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Abstract
Split inteins carry out a naturally occurring process known as protein trans-splicing, where two
protein fragments bind to form a catalytically competent enzyme, then catalyze their own excision
and the ligation of their flanking sequences. In the past thirteen years since their discovery,
chemists and biologists have utilized split inteins in exogenous contexts for a number of
biotechnological applications centered around the formation of native peptide bonds. While many
protein trans-splicing technologies have emerged and flourished in recent years, several factors
still limit their wide-spread practical use. Here, we discuss the development, applications, and
limitations of split intein-based technologies and propose that further advancement in this field
will require a more fundamental understanding of split intein structure and function.
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I. Introduction
The convergent chemical synthesis of proteins by peptide fragment condensation has
significantly expanded our understanding of protein structure-function relationships. While
traditional biochemical techniques have relied on the production of proteins recombinantly,
typically limiting their scope to natural amino acid mutagenesis, chemical synthesis has
facilitated the introduction of unnatural amino acids, biophysical probes, and post-
translational modifications into proteins with relative ease.[1] Furthermore, the development
of various fragment condensation methods has allowed for the synthesis of larger structures
bearing virtually any desired functionality. In the most widely-used of such strategies, native
chemical ligation (NCL), two fragments are ligated by the reaction of a peptide bearing a C-
terminal thioester and an N-terminal cysteine containing peptide to first form a cysteinyl
peptidyl thioester which rapidly undergoes an S- to N-acyl shift, forming an amide bond.[2]

Importantly, this reaction can be carried out on unprotected peptides and results in a native
peptide bond.

The mechanism of NCL, along with the abundance of thioester chemistry found in nature
(e.g. non-ribosomal peptide synthesis[3] and ubiquitination enzyme cascades[4]), raises the
question: does Nature use native chemical ligation? In fact, a virtually identical cysteine/
thioester chemistry is used to form peptide bonds by a naturally occurring class of proteins
known as inteins.[5] These single-turnover enzymes catalyze their own excision from a
larger precursor protein with concomitant ligation of N- and C-terminal flanking sequences
(N- and C-exteins) through a native peptide bond. A small subset of inteins exist as split
protomers (N- and C-inteins/IntN and IntC) that are transcribed and translated as separate
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polypeptides but rapidly associate to carry out the canonical ligation reaction. This process,
known as protein trans-splicing (PTS), is analogous to native chemical ligation and peptide
fragment condensation in general (Figure 1, PTS and NCL). Thus, split inteins are Nature's
protein ligases.

II. History and Applications of Protein Trans-Splicing
Protein splicing was first observed in baker's yeast, Saccharomyces cerevisiae, in 1990.[6]

Since then, several hundred inteins have been found in microorganisms from every domain
of life.[7] Early studies of these peculiar proteins relied on naturally intact inteins, as there
was no notion that such a complex enzyme might exist in parts. Nonetheless, it was apparent
that a protein that catalyzes both the cleavage and formation of peptide bonds could be a
useful tool for protein engineering and biochemistry. Indeed, intact inteins quickly became a
staple of the protein chemist's toolbox, providing access to tagless proteins[8] and
recombinant C-terminal protein thioesters.[9] Importantly, the latter can be used as a reactive
handle for native chemical ligation onto recombinant proteins, a technology known as
expressed protein ligation (EPL).

In 1998, several groups reported that when intact inteins are artificially split and isolated as
separate protein fragments, these protomers can reassemble and catalyze protein splicing in
trans.[10-12] Although early artificially split intein systems required unfolding, mixing, and
refolding steps, these enzymatic fragment condensations opened the door to myriad protein
chemistry technologies. The first significant application of PTS, segmental isotopic labeling
for NMR spectroscopy (Figure 2a), was demonstrated by Yamazaki et al.[12] In this seminal
study, an intein from the thermophile Pyrococcus furiosus (PI-PfuI) was artificially split,
and its protomers were fused to two fragments of the C-terminal domain of RNA
polymerase α-subunit (αC). The fragment fusions were separately expressed with or
without 15N isotopic labeling, and full-length αC was generated by PTS. By splicing a
labeled fragment with an unlabeled fragment, the authors showed that the resulting protein
had a substantially simplified protein NMR spectrum, bearing only resonances
corresponding to the labeled αC portion. Importantly, these resonances coincided precisely
with those of a sample generated by expression of the globally labeled contiguous gene.

Although this technology was a potentially powerful tool for facilitating NMR spectroscopy
of large protein architectures, its practical application was stifled by a number of technical
drawbacks. First, as artificially split inteins could not reassemble without denaturation and
cooperative refolding, segmental labeling was limited to protein targets that were known to
be refoldable. Furthermore, PI-PfuI and other known inteins were stringent with regards to
local extein residues. This often required the introduction of non-native residues in the target
protein surrounding the splice junction. Due to these limitations, segmental isotopic labeling
by PTS saw limited use and awaited more efficient and well-behaved split inteins. In the
meantime, segmental labeling techniques were developed using EPL and subsequently more
widely applied.[13-17]

In a groundbreaking study, Liu and coworkers reported that the catalytic subunit of DNA
polymerase III (DnaE) from the cyanobacterium Synechocystis sp. strain PCC6803 (Ssp)
exists as a discontinuous gene containing two fragments fused to sequences homologous to
the N- and C-terminal regions of inteins.[18] When co-expressed in E. coli, these split intein
fusions catalyzed protein trans-splicing, demonstrating that functional split inteins exist in
Nature. The discovery of the naturally split SspDnaE intein effectively ablated one major
limitation of PTS-based segmental isotopic labeling: the need for refolding. Furthermore,
since this split intein could assemble and splice under native conditions, it allowed for more
efficient in vivo methods for the incorporation of NMR probes.[19]
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Beyond its contribution to NMR spectroscopy, the SspDnaE intein proved useful for a
number of other applications, most significantly the cyclization of proteins and peptides
(Figure 2b). Immediately after the discovery of SspDnaE, Benkovic and coworkers
developed a method for in vivo split intein-mediated circular ligation of peptides and
proteins (SICLOPPS).[20] By inverting the order of intein fragments around a polypeptide of
interest, (IntC-target-IntN), they demonstrated that a target sequence could be head-to-tail
cyclized. This reaction resulted in the formation of a native amide bond upon excision of the
N- and C-inteins, leaving behind a single cysteine residue. The power of this technology was
two-fold. First, it allowed for the production of cyclic proteins with enhanced biological
properties conferred by their augmented stability.[21, 22] Perhaps more significantly, it
provided a method to generate large libraries of genetically encoded cyclic peptides. Using
SICLOPPS, researchers have discovered methyltransferase inhibitors,[23] protease
inhibitors,[24] modulators of protein-protein interactions,[25] and molecules that reduce the
cellular pathology of Parkinson's disease.[26]

Split inteins have also proven useful for protein semi-synthesis.[27] Like other fragment
condensation methods, PTS can be used to ligate polypeptides bearing modifications or non-
peptidic moieties. Compared with synthetic methods, however, PTS holds two significant
technical advantages: one or both fragments can be generated recombinantly, increasing the
size-limits of protein semi-synthesis; and reactions can be carried out efficiently at low
concentrations. Rates of chemical ligation reactions are strongly concentration dependent, as
they rely on the random collision of peptide fragments.[28] PTS by naturally occurring split
inteins, however, is facilitated by a tight protein-protein interaction and thus shows low
concentration dependence. Indeed, the dissociation constant of the SspDnaE fragments is
low-nanomolar, and their association rate approaches the diffusion limit for molecules of
that size.[29]

Despite these benefits, protein semi-syntheisis using SspDnaE has one major drawback: the
N- and C-intein fragments are 123 and 36 amino acids, respectively, and the split site is
conserved in all other naturally occurring split inteins. Thus, the N-intein is beyond the
scope of efficient linear peptide synthesis, and while the C-intein is accessible by solid-
phase peptide synthesis, the addition of any synthetic cargo as a C-extein puts this fragment
nearly out of reach as well. To address this problem, several groups revisited the notion of
artificially split inteins, in search of PTS systems with at least one, short, synthetically
tractable intein fragment. One particularly interesting result of these studies was the
discovery that the naturally intact DnaB intein from Ssp could be split 11 residues from its
N-terminus to generate a functional PTS system.[30] Unlike naturally split inteins, which all
have a shorter C-intein, the split SspDnaB intein could be used to splice synthetic moities
onto the N-termini of proteins.[31] Additional studies have uncovered artificially split inteins
with C-fragments as short as 6 and 15 amino acids.[32, 33] Although these new split inteins
resolve the issue of synthetic accessibility, they are typically used at high concentrations,
presumably due to their diminished binding affinities relative to naturally occurring split
inteins.[34]

The most significant advantage of PTS-based protein semi-synthesis over chemical ligation
is that it can be readily applied in vivo (Figure 2c). In purified systems, reaction specificity
is governed simply by the functional groups present in the molecules of interest, but in
living systems, orthogonal protein chemistry becomes increasingly challenging.[35] Split
inteins overcome this problem by acting as a ligation auxiliary that engenders virtually
absolute specificity to the splicing reaction of interest. Indeed PTS has been used in vivo to
label proteins with synthetic probes[36] and to construct a therapeutic gene product from its
fragments.[37] In the later study, the authors overcame the size-limitations of adeno-
associated viral vectors for gene therapy by splitting the cargo into two fragments and
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assembling the therapeutic target in vivo by PTS. Importantly, this work demonstrated the
potential utility of split inteins as more than just a research tool.

Conditional protein splicing (CPS), the activation or inhibition of protein splicing in the
presence of an extrinsic modulator, is perhaps the most intriguing application of split inteins
(Figure 2d). CPS systems show promise as a powerful tool to manipulate protein function in
vivo. While such modules have been developed with intact inteins,[38] split inteins provide
an optimal platform for CPS, given that control over fragment complementation inherently
implies control over protein splicing. Indeed split intein CPS systems have been engineered
to be responsive to small molecules,[39, 40] light,[41-43] and proteolysis.[41] In an interesting
recent study from Mootz and coworkers, an artificially split SspDnaB intein was outfitted
with an uncleavable isopeptide bond bearing a peptidyl side-chain at position 1 of the N-
intein and a photo-cleavable 4,5-dimethoxy-2- nitrobenzyl (DMNB) group capping the N-
terminus in place of an N-extein.[44] This construct was splicing-incompetent, however upon
photolysis of the DMNB moiety, it efficiently catalyzed C-extein cleavage, releasing a
protein of interest with a free N-terminus. As proof of concept of this technology, the
authors demonstrated that they could control a coagulation cascade in human blood plasma
by photo-caging the activity of prothrombin. Importantly, this study not only showed the
potential power of CPS, but it also demonstrated that PTS side reactions could be harnessed
to control protein function.

III. A New Era for Protein Trans-Splicing
Despite the development of numerous technologies based on PTS, until recently, most
variations of this ligation technique were limited by the properties of available split inteins.
The activities of most tested split inteins, especially the naturally occurring SspDnaE intein,
were shown to be strongly dependent on the identity of extein residues.[45] As a result,
ligation sites in a target protein were limited to sequences similar to endogenous extein
sequences or required mutation of neighboring residues. Furthermore, barring a few
artificially split systems,[46] PTS is a slow process, despite its enzymatic nature. In fact, it
was generally believed that protein splicing, which requires the cleavage of two peptide
bonds and the formation of a third, always occurred on the time-scale of hours. For many
inteins, including SspDnaE, this rate could be even slower in the presence of exogenous
extein sequences and at temperatures above 30°C.

In 2003, the Pietrokovski group carried out a genomic study of cyanobacterial dnaE genes
and systematically identified split DnaE inteins homologous to SspDnaE in several new
organisms (Figure 3a).[47] Despite their discovery and sequence analysis of several new
naturally split inteins, few attempts were made to characterize or compare their splicing
efficiencies in vivo or in vitro.[48] In a landmark paper, Iwai et al demonstrated that PTS
catalyzed by the split DnaE intein from the cyanobacterium Nostoc punctiforme (Npu) is
substantially more efficient than that of SspDnaE.[49] Furthermore, the authors showed that
NpuDnaE was significantly more promiscuous than SspDnaE with regards to C-extein
sequences. In a follow-up study, Mootz and coworkers showed that NpuDnaE could
catalyze PTS in vitro with a reaction half-time as fast as 1 minute at 37°C, disproving the
notion that there is a practical speed limit for protein splicing.[50]

Given the superior properties of NpuDnaE compared to other split inteins, it is not surprising
that several applications of this intein have emerged in the past few years. In a recent study,
Becker and coworkers demonstrated that NpuDnaE could be used to efficiently lipidate the
C-termini of proteins for immobilization onto liposomes or lipid-coated nanoparticles.[51] In
another semi-synthesis report, NpuDnaE was used to modify trans-membrane and
glycosylphosphatidylinositol (GPI) anchored proteins on the surface of living cells.[52] This
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split intein has also emerged as a useful tool for segmental isotopic labeling of proteins.[53]

In an exciting recent study, the wild-type NpuDnaE intein was used in conjunction with a
linearly permuted form to carry out tandem three-piece ligation reactions of proteins.[54]

This technology was used to isotopically label the central domain of a protein containing
three homologous domains with substantial chemical shift overlap. By segmentally labeling
each domain of the protein separately, the authors were able to significantly reduce the
complexity of its NMR spetra for future structural studies.

IV. A Reductionist Approach to Protein Trans-Splicing
An emerging theme in split intein research is that the limitations of existing PTS systems
have fueled the discovery or development of new and improved split inteins. In moving
forward, it is apparent that expanding the scope and utility of split inteins will require a
deeper understanding of what drives or restricts efficient trans-splicing. Three recent studies
highlight this notion. As stated above, the major hindrance in using naturally split inteins for
protein semi-synthesis is synthetic accessibility due to size. As the split site is conserved in
naturally split inteins (Figure 3a), this hurdle also applies to NpuDnaE. Recognizing this, the
Iwai group sought to find a new split site that provided one synthetically tractable intein
fragment while still allowing splicing.[55] To achieve this goal, the authors solved the
solution structure of a fused form of NpuDnaE by NMR spectroscopy (Figure 3b). Then
they employed 15N relaxation measurements to identify flexible regions in the protein
structure which might be an appropriate place for a new split site. Using this strategy, they
found that a 6 amino acid C-intein could be used in conjunction with its cognate extended
N-intein to catalyze PTS. Not only did this study provide a new tool for protein semi-
synthesis, but it also provided invaluable structural information for this important intein.

Another aforementioned limitation of PTS is the requirement for specific extein residues
beyond the required catalytic cysteine. While NpuDnaE is more promiscuous than SspDnaE
and other split inteins in this regard, it still shows some extein dependence. In a study from
our group, we demonstrated that in the presence of exogenous C-extein residues, the rate
limiting step for PTS by DnaE inteins is succinimide formation and resolution of the
branched intermediate.[56] Armed with this information we used an in vivo directed
evolution approach to enhance the promiscuity of a Npu/SspDnaE chimera. This study
demonstrated that extein dependence is not an unsolvable problem, and it generated the first
laboratory selection system for the development of split inteins with enhanced properties.
Indeed, in the same study, we used this system to evolve a split DnaE chimera that spliced
efficiently at 37°C and showed that this intein could be used in mammalian cells.

The largest known group of naturally split inteins are the cyanobacterial DnaE inteins. Due
to their highly homologous nature, N- and C-inteins from various organisms are known to
cross-react, prohibiting their simultaneous use for multiple one-pot ligation reactions.[48, 49]

In another recent study from our lab, we sought to determine whether this limitation could
be overcome by identifying a common sequence feature of split inteins that might promote
this cross-reactivity.[57] It had previously been postulated that split intein association is
driven by significant charge segregation between the N- and C-intein fragments.[29, 48] A
bioinformatic analysis of intein sequences and visual inspection of the NpuDnaE structure
showed that this charge segregation is unique to split inteins and manifests as specific
intermolecular ion clusters at the intein fragment interface (Figure 3). We demonstrated that
swapping charges within several of these ion clusters in NpuDnaE altered split intein
binding affinities and splicing kinetics, and we used this strategy to generate a mutant split
intein with low cross-reactivity to NpuDnaE. This allowed for the catalysis of two trans-
splicing reactions in one pot with high selectivity. Presumably, this new mutant intein is also
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orthogonal to other split DnaE inteins, given the conserved property that were exploited and
perturbed, however this remains to be tested.

V. Summary and Outlook
In the 14 years since its discovery, protein trans-splicing has evolved from a curious but
handicapped process to an efficient ligation method with broad technological applications.
Split inteins, like their intact counterparts, are now an indispensible member of the protein
chemists' toolbox. Despite the persistent limitations of PTS, several technologies based on
this technique have thrived. In particular, well established protocols are now in place for the
split intein-mediated production of genetically encoded cyclic peptide libraries.[58] Given
this, SICLOPPS as emerged as a fruitful strategy for drug discovery, in particular for
targeting protein-protein interactions. The application of PTS to structural biology,
especially NMR spectroscopy, has also proven to be rewarding.[59] With the development of
PTS systems that can facilitate the construction of larger, more complex proteins,[54, 57] the
upper size limits for protein analysis by NMR are rapidly being raised. Furthermore, with
the discovery of NpuDnaE and the development of non-canonically split inteins, the
application of PTS to protein semi-synthesis may soon rival that of chemical ligation
techniques.

We now have a variety of highly efficient wild-type and engineered split inteins at our
disposal, however some applications of PTS are still in their infancies. Conditional protein
splicing with split inteins, for example, is effectively a proof-of-principle application. The
promise of this technology both for basic research and therapeutics remains unfulfilled. In
large part, this is due to the splicing efficiency of many existing CPS systems, which are
based on artificially split inteins. Only two CPS modules have been developed that control
the activity of a naturally split intein, SspDnaE, by modulating its reactivity[41] or fragment
assembly.[43] This is not surprising, given our lack of understanding of how split inteins
bind and fold into the complex intein-fold topology (Figure 3b). Thus, the creation of a truly
efficient conditional trans-splicing system would require a thorough understanding of the
relationship between fragment assembly and catalysis in a highly active split intein such as
NpuDnaE.

As more microbial genomes are sequenced, the number of split inteins is rapidly growing.
To date, there are roughly 50 unique sequences of split inteins reported based on genomic
data mining, however few of these have been experimentally shown to catalyze
PTS.[7, 47, 60, 61] Furthermore, little work has been carried out to rigorously characterize the
splicing activities of experimentally validated split inteins in a parallel and systematic
fashion,[48, 50] and few studies have measured their fragment binding affinities.[29, 57] The
largest established class of split inteins, the cyanobacterial DnaE inteins (Figure 3), come
from an ecologically diverse class of organisms.[62] While these microbes live in a wide
array of environments, including some with high temperatures or high salinity, protein
splicing has yet to be critically examined or utilized under such exotic conditions. Having
distinct inteins that could catalyze PTS under unique conditions would be an enormously
useful addition to our existing array of protein ligation tools. Thus, it appears as though
nature's protein ligases still retain some untapped potential.
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Figure 1.
The mechanism of protein trans-splicing and native chemical ligation.
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Figure 2.
Applications of protein trans-splicing.
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Figure 3.
Sequence and structural features of split Dnae inteins. a) Sequence alignment of 19 unique
naturally split DnaE inteins. b) NMR structure of NpuDnaE (PDB code: 2KEQ) highlighting
intermolecular electrostatic interactions. The N- and C-inteins are shown in black and gray,
respectively. Acidic residues are shown in red, basic residues are shown in blue, and
terminal catalytic residues are shown in orange. c) Comparison of calculated isoelectric
points (pI) for the N- and C-terminal fragments of naturally split inteins and the N- and C-
terminal sequences of naturally intact inteins.
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