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Extein Residues Play an Intimate Role in the Rate Limiting Step of Pro-

tein Trans-Splicing 

Neel H. Shah,† Ertan Eryilmaz,‡ David Cowburn,‡ Tom W. Muir*,† 

† Department of Chemistry, Princeton University, Frick Laboratory, Princeton, New Jersey 08544, United States 

‡ Department of Biochemistry, Albert Einstein College of Medicine, Bronx, New York 10461, United States 

ABSTRACT: Split inteins play an important role in modern protein semisynthesis techniques. These naturally occurring 

protein splicing domains can be used for in vitro and in vivo protein modification, peptide and protein cyclization, segmental 

isotopic labeling, and the construction of biosensors. The most well-characterized family of split inteins, the cyanobacterial 

DnaE inteins, show particular promise as many of these can splice proteins in under one minute. Despite this fact, the activi-

ty of these inteins is context-dependent: certain peptide sequences surrounding their ligation junction (called local N- and 

C-exteins) are strongly preferred, while other sequences cause a dramatic reduction in splicing kinetics and yields. These 

sequence constraints limit the utility of inteins, and thus a more detailed understanding of their participation in protein 

splicing is needed. Here, we present a thorough kinetic analysis of the relationship between C-extein composition and split 

intein activity. The results of these experiments were used to guide structural and molecular dynamics studies, which re-

vealed that the motions of catalytic residues are constrained by the second C-extein residue, likely forcing them into an ac-

tive conformation that promotes rapid protein splicing. Together, our structural and functional studies also highlight a key 

region of the intein structure that can be re-engineered to increase intein promiscuity. 

INTRODUCTION 

Protein splicing is a post-translational auto-processing 

event carried out by a class of proteins known as inteins.1 

During this process, an intein domain excises itself from a 

larger precursor protein and ligates its N- and C-terminal 

flanking sequences (termed exteins) through a native pep-

tide bond. Inteins naturally exist in two forms. Most are cis-

splicing inteins that are expressed as single polypeptide 

chains embedded within their host proteins. By contrast, 

the far less abundant trans-splicing inteins are transcribed 

and translated as two separate protomers that associate 

and fold into the canonical intein domain structure.2 The 

association rate of naturally split inteins is rapid compared 

to the rate of the subsequent protein splicing reaction.3 

Regardless of whether splicing occurs in cis or in trans, the 

mechanism of protein splicing is the same (Figure 1). First, 

the N-extein/intein peptide bond is activated through an 

N-to-S acyl shift to form a linear thioester intermediate. 

Next, this activated acyl group undergoes trans-

thioesterification to form a branched thioester intermedi-

ate (BI) on the first residue of the C-extein, Cys+1. In the last 

chemo-enzymatic step, the C-terminal Asn residue of the 

intein cyclizes, thereby resolving this branched intermedi-

ate into an excised intein and an N-extein/C-extein thioe-

ster adduct. Finally, this transient thioester spontaneously 

rearranges to a native peptide bond to yield the spliced 

product, and the excised intein succinimide hydrolyzes to 

yield a free carboxylate. 

It is noteworthy that while different families of inteins 

utilize subtle variations on this general biochemical mech-

anism (such as Ser or Thr nucleophiles, rather than Cys), 

the catalytic residues for protein splicing are always con-

fined to the intein domain and the first C-extein residue.1 

Despite this fact, a growing body of experimental evidence 

indicates that intein splicing efficiency is highly dependent 

on the identity of two or three local extein residues on ei-

ther side of the splice junction.4-10 For example, introduc-

tion of non-native residues at the -3, -2, and -1 positions, 

located on the N-extein (Figure 1), can alter the linear thi-

oester formation efficiency or promote hydrolysis of this 

intermediate. Mutation of the +1, +2, and +3 residues, lo-

cated on the C-extein (Figure 1), can abolish or greatly di-

minish splicing activity, and even lead to premature aspar-

agine cyclization before branched intermediate formation. 

For each intein family, this context dependent activity is 

dictated by evolutionary pressures, as inteins are naturally 

embedded between highly conserved residues in a number 

of different endogenous host proteins.11 As a result, differ-

ent inteins are biased towards different sequences at their 

splice junction. 

The chemical synthesis of larger and more complex pep-

tides and proteins is an ongoing challenge, and inteins are 

being widely used to facilitate such syntheses.12 Thus, the 

sensitivity of protein splicing to local extein sequence (i.e. 

residues immediately flanking the intein) has significant 

practical implications. All intein-based technologies are 

premised on a single notion: the chemical perturbations 

that an intein carries out on its endogenous host protein 

can be applied in a virtually traceless manner to any exog-

enous protein of interest. In reality, however, efficient and 

traceless synthesis of complex products is not always 

achieved. Rather, current technologies often require either 

the incorporation of non-native residues surrounding the 

splice junction in the target molecule or the sacrifice of 

reaction kinetics and product yields to obtain 
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Figure 1. The mechanism of protein trans-splicing (PTS). Relevant species along the reaction coordinate are labeled. Numbers 1-4 

refer to the chemically distinct C-intein adducts that can be observed in the splicing assays described in this report (see Figures 3 

and S8). Note that for simplicity, only the α-amino acid isomer of 4 is shown, however species 3 can ring-open into an α- or β-

amino acid form. 

the desired native sequence. An improved understanding 

of the general splicing mechanism and of its sensitivity to 

local extein sequences thus remains of central concern. 

Of particular interest as protein engineering tools are 

the split DnaE inteins, all of which endogenously generate 

the catalytic subunit of DNA polymerase III after protein 

trans-splicing.13 Until recently, many split intein-based 

technologies relied on the founding member of this family 

termed Ssp, which derives its name from the model cyano-

bacterium that encodes it, Synechocystis species PCC6803.2 

However, Ssp catalyzes protein trans-splicing in hours, 

which is too slow for many practical applications.14 With 

the discovery and characterization of new split DnaE in-

teins, such as the now prevalent Nostoc punctiforme (Npu) 

intein, it is clear that several members of this family cata-

lyze protein splicing with extraordinary efficiency, in 

minutes or less.5,9,15,16 Thus, many intein technologies are 

now being developed and improved with these new tools, 

including in vitro and in vivo protein semisynthesis,17-19 

segmental isotopic labeling,20,21 peptide cyclization,22 and 

the construction of novel biosensors.23,24 

The DnaE split intein family is, however, also plagued by 

poor tolerance for non-native local extein sequences. All 

split DnaE inteins are naturally embedded within the local 

N-extein sequence AEY (Figure 1, residues -3, -2, -1) and C-

extein sequence CFN (Figure 1, residues +1, +2, +3). Sever-

al reports indicate that DnaE inteins can tolerate signifi-

cant deviation from this native N-extein sequence.6,10,16,19,25 

Conversely, the presence of non-native C-extein residues 

can lead to dramatic reductions of splicing efficiency. For 

example, mutation of the canonical CFN sequence to SGV 

inhibits branched intermediate resolution for Ssp, alt-

hough the contributions of each C-extein mutation were 

not individually assessed.7 Additionally, the identity of the 

+2 C-extein residue has a dramatic impact on splicing ac-

tivity for all members of the DnaE family, but it is not clear 

what step in the splicing pathway is modulated by this 

residue.5,9,10 

Despite the fact that C-extein-dependent splicing activity 

is well documented for DnaE inteins, little is known about 

the magnitude of this effect on reaction kinetics, nor the 

physical basis of this phenomenon. We envisioned that a 

detailed understanding of how C-extein residues partici-

pate in the splicing reaction could help guide the practical 

use of split inteins and help lay the foundation for the de-

sign of more promiscuous engineered inteins. To this end, 

we performed a detailed structure–activity analysis on the 

Npu intein, employing semisynthesis to systematically al-

ter the C-extein moiety, thereby providing the raw materi-

als for a series of kinetic and structural analyses. This ef-

fort led to the finding that the +2 residue in the C-extein 

plays a critical role in constraining the active site of the 

intein during resolution of the branched intermediate. The 

work also draws attention to a loop region in the intein 

structure that appears to sense C-extein composition and 

as such might be a productive focus of engineering efforts 

geared towards increasing intein promiscuity. 

RESULTS 

Semisynthesis of split inteins with varying C-extein 

composition. Our efforts began with the construction of a 

library of C-intein fragments (IntC) bearing a variety of 

model C-exteins ranging from a single Cys residue with 

different capping groups to tri-peptides with unique se-

quences (Table 1). To rapidly generate the desired con-

structs, seventeen proteins in all, we employed a semisyn-

thetic approach that utilized Expressed Protein Ligation 

(Figure 2).26 Specifically, the IntC fragments of Npu and Ssp 

(referred to as NpuC and SspC, respectively) were ex-

pressed in E. coli fused to the cis-splicing His6-tagged GyrA 

intein and enriched over Ni columns (Figure S4). The crude 

fusion proteins were then reacted with either a large ex-

cess of a cysteine derivative (100 mM) to directly yield an 

IntC-Cys adduct, or they were thiolyzed with 100 mM 2-

mercaptoethanesulfonate (MES) in the presence of a 1-5 

mM di- or tri-peptide to yield IntC-peptide adducts (Figures 

2A and B). The desired product from each reaction was 
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Figure 2. Semisynthesis of C-intein constructs. (A) Semisynthetic scheme (R = -OH, -OCH3, -NH2, -NHCH3, or an additional one or 

two amino acids, as indicated in Table 1). (B) RP-HPLC analysis of a one-pot MES-thiolysis/ligation to synthesize NpuC-CF(OCH3). 

NpuC-MES and ligation product accumulation are shown in the left panel and cleavage of the NpuC-GyrA-H6 fusion protein is shown 

in the right panel. (C) RP-HPLC and (D) ESI-MS analysis of NpuC-CF(OCH3) after purification. The raw mass spectrum is shown in 

the top panel and the deconvoluted spectrum is shown in the bottom panel (expected monoisotopic mass = 4387.28 Da).

 

Figure 3. Splicing assays to analyze branched intermediate 

formation and resolution. Time-dependent RP-HPLC (A) and 

ESI-MS (B) analyses of the reaction between AEY-NpuN and 

NpuC-CFN(NH2) (Table 1, reaction 1). The deconvoluted mass 

spectra in panel B are normalized to the intensity of the larg-

est peak at each time point. (C) Simplified three-state kinetic 

model of protein splicing compatible with the analytical tech-

niques presented herein. (D) Quantified reaction progress 

data for reaction 1 fit to the kinetic model in panel C. Note that 

the product curve is the combined peak areas of all three 

products of the trans-splicing process, the two excised intein 

species (3 and 4) and the spliced product (5). Error bars rep-

resent the standard deviation from three independent reac-

tions. Numbering corresponds to the numbered species de-

fined in Figures 1 and S8.  

readily purified by reverse-phase high performance liquid 

chromatography (RP-HPLC, Figures 2C and S7) and its 

identity was confirmed by electrospray ionization mass 

spectrometry (ESI-MS, Figure 2D and Table S2). Im-

portantly, this semisynthesis approach allowed for the 

modular assembly of constructs with natural amino acid 

mutations within the C-intein and effectively any function-

al groups in the C-extein side-chains and backbone. 

Kinetic assays to monitor branched intermediate 

formation and resolution. To rigorously assess C-extein 

effects on protein trans-splicing, we developed two com-

plementary analytical approaches that allowed us to dis-

tinguish various chemical species along the reaction coor-

dinate in a time-resolved fashion. First, N-intein (IntN) pro-

teins bearing a minimized N-extein tripeptide (AEY-IntN) 

were generated recombinantly and purified (Figures S5-S7 

and Table S2). These constructs were mixed with their IntC 

counterparts at 30 °C, and aliquots were removed from the 

reaction solution at various time points and quenched by 

acidification to pH 1-2. Importantly, all reactions were car-

ried out at pH 7.2 in the absence of thiol-based reducing 

agents to prevent any undesired hydrolysis or thiolysis 

reactions that would convolute kinetic analyses. Time 

points were analyzed by RP-HPLC, and for most reactions 

the various IntC-related species (Figure 1, 1-4) and the 

spliced product (Figure 1, 5) could be readily separated 

(Figures 3A and S9). For reactions where sufficient separa-

tion between species 1-5 was not achieved by RP-HPLC, 

the quenched time points were desalted and analyzed as 

complex mixtures by ESI-MS (Figures 3B and S10). Given 

the similarity in sequence composition, size, and net 

charge between species 1-4, the molecules showed similar 

levels of ionization, and thus the RP-HPLC analyses and 

ESI-MS analyses gave virtually identical results (compare 

Figures 3A and B and see Figure S13 for quantitative anal-

ysis of the error between the two assays). Importantly, in 

both assay formats, the starting material and linear inter-

mediate were indistinguishable, so the data were fit to a 

simplified kinetic model that collapsed the first two cata-

lytic steps into a single equilibrium reaction (Figures 3C 

and D). The results of our kinetic analyses are summarized 

in Table 1 and Figure 4. 

We initially carried out a series of control reactions to 

validate our assays. The splicing kinetics of the wild-type 

Npu and Ssp inteins were assessed in their native N- and C-

extein contexts (Table 1, reactions 1 and 2). The overall 

rates of spliced product formation (ksplice) were 1.36 x 10-2 

s-1 and 1.46 x 10-4 s-1, respectively, consistent with  
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Table 1. Rate constants for individual steps and the overall splicing reaction.a 

Rxn Intein C-Extein k1 (s-1) k2 (s-1) k3 (s-1) ksplice (s-1) 

1 NpuWT CFN(NH2) (5.21 ± 0.28) x 10-2 (1.77 ± 0.38) x 10-2 (3.15 ± 0.04) x 10-2 (1.36 ± 0.02) x 10-2 

2 SspWT CFN(NH2) (4.70 ± 0.26) x 10-3 (7.03 ± 0.44) x 10-3 (3.86 ± 0.17) x 10-4 (1.46 ± 0.03) x 10-4 

3 b NpuC1A CFN(NH2) - - (1.43 ± 0.03) x 10-4 - 

4 c NpuN137A CFN(NH2) (1.70 ± 0.13) x 10-2 (1.86 ± 0.11) x 10-3 - - 

5 d NpuWT C(OH) (2.41 ± 0.07) x 10-2 (4.40 ± 0.14) x 10-3 - - 

6 NpuWT C(OCH3) (6.59 ± 0.20) x 10-2 (1.56 ± 0.06) x 10-2 (4.76 ± 0.13) x 10-4 (4.32 ± 0.16) x 10-4 

7 NpuWT C(NH2) (3.16 ± 0.09) x 10-2 (6.59 ± 2.41) x 10-3 (7.31 ± 0.26) x 10-5 (6.30 ± 0.87) x 10-5 

8 NpuWT C(NHCH3) (4.40 ± 0.35) x 10-2 (1.13 ± 0.10) x 10-2 (1.33 ± 0.01) x 10-4 (1.08 ± 0.03) x 10-4 

9 NpuWT CF(OCH3) (5.90 ± 0.85) x 10-2 (1.20 ± 0.39) x 10-2 (1.56 ± 0.16) x 10-3 (1.28 ± 0.01) x 10-3 

10 NpuWT CF(NH2) (6.10 ± 1.10) x 10-2 (1.13 ± 0.40) x 10-2 (9.30 ± 0.42) x 10-3 (6.32 ± 0.11) x 10-3 

11 NpuWT CFA(NH2) (6.05 ± 0.36) x 10-2 (1.31 ± 0.27) x 10-2 (2.57 ± 0.04) x 10-2 (1.31 ± 0.02) x 10-2 

12 NpuWT CAN(NH2) (7.11 ± 2.11) x 10-2 (2.74 ± 0.58) x 10-2 (3.12 ± 0.28) x 10-4 (2.39 ± 0.12) x 10-4 

13 b NpuC1A CAN(NH2) - -  (2.41 ± 0.02) x 10-6 - 

14 NpuH125N CFN(NH2) (4.21 ± 0.46) x 10-2 (8.96 ± 3.22) x 10-3 (5.53 ± 0.50) x 10-4 (4.92 ± 0.13) x 10-4 

15 e NpuH125N CAN(NH2) (7.81 ± 0.34) x 10-2 (2.94 ± 0.01) x 10-2 (3.23 ± 0.27) x 10-5 (3.23 ± 0.27) x 10-5 

16 NpuD124Y CFN(NH2) (7.75 ± 0.55) x 10-2 (2.06 ± 0.23) x 10-2 (3.27 ± 0.11) x 10-2 (1.74 ± 0.07) x 10-2 

17 NpuD124Y CAN(NH2) (1.06 ± 0.76) x 10-1 (3.87 ± 0.47) x 10-2 (4.43 ± 0.05) x 10-4 (3.61 ± 0.21) x 10-4 

a k1, k2, and k3 were extracted from a global fit of all three normalized curves for one reaction to the analytical solutions for the 

differential rate equations that describe our kinetic model. ksplice was extracted by fitting the product formation curve to a standard 

first-order rate equation. The values represent the average and standard deviation from three individually fit unique reactions. 

b In reactions 3 and 13, the mutation of Cys1 precludes the first steps of the splicing pathway. k3 represents the rate of succin-

imide formation and thus C-extein cleavage in the absence of branch formation. 

c In reaction 4, mutation of the catalytic asparagine abolishes succinimide formation, thus the reaction does not progress past 

the branched intermediate. 

d In reaction 5, while all catalytic residues are present, no branched intermediate resolution was observed during the course of 

the assay. 

e The extremely slow BI resolution in reaction 15 led to roughly 10-20% N-extein hydrolysis as a side reaction, preventing global 

fitting to our kinetic model. For this reaction, k1 and k2 were extracted from a two-state equilibrium kinetic model using only the 

pre-equilibrium phase of the reaction (first 10 minutes). k3 was assumed to be identical to ksplice, which was determined by fitting 

the product formation curve to a first order rate equation. 

previous measurements from gel-based assays.9,14,16 These 

experiments also demonstrated that BI resolution (de-

scribed by k3) is the slow step for Ssp but the initial and 

latter steps of PTS are kinetically coupled for the faster 

Npu reaction. As additional controls, we independently 

mutated the first catalytic cysteine, Cys1, and the C-

terminal asparagine, Asn137, in Npu to alanine and analyzed 

the effect of these mutations on splicing activity. As ex-

pected, the C1A mutation completely inhibited splicing, 

however a basal level of succinimide formation, and thus 

C-extein cleavage, was observed on a time scale of hours 

(Table 1, reaction 3). This result is consistent with the no-

tion that C-terminal asparagine cyclization is stimulated by 

branched intermediate formation, as was previously 

shown for the GyrA intein.27 Additionally, the N137A muta-

tion abolished splicing and C-extein cleavage, but only 

modestly reduced the kinetics of the initial steps (Table 1, 

reaction 4). 

C-extein effects on branched intermediate formation 

and resolution. Next, we employed our kinetic assays to 

determine the effect of C-extein composition on individual 

steps in the trans-splicing reaction (Table 1, reactions 5-

12). These experiments revealed that C-extein variation 

had only a small effect on the kinetics of BI formation (k1 

and k2), while it profoundly affected the BI resolution step 

(k3) and thus the overall splicing rate (ksplice) (Figures 4A 

and B). A detailed comparison of these kinetic analyses 

revealed several important trends (Figure 4C). First, C-

extein chain-length had a substantial effect on activity. 

Cys+1 alone could not sustain BI resolution with an un-

capped carboxylate, suggesting that a negative charge near 

the active site is undesirable (Table 1, reaction 5). Capping 

the +1 residue as an amide or an ester restored a basal 

level of splicing activity (Table 1, reactions 6-8). Interest-

ingly, Cys+1 capped with a methyl ester afforded a 4-fold 

rate increase over the methyl amide analog, possibly indi-

cating an inhibitory role for this amide N-H moiety or an 

anomalous non-native effect of this subtle perturbation 

(Table 1, reactions 6 and 8). Ultimately, the effect of chain-

length on BI resolution was more pronounced once the 

entire Phe+2 residue was added (Table 1, reaction 10), 
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 5

however three C-extein residues were required to recapit-

ulate the fastest reported rates for Npu (Table 1, reaction 

1). 

Through our kinetic analyses we also identified two spe-

cific functional groups that made major contributions to BI 

resolution. First, we found that the amide bond after Phe+2 

provided a 6-fold rate enhancement relative to a methyl 

ester (compare reactions 9 and 10). This result suggests 

that the amide N-H group is involved in a hydrogen bond 

that facilitates BI resolution, for example, by stabilizing a 

catalytically competent conformation. The second, more 

significant functional group is the Phe+2 phenyl ring. While 

this residue is known to be important, as discussed above, 

the extent of its contribution to BI resolution was not pre-

viously known. Our measurements indicate that the addi-

tion of the bulky Phe side-chain enhances BI resolution 

kinetics 100-fold relative to Ala (compare reactions 1 and 

12). Interestingly, the presence of the Phe side-chain also 

stimulated the basal rate of succiminide formation (i.e. C-

extein cleavage) in the context of a C1A mutant of NpuN 

(Table 1, compare reactions 3 and 13), implying that the 

Phe side-chain is making favorable interactions even in the 

absence of the BI. By contrast, the side-chain of the Asn+3 

does not contribute to the trans-splicing reaction (compare 

reactions 1 and 11). 

 

Figure 4. C-Extein contributions to splicing activity. (A) For-

ward (k1) and reverse (k2) rates of branched intermediate 

formation from starting materials. (B) Rate of branched in-

termediate resolution (k3) and overall rate of trans-splicing 

(ksplice). (C) Scheme highlighting the key conclusions from the 

kinetic data. 

 

Figure 5. Structural effects of mutating the C-extein +2 resi-

due. (A) Crystal structure of the SspDnaE intein (pdb: 1ZDE) 

highlighting close packing of His125 and Phe+2 in spheres. The 

N-intein and C-intein are shown as blue and red ribbons, re-

spectively. (B) The active site of Ssp bearing catalytic Cys and 

Asn mutations, native extein residues, and a coordinated zinc 

ion. Important residues surrounding the C-intein/C-extein 

junction (orange/black junction) are shown as sticks. The C-

extein is shown in gray, key catalytic residues are shown in 

orange, and other non-catalytic residues highlighted in this 

study are shown in green. (C) Composite 1H and 15N backbone 

chemical shift perturbations (∆δi) in NpuC (13C,15N labeled) in 

complex with unlabeled NpuN as a function changing the +2 C-

extein residue from Phe to Ala (see SI for calculations). The 

mean value is marked by a dashed purple line, and one stand-

ard deviation above the mean is marked by a dashed orange 

line. Residues in secondary structure elements are marked 

with boxes above the bars, solid blue boxes are strands and 

empty pink boxes are loops. (D) Overlay of the aromatic re-

gion of the 1H-13C-HSQC spectra of segmental labeled NpuN : 

NpuC complexes containing  either Phe (black) or Ala (red) as 

the +2 C-extein residue. Chemical shift perturbations of His125 

imidazole ring 1H-13C correlations, Cε1 and Cδ2, are marked in 

dashed boxes. 

A structural role for the +2 C-extein residue. Given 

the significant contribution of the Phe+2 side-chain to splic-

ing kinetics, we next sought to understand the structural 

origin of its involvement in split intein chemistry. Most 

high resolution structures of inteins, including the only 

published structure of Npu,28 do not contain C-extein resi-

dues. One important exception to this is a crystal structure 

of Ssp bearing five native N-extein residues (KFAEY), three 

native C-extein residues (CFN), and mutations of the ter-

minal intein residues, Cys and Asn, to Ala.29 In this struc-

ture, the Phe+2 side-chain packs against a catalytic histidine 

that lies on a flexible loop (Figure 5A). This histidine 

(His125 in Npu) is completely conserved in the DnaE family 

and has been implicated as a general acid or base in the BI 

resolution step of many inteins.27,29 Mutation of His125 in 

Npu to an Asn reduced the rate of BI resolution roughly 

60-fold, similar to the F+2A mutation (Table 1, reactions 

14 and 12, respectively). The Ssp structure suggests that 

Phe+2 participates in protein trans-splicing by stabilizing 

His125 through a direct interaction. Indeed, the effect of 

mutating both residues in Npu on BI resolution kinetics 

was non-additive (∆∆Gcoupling = 1.07 kcal mol-1) indicating 

some co-operativity between Phe+2 and His125 with respect 
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to this step (Table 1, reaction 15, and Figure S14 for ther-

modynamic cycle analysis).  

 

Figure 6. Molecular dynamics simulations to probe +2 amino 

acid-dependent active site dynamics. Three representative 

frames from the MD trajectories of (A) AEY-NpuN + NpuC-

CFN(NH2) and (B) AEY-NpuN + NpuC-CAN(NH2) highlighting 

His125 rotameric states. (C) Trajectory of the His125 side-chain 

dihedral angle (χ1) during the simulations. Representative 

frames highlighting the positioning of Asn137 relative to the 

His125 loop in (D) the CFN simulation and (E) the CAN simula-

tion. Asn137 and Cys+1 are shown as orange sticks, His125 is 

shown as an orange surface, and Ile119 and Gly120 are shown as 

green surfaces. (F) Distance between His125 and Asn137 Cβ 

atoms during the simulations. (G) Distance between Ile119 and 

Cys+1 amide nitrogens during the simulations. Data from the 

simulation with the CFN(NH2) C-extein are shown in black, 

and analogous data from the simulation with the CAN(NH2) C-

extein are shown in red. Traces to the right of trajectory 

graphs are histograms indicating the distribution of angles or 

distances sampled throughout the simulation. 

To better understand the structural impact of the +2 res-

idue, we carried out solution NMR analyses of Npu in both 

a CFN(NH2) or CAN(NH2) C-extein context. NMR constructs 

were prepared analogously to those used for kinetic assays 

with some additional provisions. Specifically, the NpuN 

protein contained the native N-extein sequence (AEY) and 

an inactivating C1A mutation, but was not 13C or 15N iso-

topically labeled. The NpuC constructs, bearing the N137A 

mutation, were 13C and 15N enriched in the recombinant 

IntC portion, but not in the synthetic C-extein region. N- and 

C-inteins were mixed, and the complexes were purified to 

homogeneity by size exclusion chromatography (Figures 

S15 and S16). Use of this segmental labeling scheme meant 

that only the NpuC residues (Ile103-Ala137), which have iden-

tical chemical composition in both complexes, would be 

visible in heteronuclear correlation experiments. This was 

expected to simplify assignment whilst still allowing the 

putative interaction between the +2 residue and the cata-

lytic His125 to be interrogated. The inactivating mutations 

(C1A and N137A) ensured that chemistry would not occur 

during data acquisition. 

With the exception of several residues in the loop con-

taining the catalytic His125 residue, we were able to assign 

the majority of the NpuC backbone resonances in the com-

plexes using standard triple-resonance experiments (Fig-

ure S17). Most of the backbone resonances were unper-

turbed upon changing the +2 C-extein residue from Phe to 

Ala (Figure 5C). The only exceptions to this were the amide 

resonances from Ile119 and Gly120, which showed a modest 

perturbation. These residues are located at the beginning 

of the loop containing the catalytic His residue and, in the 

Ssp crystal structure, lie close to the C-intein/C-extein pep-

tide bond that is ultimately attacked during branched in-

termediate resolution (Figure 5B). The His125 backbone 

amide resonance was not itself sensitive to the nature of 

the +2 C-extein residue. However, the aromatic side-chain 

protons of this residue did exhibit significant chemical 

shift perturbations on mutating the +2 residue, suggesting 

an altered chemical environment for this side-chain in the 

absence of the +2 phenyl ring (Figure 5D). Together with 

our mutagenesis and kinetic data, these NMR studies lend 

support to the idea that the active site conformation of Npu 

is coupled to the identity of the C-extein +2 residue. 

The Phe+2 C-extein residue constrains active site mo-

tions. In order to gain additional insight into the interplay 

between C-extein residues and the Npu active site, we car-

ried out molecular dynamics (MD) simulations of two wild-

type intein complexes bearing either CFN(NH2) or 

CAN(NH2) as C-exteins (identical to the constructs in Table 

1, reactions 1 and 12). Simulations were carried out in ex-

plicit solvent in 1 fs steps for 0.5 µs. Comparison of the two 

simulation trajectories afforded a more detailed picture of 

the coupling between the +2 residue and the intein active 

site. One of the more striking results from the simulation 

was the effect of changing +2 C-extein on the dynamics of 

the His125 side-chain. In the presence of Phe+2 the His side-

chain primarily adopts a single rotameric state with only a 

briefly excursion to an alternate rotamer (Figures 6A and 

C, black trajectory). By contrast, with an Ala+2 residue, 

His125 frequently switches between three side-chain rota-

mers and favors a different conformation than the one 
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found with Phe+2 (Figures 6B and C, red trajectory). Inter-

estingly, the backbone φ and ϕ dihedral angles for His125 

show virtually no change as a function of C-extein compo-

sition (Figure S19). These data are consistent with the fact 

that there were chemical shift perturbations for the His125 

side-chain but not the backbone. 

 

Figure 7. Structural and functional effect of the D124Y muta-

tion in Npu. (A) Kinetic data showing rate enhancement for 

the BI resolution step with the D124Y mutation in the 

CAN(NH2) C-extein context. Solid lines correspond to best fit 

kinetic curves for the wild-type intein (Table 1, reaction 12), 

and dotted lines correspond to the D124Y mutant (Table 1, 

reaction 17). Only the BI and product reaction curves are 

shown, and the starting material curve is omitted for clarity. 

Error bars represent the standard deviation from three inde-

pendent reactions. Histograms showing the distribution of (B) 

His125 χ1 dihedral angles, (C) distances between His125 and 

Asn137 Cβ atoms, and (D) distances between Ile119 and Cys+1 

amide nitrogens during the wild-type CFN (black), wild-type 

CAN (red) and D124Y CAN (blue) simulations. 

The second major consequence of the +2 residue muta-

tion was the overall positioning of the C-intein/C-extein 

junction (i.e Asn137-Cys+1) relative to the His125 loop. In the 

simulation with CFN as the C-extein, Asn137 remained bur-

ied in the groove above this loop, similar to the Ssp struc-

ture (Figure 6D). By contrast, in the CAN simulation, the 

entire strand bearing Asn137 and the C-extein occupied 

space outside of this groove region (Figures 6E). An im-

portant consequence of this is that the distance between 

Asn137 and His125 (Figure 6F) and between Ile119 and the 

scissile peptide bond (Figure 6G) were significantly short-

er for the majority of the CFN simulation than for the CAN 

simulation. Overall, these MD simulations indicate that the 

presence of a sterically bulky amino acid at the +2 position 

in the C-extein acts to constrain the motions of key catalyt-

ic residues leading to a more compacted arrangement 

around the scissile peptide bond.  

In considering the mechanistic implications of these ob-

servations it is important to emphasize that the simula-

tions employed, by necessity, a linear precursor protein as 

the starting point. Use of a BI structure in the simulations 

would have been more desirable given that our kinetic 

data reveal that formation of this intermediate stimulates 

cleavage of the peptide bond at the C-intein/C-extein junc-

tion (Table 1, compare reactions 1 and 3). Unfortunately, 

there is currently no high-resolution structural infor-

mation on any intein in the branched intermediate state. 

Thus, we were forced to extrapolate from the structures 

available. Despite this caveat, the major conclusion from 

the simulation work is broadly consistent with our muta-

genesis and kinetic data. In particular, we observe coupling 

between the +2 residue and the catalytic His125 both in the 

simulations and in the kinetics of BI resolution. We further 

note that the Phe side-chain stimulates C-extein cleavage 

even in the absence of the BI (Table 1, compare reactions 3 

and 13), arguing that this bulky side-chain augments catal-

ysis even in the linear precursor.  

An activating point mutation on the His125 loop. Local 

C-extein residues appear to affect the structure and dy-

namics of residues surrounding the flexible His125 loop, 

thereby modulating BI resolution kinetics. Thus, it is con-

ceivable that point mutations within the intein that alter 

loop conformation or flexibility could also modulate splic-

ing activity and even tolerance to non-native extein resi-

dues. In a previous directed evolution study on an NpuN-

SspC chimera, we identified several mutations that make 

this intein more tolerant of the C-extein sequence SGV, 

rather than CFN.7 Intriguingly, one of these mutations was 

an Asp-to-Tyr mutation adjacent to His125 (Asp124). We 

found that this mutation enhanced the rate of Npu splicing 

by 50% in the presence of Ala+2 (Figure 7A, compare reac-

tions 12 and 17). Importantly, this mutation was still toler-

ated when Phe+2 was present, suggesting that it increases 

overall promiscuity towards C-exteins (compare reactions 

1 and 16). The Npu NMR structure28 and the Ssp crystal 

structures29,30 indicate that Asp124 packs against a β-turn 

from the N-intein. Given this close packing, the bulky 

D124Y mutation would require conformational rear-

rangement and possibly also rigidification of the catalytic 

His125 loop, which can modulate activity. As predicted, in a 

100 ns MD simulation of NpuD124Y with a CAN(NH2) C-

Page 7 of 19

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org/action/showImage?doi=10.1021/ja401015p&iName=master.img-033.jpg&w=236&h=455
http://pubs.acs.org/action/showImage?doi=10.1021/ja401015p&iName=master.img-033.jpg&w=236&h=455
http://pubs.acs.org/action/showImage?doi=10.1021/ja401015p&iName=master.img-033.jpg&w=236&h=455
http://pubs.acs.org/action/showImage?doi=10.1021/ja401015p&iName=master.img-033.jpg&w=236&h=455
http://pubs.acs.org/action/showImage?doi=10.1021/ja401015p&iName=master.img-033.jpg&w=236&h=455
http://pubs.acs.org/action/showImage?doi=10.1021/ja401015p&iName=master.img-033.jpg&w=236&h=455
http://pubs.acs.org/action/showImage?doi=10.1021/ja401015p&iName=master.img-033.jpg&w=236&h=455
http://pubs.acs.org/action/showImage?doi=10.1021/ja401015p&iName=master.img-033.jpg&w=236&h=455


 8

extein, the His125 loop conformation was altered, His125 

rotamer dynamics were constrained, and Asn137 persis-

tently remained above the His125 loop, similar to the 

NpuWT-CFN(NH2) simulation (Figures 7B-D, S21, and S22). 

This simulation suggests that the D124Y mutation reduces 

C-extein dependence by recapitulating the constraints on 

active site dynamics typically applied by Phe+2, specifically 

the stabilization of His125 and the appropriate positioning 

of the C-intein/C-extein junction close to His125. 

DISCUSSION AND CONCLUSIONS 

In this report, we examined the molecular determinants 

for C-extein-dependent protein trans-splicing. This investi-

gation was facilitated by the utilization of protein semisyn-

thesis to generate inteins linked to a variety of C-exteins 

and by the development of novel kinetic assays that pro-

vide information about individual steps along the trans-

splicing reaction coordinate. Through these studies, we not 

only extracted information on C-extein requirements, but 

also gained additional mechanistic insights into split DnaE 

intein splicing. Specifically, our experiments confirmed 

that branched intermediate resolution is the slowest step 

for PTS (k3). They also provided evidence supporting the 

notion that some DnaE inteins have a highly activated N-

terminal splice junction (k1/k2 > 2 for all Npu constructs), 

consistent with our previous report.9 Interestingly, this N-

terminal activation appears roughly ten-fold slower and is 

significantly less efficient (k1/k2 = 0.67) for the Ssp intein. 

Additionally, we found that for Npu, the rate of Asn cycliza-

tion upon BI formation is 200-fold faster than its rate in 

the absence of the branched structure. Stimulation of Asn 

cyclization upon BI formation is also found in the cis-

splicing GyrA intein.27 We propose that this kinetic stimu-

lation is a common feature of inteins, in effect creating a 

trigger that helps ensure the proper fidelity of the reaction 

by minimizing premature cleavage of the C-extein. Lastly, it 

is particularly surprising that the H125N mutation does 

not completely abolish BI resolution, but rather reduces its 

rate 60-fold. Indeed, the splicing rate of this mutant is still 

faster than for wild-type Ssp. For many non-DnaE inteins, 

this step requires two histidine residues, one analogous to 

His125 and another immediately preceding the C-terminal 

Asn residue.27,31 Given the lack of this penultimate histidine 

in the DnaE inteins, His125 has been implicated as the sole 

general acid/base for BI resolution.29 Our data suggest that 

while His125 is clearly important for BI resolution, other 

unidentified residues must also contribute to catalysis of 

this step. 

The current study improves our understanding of the re-

lationship between C-extein composition and trans-

splicing efficiency. The kinetic data indicate that the C-

extein almost exclusively affects the BI resolution step. 

Within the C-extein, we identified specific functional 

groups that contribute significantly to splicing kinetics, in 

particular the Phe+2 side-chain. Our NMR experiments and 

MD simulations illustrate that this bulky functional group 

constrains active site motions, forcing catalytic histidine 

and asparagine residues and the scissile peptide bond in 

close proximity. The need for a bulky side-chain at the +2 

position is further highlighted by a recent genetic selection 

study on the Npu intein showing that Trp is also well toler-

ated at this position.10 Collectively, these data paint a pic-

ture of the Npu active site that effectively extends beyond 

the intein domain itself to include the +2 C-extein residue.  

During protein trans-splicing, the N-extein is transferred 

from the N-terminus of the intein onto a C-extein side-

chain, thereby created a unique branched protein struc-

ture. As BI resolution is the slowest and often rate limiting 

step for many inteins, this structure is most relevant to 

overall activity. To date, all published high-resolution 

structural data on inteins examine either a precursor or 

product form of the intein. While these studies, including 

this report, have provided substantial insights into the 

structural basis for protein splicing, they cannot examine 

interactions that are exclusively present in the branched 

intermediate. Indeed, our kinetic analyses revealed several 

important functional groups in the C-extein that affect BI 

resolution (Figure 4C), however only in the case of the 

Phe+2 side-chain could we postulate any kind of structural 

basis of this. Thus, these results reinforce the need for 

high-resolution structural information on the branched 

intermediate in the protein splicing reaction. 

The fullest deployment of split inteins in protein engi-

neering ultimately requires a truly traceless trans-splicing 

system with no sequence requirements. While bulky hy-

drophobic residues other than phenylalanine are tolerated 

at the critical +2 position for DnaE inteins, thus alleviating 

some sequence constraints,5,10,25 these inteins are still only 

modestly promiscuous. Our results suggest that the inter-

play between the C-extein and the His125 active site loop 

has direct implications for the rational design of improved, 

more extein-tolerant split inteins. Indeed, the D124Y point 

mutation on this flexible loop increases the tolerance of 

Npu for a +2 alanine residue without affecting its activity 

in a native context. In a recent directed evolution endeavor 

on a DnaB family intein, a mutation at this position was 

also found to reduce C-extein sequence constraints.32 Fur-

thermore, we previously demonstrated that mutating oth-

er residues on this loop can generally enhance the activity 

of Ssp9 and the NpuN-SspC chimera7 in a native C-extein 

context. These results collectively indicate that the con-

formational preferences of this loop are intimately linked 

with inadequate BI resolution both for intrinsically slow 

inteins and for efficient inteins in an exogenous C-extein 

context. Thus, this loop is a hot-spot on the intein structure 

that should be explicitly targeted in future engineering 

efforts for the design of more high-activity, broad-

specificity inteins. 

EXPERIMENTAL SECTION 

Semisynthesis of C-intein constructs. Semisynthetic 

IntC-extein proteins were generated through Expressed 

Protein Ligation of a synthetic fragment, corresponding to 

the desired model C-extein, and a reactive recombinant 

fragment corresponding to the C-intein. Model C-exteins 

were synthesized using standard solution based or solid 

phase protocols (see Supporting Information for details). 

Reactive recombinant IntC polypeptides were derived from 

the corresponding IntC-GyrA-H6 fusion proteins, which 

were expressed in E. coli and purified using standard 

methods (Figure S4). Ligation reactions involved treat-

ment of the purified IntC-GyrA-H6 fusion with an excess of 

the model C-extein usually in the presence of an additional 
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thiol. Semisynthetic products were purified by preparative 

RP-HPLC and characterize by ESI-MS (Figure S7 and Table 

S2).  

Expression and purification of N-Intein constructs. 

AEY-NpuN and AEY-SspN were expressed with an N-

terminal His6-SUMO tag in E. coli BL21(DE3) cells from an 

IPTG-inducible protein expression vector. The cells were 

lysed by sonication and the protein was enriched over Ni-

NTA resin in a pH 8.0 phosphate buffered saline solution. 

The proteins were eluted from the Ni column in the pres-

ence of 250 mM imidazole (Figure S5), and the elutions 

were dialyzed to reduce the imidazole concentration to 5 

mM. The dialyzed solutions were treated for 12 hours at 

room temperature with His6-tagged Ulp1, a SUMO-specific 

protease, to yield the desired products. The proteolysis 

reactions were passed over Ni-NTA resin to deplete unre-

acted starting material, the cleaved His6-SUMO tag, and 

Ulp1 (Figure S6). The proteins were further purified by 

size exclusion chromatography on a Superdex 75 column 

in splicing assay buffer (100 mM sodium phosphates, 150 

mM NaCl, 1 mM EDTA, pH 7.2) supplemented with 1 mM 

DTT. Product identities were confirmed by ESI-MS, and 

their purities were assessed by analytical RP-HPLC (Figure 

S7 and Table S2).   

RP-HPLC and ESI-MS analysis of splicing assays. Prior 

to any splicing assay, the N-intein solutions were dialyzed 

against splicing assay buffer (100 mM sodium phosphates, 

150 mM NaCl, 1 mM EDTA, pH 7.2) overnight at 4°C. Note, 

thiols were omitted from this buffer since substantial N-

extein cleavage was observed for reactions with a slow k3. 

N-inteins and C-inteins were diluted to 15 µM and 10 µM, 

respectively, and TCEP added to each solution to a final 

concentration of 2 mM. Splicing reactions were initiated by 

mixing equal volumes of N- and C-inteins at 30 °C. During 

the reaction, aliquots of the solution were removed and 

mixed 3:1 (v/v) with quenching solution (8 M guanidine 

hydrochloride and 4% trifluoroacetic acid). For RP-HPLC 

analysis, 100 µL of the quenched solutions were separated 

over a C18 analytical column, recording absorbance at 214 

nm, and major peaks were collected and identified by ESI-

MS (Figures 3A and S9 and Table S3). For direct ESI-MS 

analyses, 20 µL of the quenched solutions were desalted 

using Millipore C18 Zip-Tips, diluted, and loaded on the 

mass spectrometer by direct infusion. The complex mix-

ture of multiply-charged states of each species were de-

convoluted into spectra depicting a well-defined mixture of 

singly-charged species (Figure 3B and S10 and Table S3). 

Kinetic analysis. Peaks corresponding to species 1-5 in 

either the RP-HPLC chromatogram or ESI-MS spectrum 

were integrated and expressed as a fraction of total peak 

intensity for each time point. For the RP-HPLC analyses, 

the product was expressed as the sum of the integrated 

intensities for species 3-5 to account for changes in rela-

tive extinction coefficients. For ESI-MS analyses, the prod-

uct was expressed as the sum of the integrated intensities 

of only species 3 and 4, since species 5 was not visible and 

the ionizability of 1-4 was assumed to be identical. The 

time-dependent reaction curves for all three states of the 

reaction (Figures S11 and S12), starting material (1), 

branched intermediate (2), and products (3-4 or 3-5), 

were collectively fit to the analytical solution for the cou-

pled differential equations describing our kinetic model 

(Figure 3C and Supporting Information). From this global 

fit, we extracted the values for k1, k2, and k3 for each indi-

vidual reaction. ksplice splice was determined by fitting the 

product formation curves (3-4 or 3-5) to a first-order rate 

equation. Reactions were repeated three or four times, and 

the average and standard deviation of all four kinetic pa-

rameters are reported in Table 1. 

NMR spectroscopy. NMR experiments were carried out 

on uniformly 15N,13C-labeled NpuC
N137A ligated to unlabeled 

C-exteins (CFN(NH2) or CAN(NH2)) in complex with unla-

beled AEY-NpuN
C1A. Experiments were run on either 

600MHz (Bruker or Varian Inova), 800MHz and 900MHz 

Bruker spectrometers. Backbone resonance assignments of 

labeled NpuC in complex with NpuN were achieved using 

triple resonance experiments with standard pulse se-

quences.33 The complex harbors one histidine (His125). The 

side-chain carbons, Cδ2 and Cε1, of His125 were resolved 

with a standard 13C,1H aromatic HSQC experiment.34-36 

Standard pulse sequences were used for the measure-

ments of R1, R2 and 15N-1H NOE rates. 

Molecular dynamics simulations. All-atom molecular 

dynamics simulations were performed on Npu constructs 

at constant temperature and pressure (300 K and 1 atm) 

using the molecular dynamics suit AMBER11.37,38 Simula-

tions contained explicit water molecules and the net 

charge of the system was neutralized with sodium ions. 

The constructs were generated from the first representa-

tive solution NMR structure of Npu (PDB 2KEQ).28 Prior to 

the simulations, this structure was modified in silico using 

UCSF Chimera39 to generate the constructs of interest, 

namely, (1) a wild-type split intein complex with canonical 

extein sequences (AEY-NpuN : NpuC-CFN(NH2)), (2) a wild-

type split intein complex with a mutant C-extein (AEY-

NpuN : NpuC-CAN(NH2)), and (3) a D124Y mutant with the 

same mutant C-extein sequence (AEY-NpuN : NpuC
D124Y-

CAN(NH2)). 500 ns long simulations were run for the wild-

type CFN and CAN constructs, and a 100 ns long simulation 

was run for the D124Y mutant. Prior to the runs, a series of 

minimization, heating and density equilibration steps were 

performed. 

ASSOCIATED CONTENT 
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