to a 1st-order reaction with a rate constant of 1.9 × 10-5 s-1 at 

25 °C. This value is in the range measured for other inteins [24, 25]. Assuming a sequential 

kinetic reaction of the type U→BI→SP (where U is the linear precursor intein, BI is the 

branched intermediate and SP the spliced product), we can easily deduce that the rate 

constant k1 for the first reaction (U→BI) that includes the N→S acyl shift and the 

transesterification steps, must be much larger than the rate constant for the second reaction 

k2 (BI→SP) (see Methods). Therefore, succinimide formation is the rate-limiting step in the 

overall Mxe GyrA splicing reaction.

Linear precursor construct 3, which cannot form the branched intermediate due to a C1A 

mutation, also gave rise to the intein-succinimide product (in this case with concomitant 

cleavage of the C-extein) when incubated at 25 °C and pH 7.5 (Fig. 3b, Supplemental Fig. 

9). However, the rate of succinimide formation was over an order of magnitude slower than 

for construct 1 (Table 1). There are two ways to interpret this result in terms of mechanism; 

either succinimide formation is accelerated by the formation of the branched intermediate, or 

it is inhibited when the N-extein is still linked to the intein N-terminus. To discriminate 

between these possibilities we generated a construct, 4, lacking an N-extein and asked 

whether it would support C-terminal extein cleavage via succinimide formation. We 

observed no significant difference in the rate of succinimide formation between constructs 3 
and 4 (Table 1). From this we conclude that the branch intermediate structure directly 

stimulates the rate of intein-succinimide formation.

Previous studies have implicated the conserved blocks F and G histidine residues (His187 

and His197 in the Mxe GyrA intein, Fig. 1a) in the asparagine cyclization reaction [11, 18, 

28]. Synthetic access to the branched intermediate allowed us to directly test whether these 

histidines are required for succinimide formation in the context of the Mxe GyrA intein. Two 
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constructs were generated, 5 and 6, in which His187 and His197 were individually replaced 

with the histidine isostere, β-(2-thienyl)-alanine (Fig. 2b), which due to the extremely low 

basicity of the thiophene sidechain, is unable to donate a hydrogen bond or participate in 

proton transfer chemistry at physiological pH [29]. Neither of these branched intermediate 

analogs possessed any splicing activity, even though both were folded (Supplementary Fig. 

10). Thus, the imidazole side-chains of the histidines are required for asparagine cyclization. 

We also explored the effect of replacing the asparagine residue (Asn198) with the isosteric 

amino acid, norvaline (construct 7). Surprisingly, we observed hydrolysis of the ester 

linkage at the branch site with liberation of the N-extein (Supplementary Fig. 11). This 

hydrolysis reaction was slow at pH 7.5 (t1/2 ∼ 128 hrs), but, importantly, it was not observed 

when construct 7 was denatured. Therefore, it appears to be catalyzed by the folded intein 

structure.

We also asked whether succinimide formation is sensitive to changes at the branch site. 

Thus, the first residue of the C-extein, Thr+1, was replaced by diaminopropionic acid 

(Dapa), thereby giving branched intermediate analog, 8, containing a β-isopeptide linkage. 

This modification had no effect on the rate of intein-succinimide formation (Table 1). This is 

consistent with the idea that the penultimate and final steps in the splicing reaction are 

independent. Lastly, we designed an experiment to determine if the intein plays any role in 

the final step of splicing, the S(O)→N acyl shift (Fig. 1b). This is known to be a rapid 

chemical rearrangement and it has always been assumed that the intein plays no role in this 

step. To test this, we prepared O-acyl peptide, 9, containing an N-extein sequence linked 

through an ester to the Thr side-chain of a C-extein sequence (Fig. 4a). The α-amino group 

of the Thr was protected with a photocleavable 6-nitroveratryloxycarbonyl (Nvoc) group. To 

measure the kinetics of O→N shift, we first irradiated an acidic solution of peptide 9 and 

then diluted this deprotected peptide into splicing buffer at pH 6.5 to trigger the 

rearrangement. The slower kinetics of O→N acyl shift at pH 6.5 (compared to pH 7.5) 

allowed us to follow the conversion of the O-acyl peptide into amide-linked product using 

HPLC (Fig. 4b). We observed no difference in the rate of acyl shift in the presence or 

absence of the intein-succinimide (previously isolated from a protein splicing reaction) in 

the splicing buffer (Table 1 and Fig. 4c). Thus, we conclude that the final step of the splicing 

reaction is not accelerated by the intein.

Branched intermediate formation causes a structural change

Our kinetic studies indicate that the presence of the branched intermediate stimulates 

succinimide formation. We wondered whether this could be explained by a structural 

change, induced by the branched intermediate. To explore this, we used NMR spectroscopy 

to compare the local structure around the scissile +1 peptide bond in the context of the linear 

precursor and the branched intermediate. Linear and branched constructs 10 and 11 were 

generated in which 13C and 15N isotopes were specifically incorporated into the scissile +1 

peptide bond. In addition, 15N was uniformly incorporated into the recombinant component 

of the constructs (Fig. 5a). This segmental labeling scheme allowed the global fold of the 

inteins to be assessed using 1H{15N} HSQC experiments and provided a unique spectral 

handle on the scissile amide through the use of HNCO-type experiments. As expected, the 

HNCO spectrum of linear precursor 10, acquired at pH 7.5 and 4 °C, contained a single 
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signal (Fig. 5b). In contrast, no signal was observed for branched construct 11 under the 

same conditions (Fig. 5b). We were surprised at the lack of signal(s) in the HNCO spectrum 

of 11 and wondered whether the NMR sample had undergone succinimide formation prior to 

or during the experiment – cleavage of the dual-labeled amide would account for the lack of 

signal. However, HPLC and mass spectrometry analysis indicated that minimal splicing had 

occurred during the NMR experiment. Proof that a dual labeled amide was in fact present 

came when the HNCO experiment was repeated on a sample of 11 that had been denatured. 

In this case, a clear HNCO signal was obtained (Fig. 5c).

Based on the above, we hypothesized that the lack of signals in the HNCO spectrum of 11 at 

pH 7.5 reflected some kind of exchange process, either chemical and/or conformational, 

around the labeled amide. Comparison of the 1H{15N} HSQC spectra of 10 and 11 
suggested that this was probably a localized phenomenon because only a subset of signals 

were perturbed (Supplementary Fig. 12). To explore this idea further, we generated an 

additional labeled construct, 12, in which two peptide bonds were labeled with 13C and 15N 

- the scissile +1 amide as well, as the nearby amide connecting Phe194 and Val195 (Fig. 6a). 

In this case, no 15N labels were incorporated into the remainder of the intein so as to 

simplify subsequent analyses. A single signal was observed in the HNCO spectrum of 12 at 

pH 7.5 with a 1H chemical shift of 7.89 ppm (Fig. 6b). By contrast, we observed two signals 

(1H δ = 8.29 and 7.89 ppm) when the HNCO experiment was performed on the same sample 

acidified to pH 4.5 (Fig. 6b), a pH at which the intein is inactive (Table 1). Use of 

a 1H{15N} HSQC-TOCSY experiment allowed us to assign the downfield signal to the 

scissile +1 amide proton and the upfield signal to the Phe194-Val195 amide proton. Upon 

raising the pH back to 7.5, we again obtained a single signal in the HNCO spectrum with 

a 1H δ = 7.89 ppm (Fig. 6b). Thus, the signal from the scissile +1 amide is highly sensitive 

to the pH, whereas that from the Phe194-Val195 amide is not. The 1JNC′ coupling constants 

for the scissile and Phe194-Val195 amides at pH 4.5 were found to be 15.4 ± 0.5 and 15.5 ± 

0.2 Hz, respectively, which is indicative of a normal trans-planar conformation 

(Supplementary Fig. 12) [17, 30].

We next performed a series of 1H{15N} HSQC experiments on construct 12 at different 

temperatures, all at pH 7.5. A second signal (1H δ = 9.22 ppm) appeared as the temperature 

increased, although this was broad compared to the other signal whose line width was 

largely unchanged over this temperature range (Fig. 6c). This new signal corresponds to the 

scissile +1 amide. This result is consistent with the idea that there is localized 

conformational and/or chemical exchange around the +1 amide that is in the intermediate 

exchange regime on the NMR time-scale [31]. In further support of this interpretation, this 

same second signal was also observed when the 1H{15N} HSQC spectrum of 12 was 

acquired on a lower field spectrometer (500 MHz and 700 MHz versus 900 MHz) (Fig. 6d). 

Attempts to directly measure relaxation time (R2) data at the lower field strengths using a 

series of R2 CPMG experiments were unsuccessful due to the low peak intensity and rapid 

transverse relaxation, which further decays over the duration of the experiment (several 

hours) due to concurrent splicing of the sample.
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Discussion

Inteins offer some intrinsic advantages for studying multi-step enzymatic reactions. Firstly, 

they are small in size, making them amenable to detailed structure-function analysis, 

including the use of protein semi-synthesis approaches as demonstrated here. Secondly, 

intein-mediated protein splicing is an autocatalytic process (there is no turnover), which 

greatly simplifies kinetic dissection of the individual chemical steps in the process. In this 

study, we have been concerned with how the steps in the splicing process are coordinated so 

as to maximize the production of the final splice products and minimize the generation of 

undesired extein cleavage products.

Several kinetic studies have been performed on protein splicing reactions [24-26], however, 

ours is the first to measure the kinetics of succinimide formation directly from a branched 

intermediate, which was assembled using EPL (Fig. 2a). The branched intermediate used in 

our studies contained native N- and C-extein sequences appended to the intein. This is 

important since several studies indicate that the nature of the extein amino acids at the splice 

junctions can affect the efficiency and kinetics of protein splicing reactions [21-23]. We find 

that for the Mxe GyrA intein, the rate of succinimide formation is, within error, the same as 

the overall splicing rate (Table 1). Thus, succinimide formation represents the slow step for 

the Mxe GyrA intein-mediated splicing reaction. Additional kinetic studies with construct 3 
and 4, allowed us to deduce that the presence of the branched intermediate directly 

stimulates intein-succinimide formation (Table 1). Thus, our kinetic studies show that the 

fidelity of the Mxe GyrA intein rests on two key attributes of the mechanism; (i) succinimide 

formation is the slow step in the process and thus occurs almost exclusively in the context of 

a branched intermediate, (ii) the presence of the branched intermediate greatly accelerates 

succinimide formation which ensures that slower C-extein cleavage side-reaction (which 

bypasses the branch intermediate) cannot compete significantly.

Why is intein-succinimide formation faster in the context of the branched intermediate? It 

seems reasonable to postulate that transfer of the N-extein sequence to the +1 Thr side-chain 

would lead to some repositioning of catalytic residues in the intein. Our NMR studies using 

selectively labeled splicing precursors and intermediates provide the first evidence for this. 

The 1H{15N} HSQC fingerprint spectra of branched intermediate 1 and linear precursor 3 
are not identical, indicating some differences in the structure (Fig. 3a). Further, use of a 

unique isotopic labeling scheme allowed us to show that the key +1 scissile amide 

experiences a very different environment upon branched intermediate formation. 

Specifically, we observe severe line broadening of the amide signal upon shifting the 

branched intermediate to a pH at which it is active (Fig. 5b). By contrast, no line broadening 

occurs in the linear splicing precursor 3 or when the pH of the branched intermediate sample 

is lowered to 4.5 (Fig. 6b), a pH where the intein is still folded, but where no splicing 

occurs. Additional experiments at higher temperatures and different spectrometer field 

strengths indicate that the line broadening results from an intermediate exchange 

phenomenon on the NMR timescale. We stress that this exchange is not felt by the nearby 

Phe194-Val195 amide (Fig. 6). This argues for a highly localized process. In principle, the 

line broadening of the +1 amide could reflect chemical and/or conformational exchange. The 

former might involve protonation of the amide nitrogen, which would lower the π character 
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of the amide, whereas the latter could relate to the dynamics of the local catalytic apparatus 

and/or the conformation of the amide bond itself. Unfortunately, our efforts thus far to tease 

this apart have been frustrated by the active nature of the branched intermediate – the signal 

intensity from the +1 amide rapidly decays during the course of the NMR relaxation 

analysis. However, the key point remains that this exchange, whatever its nature, is only 

observed for the +1 amide and only in the context of the branched intermediate under 

conditions where it is active.

It is most intriguing that exchange around this amide is observable only after the branched 

intermediate is formed. There is accumulating evidence that enzymes fluctuate between 

active and inactive (or less active) conformations irrespective of the position on a given 

reaction coordinate [32, 33]. Thus, it may be more accurate to think of enzyme catalysis in 

the context of an ensemble of interconverting enzyme conformers leading to a large number 

of parallel reaction paths, some of which may be more favorable than others [34]. Given that 

succinimide formation is more favorable after the generation of the branched intermediate 

and that exchange around the scissile +1 amide is only observed in this context, it seems 

likely that the scissile amide is sampling one or more high energy states at this point of the 

reaction coordinate.

We have previously shown that the -1 amide in the Mxe GyrA intein is highly distorted in 

solution and that the conserved block B histidine is required for this distortion [17]. We 

believe that this distortion helps drive the first step in the splicing process since strained 

amides are more susceptible to nucleophilic attack [35-37]. Interestingly, the scissile +1 

amide bond has been found in a distorted trans conformation in one crystal structure of a 

mutant Sce VMA intein [10] and in a mutant of Ssp DnaB intein [11]. In these cases, it was 

suggested that the distortion might promote succinimide formation and, in the former, that 

the conserved block G histidine might play a role in protonation of the +1 amide nitrogen. 

Interestingly, we find that replacement of either of the conserved histidines (His187, 

His197) with the isosteric residue, β-(2-thienyl)-alanine, abolishes succinimide formation 

from the branched intermediate. Analysis of the Mxe GyrA crystal structure reveals that the 

imidazole sidechain of His197 is within 3 Å of the C-terminal Asn carboxyl group (the 

construct used in the crystal structure does not contain C-extein residues) and so could 

interact with the +1 amide [16]. The side-chain of His187 appears poised to interact with the 

side-chain amide of the Asn and may play a role in deprotonation of this group by analogy 

to other systems [10, 11]. It seems plausible then that the +1 amide is interconverting 

between multiple strained (i.e. more reactive) conformers, perhaps as a result of an H-

bonding interaction involving the imidazole ring from the histidines. The pH-dependence of 

the exchange phenomena as well as the fact that 1H chemical shift of the +1 amide changes 

from 8.29 ppm at pH 4.5 to 9.22 ppm at pH 7.5 are both consistent with this idea. Based on 

this, we propose that formation of the branched intermediate alters the dynamics of the 

intein active site such that the +1 amide fluctuates between multiple states, some of which 

may involve distortion of the bond itself. By analogy with the -1 amide at the N-terminal 

splice junction, such distorted conformers would be more susceptible to nucleophilic attack 

by the Asn side-chain.

Frutos et al. Page 8

Nat Chem Biol. Author manuscript; available in PMC 2011 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods

Peptide synthesis

All peptides were synthesized on Rink-amide ChemMatrix resin using Fmoc/tBu protection 

chemistry. Synthesis of branched peptides relied on the incorporation of a sidechain 

unprotected Thr residue into the linear chain. The branched chain (i.e. the N-extein 

sequence) was then elongated off the β-hydroxyl group of this residue using optimized 

protocols described in SI Methods (Supplementary Fig. 3 & 4).

Cloning and protein expression

Standard PCR-based cloning procedures were used to generate constructs in which a 

fragment of the Mxe GyrA intein (residues 1-184, either with or without N-extein residues) 

was fused to the N-terminus of full length GyrA intein (SI Methods for details). Fusion 

proteins were expressed in E. coli (BL21(DE3)) cells either grown in M9 minimal media 

supplemented with [15N]NH4Cl for NMR labeling experiments or LB (Luria Bertani) for 

kinetic studies. Protein expression was induced by the addition of IPTG for 3 hours. 

Inclusion bodies were washed, extracted and the fusion proteins purified by Ni-NTA affinity 

chromatography under denaturing conditions. Pure fusion protein fractions were pooled and 

folded by stepwise dialysis at 4 °C.

Expressed protein ligation

Thiolysis of the purified intein fusion protein was initiated with 200 mM MESNA followed 

by incubation for 2 days at 25 °C. Depending on the desired construct, this purified α-

thioester intein fragment was mixed with one of several different lyophilized peptides in 

ligation buffer and incubated for 5 days at 4 °C. The ligation product was purified by Ni-

NTA affinity chromatography, followed by semi-preparative C4 RP-HPLC. Products were 

characterized by analytical C4 RP-HPLC (Supplementary Fig. 5), and ESI-MS spectrometry 

(Supplementary Fig. 6). All ligated proteins were >90 % pure based on RP-HPLC.

Splicing activity assay and kinetic analysis

Purified branched intermediate constructs were folded at 4 °C by stepwise dialysis from 

denaturing buffer into the splicing assay buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl and 

1 mM TCEP). The samples were then incubated at 25 °C or 4 °C and aliquots of the 

cleavage reaction were taken at several time points and analyzed by RP-HPLC on a C4 

analytical column (Supplementary Fig. 7). The reaction progress was monitored by 

integrating the branched intermediate and the succinimide product peaks. This data was then 

fit to a first-order rate equation [BI]=[BI]oe-k2t (Supplementary Fig. 8) which described the 

reaction: Branched intermediate (BI)Π Spliced product (SP).

The overall splicing reaction was modelled as 3-distict states. The linear precursor intein (2) 

was folded as above, and the sample was then incubated at 25 °C. The integrated peaks from 

the HPLC-based splicing assay were fit to the sequential 3-state model: Unspliced (U) 

→Branched intermediate (BI) → Spliced product (SP) Data from four independent 

experiments were normalized and fit collectively to the following solutions for the 

differential equations that describe the splicing reaction:
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[U]=[U]oe-k1t, [BI]=(k1[U]o/(k2-k1))(e-k1t-e-k2t), [SP]=[U]o(1-(k2e-k1t)/(k2-k1)+(k1e-k2t)/(k2-

k1))

where [U]o is the concentration of initial unspliced reactants, [BI] is the concentration of the 

branched intermediate, [SP] is the concentration of the spliced product, k1 is the rate of 

U→BI, k2 is the rate of BI→SP, and t is the time elapsed from the start of the reaction. 

Using this 3-state model, k1 and [U]o were determined and we observed that k1≫k2.

The O→N acyl shift reaction of peptide 9 was initiated by irradiation of the sample (9:1 

acetonitrile/H2O) with a He-Cd laser (325 nm, 4.74 W/cm2, Kimmon Electric Co., 

Englewood, CO) 3 times for 15 seconds. The peptide was then diluted in splicing buffer 

(100 mM NaPi pH 6.5, 100 mM NaCl and 1mM TCEP) with or without the intein 

succinimide product (1 eq. relative to the peptide). The reaction was monitored by analytical 

C18 RP-HPLC and the data fit to a first-order rate equation (Fig. 4b). All kinetic 

measurements were carried out at least in duplicate.

NMR spectroscopy

Protein samples for NMR spectroscopy were folded at 4 °C by stepwise dialysis from 

denaturing buffer into the splicing assay buffer. The protein was concentrated to ∼200 μM 

for constructs 11 and 12 and ∼70 μM for construct 10. 1H{15N} HSQC and HNCO spectra 

were collected on a Bruker Avance-500, 700, 800 or 900 spectrometer with a cryo-probe. 

2D HNCO spectra were collected on a a Bruker Avance 900 spectrometer (Supplementary 

Fig. 13) The HSQC-TOCSY experiment was performed on a Bruker Avance-500 

spectrometer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The mechanism of protein splicing. (a) Schematic illustrating conserved regions within the 

intein family. Conserved sequences (A, B, F and G) are indicated by filled boxes. Residues 

involved in the splicing reaction are shown below the bar. (b) Schematic of the mechanism 

of protein splicing. (c) Upper panel; ribbon representation of the Mxe GyrA intein structure 

(pdb code 1AM2) showing the location of Ala185 ligation site used for EPL. Lower panel; 

close up of the Mxe GyrA active site. His187 and 197 are shown in red, Asn198 in blue, Ser 

1 in orange, Phe194 in purple and Val195 in yellow.
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Figure 2. 
Semi-synthesis of Mxe GyrA intein constructs 1-12. (a) Schematic of the semi-synthetic 

route. (b) Summary of constructs used in the study, where R1 is the sequence N-terminal to 

the intein, X is the first intein residue, Z is the first C-extein residue and R2 is the sequence 

at the branch site. The chemical structures of the unnatural amino acids incorporated into the 

constructs are shown at bottom.
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Figure 3. 
Functional characterization of branched and linear Mxe GyrA intein constructs. (a) 

Solution 1H{15N} HSQC spectra of constructs 1 (red) and 3 (black) recorded on a 900 MHz 

spectrometer at 4 °C. (b) Kinetics of succinimide formation for branched construct 1 (left) 

and linear construct 3 (right) at 25 °C and pH 7.5. Shown are a series of RP-HPLC 

chromatograms of the reaction mixtures at different time-points. Identity of starting 

materials and product were determined by ms.
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Figure 4. 
Kinetics of the O-N acyl migration reaction. (a) Scheme showing the photoprotected O-acyl 

peptide (9) and its reaction. (b) Following irradiation peptide 9 was incubated in splicing 

buffer at pH 6.5. The conversion of unprotected ester peptide into amide product was 

followed by RP-HPLC. Shown are a series of RP-HPLC chromatograms of the reaction 

mixtures at different time-points in the absence of intein (c) Plot of the fraction amide 

product formed at different timepoints in the presence or absence of added intein.
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Figure 5. 
Solution NMR analysis of isotopically labeled constructs. (a) Schematic representation of 

linear (10) and branched (11) constructs with the scissile +1 peptide bond site-specifically 

labeled with 13C and 15N. The recombinant component of the constructs was also labeled 

with 15N. (b) 1D HNCO spectra of construct 10 (left) and construct 11 (right) at pH 7.5 and 

4 °C. The signal corresponding to the scissile +1 peptide bond could only be observed for 

the linear construct 10. Spectra were recorded on a 900 MHz spectrometer. (c) 1D HNCO 

spectrum of construct 11 under denaturing conditions (10% ACN/D2O + 0.1 %TFA).
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Figure 6. 
Effect of changing pH, temperature and magnetic field on the solution structure of the +1 

amide bond in the branched intermediate. (a) Schematic representation of site-specifically 

labeled construct 12. The protein contains 13C and 15N isotopes at both the scissile +1 amide 

bond (labeled b) and the amide connecting Phe194 and Val195 (labeled a). (b) 1D HNCO 

spectra of construct 12 at different pH recorded on a 900 MHz spectrometer. In the series, 

the temperature was kept constant at 4 °C, but the pH switched between pH 7.5 (green), pH 

4.5 (black) and then back to pH 7.5 (red). (c) 1D-1H{15N} HSQC spectra of 12 at different 

temperatures recorded on a 900 MHz spectrometer. In the series, the pH was kept constant at 

pH 7.5, but the temperature increased from 4 °C (green), to 15 °C (black) and then to 25 °C 

(red). Peak assignments were based on a 1H{15N} HSQC-TOCSY experiment. (d) 1H{15N} 

HSQC spectra of 12 at different field strengths. In the series, the temperature and the pH 

were kept constant at 4 °C and 7.5 respectively, but the spectrum was acquired on a 500 

MHz (red), 700 MHz (black) or 900 MHz (green) spectrometer.
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Table 1

First order rate constants for asparagine cyclization reaction and O to N acyl shift reaction. Data represent 

mean values ±s.d.

Construct pH T (°C) Kobs (s-1) T½

1 7.5 25 2.1 (±0.4) × 10-5 ∼8 h

1 4.5 25 inactive ---

1 7.5 4 3.8 (±0.5) × 10-6 ∼47 h

2 7.5 25 1.9 (±0.3) × 10-5 * ∼8 h

3 7.5 25 1.7 (±0.2) × 10-6 ∼110 h

4 7.5 25 2.1 (±0.1) × 10-6 ∼100 h

5 7.5 25 inactive ---

5 7.5 25 inactive ---

7 7.5 25 Ester hydrolysis ∼128 h

8 7.5 25 1.9 (±0.4) × 10-5 ∼8.5 h

9 6.5 25 2.1 (±0.3) × 10-3 ∼3 min

9+intein 6.5 25 1.9 (±0.4) × 10-3 ∼3 min

*
Overall apparent first order rate constant
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