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Obtaining insights into the molecular structure and dynamics of a protein by NMR spectroscopy
and other in-solution biophysical methods relies heavily on the incorporation of isotopic labels or
other chemical modifications such as fluorescent groups into the protein of interest. These types
of modifications can be elegantly achieved with the use of split inteins in a site- and/or
region-specific manner. Split inteins are split derivatives of the protein splicing element intein, and
catalyze the formation of a peptide bond between two proteins. Recent progress in split intein

engineering provided the opportunity to also perform peptide bond formation between a protein
and a chemically synthesized peptide. We review the current state-of-the-art in preparing
segmental isotope-labeled proteins for NMR spectroscopy, and highlight the importance of split
intein orthogonality for the ligation of a protein from multiple fragments. Furthermore, we use
split intein-mediated site-specific fluorescent labeling as a framework to illustrate the general

usefulness of split inteins for custom protein modifications in the realm of structural biology.
We also address some limitations of split intein technology, and offer constructive advice to

overcome these shortcomings.

1. Introduction

Structural biology is engaged in analyzing ever larger and
more complex systems, driven by the fact that a full understanding
of biological function requires to target the multi-protein
assembly in which a biomolecule is constitutively or transiently
involved. Quantitative analysis of protein complexes, protein
structures and their dynamics in situ could shed lights on how
proteins actually function in living organisms through structural
changes and interactions with other biomolecules. Modern
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biophysical methods such as X-ray crystallography can
provide high-resolution three-dimensional structures of large
multi-component systems of even over a few megadalton,
although it requires crystallization and largely lacks
dynamical aspects of the systems. Optical methods including
Fluorescence Resonance Energy Transfer (FRET) and Electron
Spin Resonance (ESR) spectroscopy have been used to detect
molecular assemblies and structural changes of proteins at low
resolution, which can be applied to any size of systems
with information on dynamics ranging from picoseconds to
minutes. Nuclear Magnetic Resonance (NMR) spectroscopy is
unique in providing high-resolution three-dimensional protein
structures, their populations, and dynamics ranging from
picoseconds to days, despite the molecular size limit. Recent
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progresses in NMR techniques and instruments have extended
the size limitation, and it is now possible to study biological
macromolecules or supra-molecular assemblies with masses
higher than 100 kDa.! structural analysis by
biophysical methods like optical, ESR, or NMR spectroscopy
has often been hampered by available probes (e.g. isotopes,
electrospins and fluorophores). The importance of labeled
samples has become apparent, e.g. by the fact that structure
determination of proteins up to 20-30 kDa by NMR
spectroscopy has tremendously advanced since preparation
of 1BC, "N doubly isotope-labeled samples from E. coli
became a routine procedure. Advanced selective isotopic
labeling of proteins has extended applications of NMR
spectroscopy to even bigger proteins. 'H,'*C methyl-labeled,
highly deuterated proteins in concert with experiments that
exploit the methyl-TROSY effect have facilitated the study of
very high molecular weight proteins of >200 kDa although
site-specific assignments still remain the main challenge.> The
application of optical approaches such as FRET is limited to
proteins containing two or more fluorescent probes, even
though there is no size limitation. Selectively labeled proteins
with fluorophores could also widely be used for analysis of
intermediate protein structures during protein folding, and
dynamics of interactions with biomolecules. Thus, the limiting
step in structural studies of proteins and protein complexes
in vitro as well as in vivo by biophysical methods is frequently
the preparation of proteins of interests with desired labels at

However,

specific sites and/or regions. Because structural analysis of
transiently formed complexes and structural studies in living
systems are very challenging with conventional approaches,
site-specifically labeled samples could play a vital role in
extracting structural information from these complex systems.
Protein trans-splicing (PTS) has great potential to become an
indispensable tool that could advance the current applications
of biophysical methods in studying intact multi-domain
proteins and larger protein complexes by facilitating site-
and/or region-specific labeling of proteins in vitro as well
as in vivo.

2. Protein trans-splicing: split inteins

Protein trans-splicing is a remarkable biological process,
whereby a full-length protein is reconstituted from two fragments
through the formation of a peptide bond®* (Fig. 1b). This
protein ligation reaction is catalyzed by split inteins, which
represent a distinct subgroup of protein splicing elements
referred to as inteins® (Fig. la). The term intein is derived
from internal protein because inteins are imbedded into the
open reading frame of a host protein, much like introns in
pre-mRNA. Consequently, the flanking host protein sequences
are called exteins (from external protein), and the primary
translation product is usually referred to as the precursor
protein. In the case of split inteins, the open reading frame
of the precursor protein is fragmented into two separate genes,
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Protein ligation strategies. Protein ligation by protein splicing utilized by contiguous inteins (a) and split inteins (b). Exteiny and exteinc

refer to the N- and C-terminal extein sequences, respectively. The side chain of the nucleophilic residue at position + 1 is shaded in grey, and is
retained in the ligation product. Both the + 1 residue, as well as the nucleophilic residue at the beginning of the intein are shown as cysteines,
although they can also be Ser (at position 1) or Ser and Thr (at position + 1) in class I inteins. (c) shows a schematic representation of protein
ligation between two reactants A and B by expressed protein ligation (EPL) and native chemical ligation (NCL). The term NCL is used when both
ligation reactants are generated by chemical synthesis, EPL is used when at least one reactant is prepared by recombinant methods (top half).
A C-terminal thioester on a recombinant protein is conveniently prepared using a self-cleavable intein tag bearing a mutation of the terminal Asn
residue (N — A). An N-terminal Cys residue is commonly achieved by employing a self-cleavable intein tag carrying a mutation of the nucleophilic
residue at position 1 of the intein (e.g. C — A) or proteolysis. This Cys residue is thus a prerequisite for protein ligation using both NCL and EPL,
and is retained in the ligation product.
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with the break in sequence occurring within the intein, thus the
designation “‘split intein”’.

Protein ligation by protein trans-splicing does not require
energy equivalents such as ATP but is solely dictated by the
intein structure encoded in the primary structure, along with
the first residue of the C-terminal extein (called the + 1 residue).
The currently accepted canonical protein splicing mechanism
proceeds in four concerted nucleophilic displacement reactions®
(Fig. 2), which is preceded by an association step between the
N- and C-terminal intein halves in the case of split inteins.
In the initial reaction, the N-terminal extein sequence is
transferred to the side chain of intein residue 1 by an N-X
acyl rearrangement (X denoting either a sulfur (S) or oxygen
(O) atom), resulting in a linear ester intermediate. In the
second step, trans-esterification, the nucleophilic + 1 residue
of the C-extein attacks the ester bond of the linear
intermediate, resulting in the formation of a branched ester
intermediate, where the N-extein is linked to the C-extein by
an ester bond. The third step is catalyzed by the last intein
residue (most often Asn), which cyclizes to form a succinimide
ring, whereby the intein (or C-terminal split intein half) is
cleaved off the branched intermediate. The last step is a
spontaneous X—N acyl rearrangement between the esterified
exteins due to energetically favourable peptide formation,
resulting in the final formation of the peptide bond and thus
the ligated host protein.

2.1 Engineered split inteins

Split inteins can be artificially engineered from contiguous inteins
by dividing the intein sequence into two parts. In fact, artificial
split inteins were investigated even before the first natural split
intein was reported.>”® Splitting of inteins can be done both
within the protein-splicing domain and the endonuclease domain
(present only in bi-functional inteins). Artificial split inteins have
also been created from natural split inteins by first fusing the two
split intein halves together and then introducing the split site at a
location different from the natural site.>'° Naturally occurring
split inteins only contain a protein-splicing domain, with the split
site corresponding to the location of the endonuclease domain in
bi-functional inteins.* This location often represents a flexible
loop region within the intein structure,'®!'"'> which is able to
tolerate the introduction of a split site.

Recent advances in split intein engineering have revealed
that split inteins can also be created by introducing split sites
at locations differing from the canonical split site of naturally
occurring split inteins (Fig. 3), however, the location of the
split site in a loop region appears to be a general requirement
to retain splicing function. The most intriguing non-canonical
split inteins reported are those in which the split site was
brought in close proximity to either end of the intein sequence.
For example, the Ssp DnaB S1 split intein catalyzes protein
trans-splicing with an N-intein fragment that is 11 aa long,"
which is much smaller than the ~125 aa long N-intein
fragments of naturally occurring split inteins. Along similar
lines, split inteins with shortened C-terminal fragments have
successfully been engineered from both the naturally occurring
Npu DnaE split intein and a mini-intein derived from the
bi-functional Ssp GyrB intein, with C-intein sequences as short
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Fig. 2 Canonical protein splicing mechanism utilized by split inteins.
The N-precursor protein (comprising exteiny and inteiny) and
C-precursor protein (containing inteinc and exteinc) are expressed
from separate genes, followed by association of the inteiny and inteinc
parts of the split intein (step 1). The assembled split intein is now active
to catalyze the first step in the protein splicing reaction, an N-S acyl
shift involving the first residue of inteiny (step 2). The thioester
intermediate is then attacked by the first residue of exteinc in a
trans-thioesterification reaction (step 3), which also leads to physical
separation of inteiny from exteiny. Next, the last residue of inteinc
(Asn) forms a succinimide ring, effectively cleaving inteinc from the
esterified exteins (branched intermediate) (step 4). The split intein
likely remains assembled after the trams-splicing reaction. The final
reaction is a spontaneous S—N acyl shift between the esterified exteins,
leading to peptide bond formation between exteiny and exteinc
(step 5). Although the reactions shown in this scheme involve Cys
residues at position 1 of both inteiny and exteinc, other residues
(Ser and Thr) at these positions are possible.
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as 6 aa,'®!' a significant reduction in size compared to the

~30 aa long C-intein fragments of natural split inteins,
although the ligation efficiencies are generally lower than at
the original sites.

This journal is © The Royal Society of Chemistry 2010

Mol. BioSyst.


http://dx.doi.org/10.1039/C0MB00034E

Downloaded on 01 September 2010
Published on 31 August 2010 on http://pubs.rsc.org | doi:10.1039/COMB00034E

View Online

motif A
SspDnakE

NpuDnaE

Y/CLSFGTEILTVEYGP-LPIGKIVSEEINCS-—-VYSVDPEGRVYTQAIAQWHD-RGEQE 55

S/CLSY ETEILTXYGL—LPIGKIVE KRIECT---VYSVDNNGNIYTQPVAQWHD-RGEQE 55

SspGyrB-mini G/CFSGDTLVALTDGRS-VSFEQLVEEEKQGKQNFCYTIRHDGSIGVEKIINARKTKTNAK 59

SspDnaB-mini G/CLQGDSLISL;!TGKRVSIKDLLDE————KDFEIWAINEQTMKLESAKVSRVFCTGKKL 56
3 4

Bl B2

motif B
SspDnakE VLEYELEDGSVIRATSDHRFLTTDYQLLAIEEIFARQLDLLTLENIKQTEEALDNHRLPFP 109
NpuDnaE VEEYCLEDGSLIRATKDHKFMTVDGOMLPIDEIFERELDLMRVDNLPN-———-————————— 103
SspGyrB-mini VIKVTLDNGESIICTPDHKFMLRDGSYKCAMDLTLDDSLMPLHRKISTTEDS-—————-— G 119
A
SspDnaB-mini VY ILKT RLGXI KATZNHRFLT IDG-WKRLDELSLKEH IALPRK¥ SSSL&SP————EI E 116
B7 9
* £ * . * & * % * & *
motif F motif G
SspDnak LLDAGTIK-VKVIGRRSLGV-QRIFDIGLPQDHNFLLANGAIAAN/C 160
NpuDnaE = = -—————-——-—-— IKIATRKYLGK-QNVYDIGVERDHNFALKNGFIASN/C 139

A
SspGyrB-mini &EAVLNYNHRIVNIEAVSETIDVYDIEVPHTHNFALASGVE‘VHN/S 158

SspDnaB-mini KLSQSDIYWDSIVSITETGV—yEVFDLTVI%PHNFVANEIIVHN/S 156

B10

B11 p12

=k

Fig. 3 Naturally and artificially split intein sequences. The sequences of the natural Ssp and Npu DnaE split inteins and the engineered Ssp GyrB
and DnaB mini-inteins were aligned using ClustalW. Intein sequence motifs are given above the sequences. Also indicated below the Ssp DnaB
sequence are the B-strands found in the Ssp DnaB crystal structure (1 to $12). Black arrowheads mark the introduction of non-canonical split sites
into an intein without losing protein-splicing function. The A symbol next to a black arrowhead indicates the deletion of an intein endonuclease
sequence at this position. White arrowheads correspond to non-canonical split site insertions that resulted in non-functional split inteins. Filled

black diamonds indicate the split site of the two natural split inteins.

Split inteins with extremely short N- and C-terminal halves
are of significant interest for protein engineering as ‘ligation
tags’, because they can provide a facile means for the site-
specific incorporation of unnatural amino acids, fluorescent
labels or other biophysical probes into a protein in combination
with chemical synthesis. The N- or C-intein can be produced
by standard solid-phase peptide synthesis, and the label is
integrated into a short extein sequence. Protein trans-splicing
between the peptide and a recombinant protein containing the
remainder of the non-canonical split intein fused to the target
protein then results in appendage of the ‘labeled extein’ to the
target protein.'>!'® The advantage of using these non-canonical
split intein fragments for protein modification and labeling
instead of the natural split inteins is clearly their reduced size,
making their chemical synthesis less laborious and much more
cost-effective. It is not without reason why, for example, the
36 aa Ssp DnaE C-intein was so rarely exploited for protein
modification since its discovery in 1998.17°1

2.2 Application of split inteins

Apart from protein labeling, which can be accomplished using
either the semi-synthetic strategies described or purely
recombinant approaches,?® > split inteins have become
powerful tools in other protein engineering areas. Due to the
general promiscuity of split inteins towards extein sequences,

one can perform a multitude of protein ligations depending on
the purpose of the investigation. (1) Modular proteins can be
assembled from precursor fragments if production of the
full-length protein is problematic. This has for example been
applied to generate full-length phosphoinositide-dependent
kinase (PDK) 1 from precursors containing the N-terminal
catalytic kinase domain and the C-terminal pleckstrin
homology (PH)-domain,®® as well as the signal adaptor
protein c-CrkIL.>* (2) Single domain globular proteins can be
reconstituted from two fragments into a biologically active
full-length protein. This reconstitution approach has been the
basis for cell-based assays to monitor protein—protein inter-
actions> and the spatio-temporal expression of proteins using
split reporter proteins, like enhanced green fluorescent
protein® and luciferase,?’ for the production of environmentally
safe transgenic plants by reconstitution of herbicide-resistance
proteins from inactive precursor fragments,>>?° for gene
therapy,® and recently for reconstitution of a B-barrel membrane
protein.’! (3) Linear polypeptide chains can be cyclized by
inserting the desired protein sequence between a circularly
permuted split intein, so that as a result of protein trans-
splicing, the N- and C-termini of the target protein are joined
by a peptide bond.*> ¢ Alternatively to intein technology,
peptide bond formation between two protein partners can also
be accomplished by native chemical ligation,?” which is a
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Table 1 Orthogonality of naturally occurring and artificially split inteins. ‘—’ indicates combinations of split intein fragments Iy and I, which do
not cross-splice. Splicing of endogenous combinations are indicated by ‘+ . Blanks refer to combinations, which have not been tested for cross-
reactivity.
In

Ic Ssp DnaB Sce VMA PI-Pful PI-Pfull Ssp DnaE Mxe GyrA
Ssp DnaB + 67 2
Sce VMA 7 + 24
PI-Pful _%
PI-Pfull +
Ssp DnaE 24 +
Mxe GyrA — +

chemoselective reaction between a C-terminal thioester moiety
on one partner and an N-terminal Cys residue on the other
(Fig. lc).

2.3 Orthogonality of split inteins

To extend split intein based protein engineering from two-
fragment ligation to ligation of three or more fragments, it is
necessary to use functionally orthogonal split inteins in order
to prevent undesired side products due to cross-reactivity, e.g.
cyclized proteins. Several naturally occurring and artificially
split inteins have been examined for their orthogonality. The
natural DnaE split inteins from Nostoc punctiforme and
Synechocystis sp. PCC 6803 cross-splice,™ as do the DnaE
split inteins from three other cyanobacteria®® (Nostoc sp. PCC
7120, Oscillatoria limnetica and Thermosynechococcus vulcanus).
This is not surprising since the DnaE split inteins share a high
degree of sequence identity and similarity (52-68% and
72-85%, respectively). Hence, it is reasonable to assume that
the Npu and Ssp DnaE split inteins will also cross-splice with
the Nsp, Oli and Tvu DnaE split inteins, although this remains
to be confirmed. The few orthogonal split intein combinations
reported so far are given in Table 1, however, many combinations
have yet to be characterized for their orthogonality to fully
explore multi-fragment protein ligation.

Non-canonical split inteins are especially interesting
candidates to exploit orthogonality. By shifting the split site
up or downstream of the natural site, split intein combinations
can be created whose orthogonality is based on extensive
sequence overlaps and gaps in the sequence. This was shown
for the Npu DnaE intein, where the natural split intein could
be used in combination with an artificial split intein, which had
its split site shifted 21 residues downstream of the natural site,
for the assembly of a protein from three fragments without
undesired side reactions.*® The laboratory has since examined
other combinations of the natural and artificially split Npu and
Ssp DnaE inteins, with the data presented in Table 2.%1040
These and future combinations will provide the necessary tools
to extend protein ligation from more than three fragments.

3. Segmental isotopic labeling

Conventional NMR techniques are generally limited to
proteins with molecular weights below 25-30 kDa. Larger
proteins or proteins with repetitive sequences or domains not
only produce more complex spectra with extensive signal
overlap due to an increased number of NMR-active nuclei,
but the slower tumbling of the large molecules also shortens

Table 2 Orthogonality of naturally occurring and artificial DnaE
split inteins. ‘—” indicates split intein fragment combinations, which
do not cross-splice. The combinations for functional trans-splicing
with a model system are indicated by ‘+’. For the I¢ fragments, the
subscripts indicate the length of I¢ (in amino acid residues) counting
from the C-terminal end of the complete intein. The lengths of the Iy
fragments are indicated by subscripts, which refer to the complete
intein without the indicated intein residues counting from the
C-terminal end. For instance, the In/Ic pair AC36/C36 of Ssp DnaE
corresponds to the natural split intein, counting Met of the start
codon.

Ic
Ssp Npu Npu Npu
In DnaEc36 DnaEcsq DnaEcs DnaEcg

Ssp DnaEAcs3¢ + +
Ssp DnaEAc¢ + +
Npu DnaEAc;¢ + + — —
Npu DnaEAcs + + + _
Npu DnaEAcg + + + 4

transverse spin relaxation, ultimately causing an increase in
signal line width and a decrease in sensitivity, thereby making
spectral assignment even more challenging.'**! One remedy for
signal overlap is to reduce the number of signals by incorporating
stable isotopes site- or region-specifically. Segmental isotopic
labeling, in which only a segment of a protein sequence is
labeled, is an ideal approach for NMR analysis, as the protein
can still be analyzed by conventional triple-resonance assignment
approaches. Fig. 4 shows general strategies to incorporate
isotope labels in only a portion of a protein using split intein
mediated protein trans-splicing (PTS). Native chemical ligation
(NCL; also called expressed protein ligation, EPL) has also
been exploited for preparing segmental isotope-labeled
proteins.**™*® However, this method requires preparing inter-
mediate thiol products in vitro prior to protein ligation. In
contrast, protein frans-splicing requires no additional thiol
reagent or co-factor to ligate two polypeptide chains, permitting
protein ligation in vivo. Table 3 gives a more detailed comparison
of PTS and NCL/EPL.

Segmental isotopic labeling of N- and C-terminal protein
segments was first established in vitro using purified precursor
proteins and an artificially split PI-Pful intein as the mediator
of PTS.* Though the target protein in this initial report
(C-terminal domain of the RNA polymerase o subunit) was
very small (~9 kDa), this system was later used successfully
for preparing segmental isotope-labeled maltose binding
protein (42 kDa),* and allowed for the near complete resonance
assignment of the FoF; ATPase B subunit (52 kDa),>' which

This journal is © The Royal Society of Chemistry 2010
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Fig. 4 Strategies for segmental isotope labeling of proteins using split
inteins. Shown are schematic illustrations for generating segmental
isotope labeled protein labeled (a) in an N-terminal segment, (b) in a
C-terminal segment, and (c) in an internal segment using two orthogonal
split inteins (c). The grey shading indicates the presence of isotope
labels. The examples shown can be generated both in vitro and in vivo
(see text for details). More complex isotopic labeled proteins can also
be achieved by e.g. preparing two precursor proteins in separate media
with different isotope labels. Inty: N-terminal split intein fragment;
Intc: C-terminal split intein fragment; A, B, C: segments or modules in
a polypeptide chain.

proved that isotopic labeling in defined segments can facilitate
structure analysis of proteins larger than 20 kDa by NMR
spectroscopy.

Although ground-breaking, the preparation of the segmental
isotope-labeled proteins using the PI-Pful intein in vitro was
often a time-consuming process, and optimization of the
techniques strongly depended on the individual target protein
and could thus not be easily transferred from one protein to
another. These and other obstacles (see below), together with
the only moderate to low yields of final product, might have
been the reason why the in vitro PTS system for preparation of
segmental isotope-labeled protein remained under-appreciated.
Advances to make split inteins more attractive for this purpose
were made by allowing the ligation step to proceed in vivo
rather than in vitro. The underlying idea of the in vivo
approach is to express the split intein-containing precursor
proteins at different times within a single culture, and to
perform an exchange of the growth medium from e.g.
unlabeled to labeled conditions between the individual expression

steps®>>® (Fig. 5). In this way, only one of the precursor

proteins (and thus only one segment of the final target protein)
would be isotopically labeled.

The feasibility of this in vivo system was first shown for the
production of labeled target proteins with unlabeled solubility-
enhancing tag proteins. Because some proteins are insufficiently
soluble for NMR studies when expressed in recombinant
form, the addition of a solubility-enhancement tag (SET)
can prevent their aggregation in vivo, however, SET itself
should be free of isotope labels in order not to interfere with
the signals of the target protein during NMR spectroscopy.
Using this approach, the prion-inducing domain of yeast
Sup35p, which usually forms spontaneous aggregates upon
recombinant expression, could be stabilized in a soluble form
by ligation to domain Bl of the immunoglobulin binding
protein G (GB1) as a SET in vivo using the natural Ssp DnaE
split intein.** NMR spectroscopy on the Sup35p-GBI fusion
protein only gave signals for the isotope-labeled part
(Sup35p), as anticipated. Isotope scrambling, which refers to
the undesired incorporation of isotope labels into the solubility
tag due to metabolic flux, could be diminished to negligible
levels (<3%) by employing a simple wash step prior to
switching to isotope-free medium, thereby affording the clean
spectra for the Sup35p protein.>* Advancement of this in vivo
segmental isotopic labeling approach also allowed for the
preparation of a modular protein labeled either in the N- or
C-terminal domain.*”

3.1 Multi-fragment ligation: segmental isotopic labeling of a
central protein fragment using orthogonal split inteins

Two-fragment ligation for segmental isotopic labeling can be
only useful when the regions of interest for labeling are located
not far from the termini. In larger proteins (>50 kDa),
segmental isotopic labeling might be no longer effective when
the sites of interest are located in a central part. Similarly,
when a protein contains more than two modules of a repeating
sequence, two-fragment ligation strategies cannot solve the
problem of signal overlap. Segmental isotopic labeling of a
central protein fragment provides an ideal solution to this
problem. Assembly of a full-length protein from three
fragments A, B and C, with only the B fragment containing
isotope labels, requires the use of two orthogonal split inteins
(Fig. 4c). For successful ligation of the full-length ABC

Table 3 Comparison of reaction specifics between protein trans-splicing (PTS) and native chemical ligation (NCL)/expressed protein ligation
(EPL)

PTS NCL/EPL
Minimal reactant concentrations® nM to uM mM
Reaction time min to h h to days
Amino acid required at the C-terminal junction at ligation point Cys, Ser, Thr? Cys
N-terminal junction residue Dependent on inteins Preferably Gly or Ala”>¢

Affinity between reactants Yes, provided by split intein fragments No
Sensitive to denaturants Yes/no” No
Additional reagent No Yes (thiol reagent)

In vivo ligation Yes No
Multi-fragment ligation One pot/stepwise Stepwise

“ To achieve optimal yield. ® Dependent on intein; adjacent residues might also affect final yield. ¢ p-Branched amino acid directly N-terminal to
Cys reduces final yield.>” ¢ Npu DnaE and Psp Pol-1 split inteins splice well in buffer containing up to 6 M urea.
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Fig.5 Invivo segmental isotope labeling using protein trans-splicing. The target protein is separated into two segments, each fused to one part of a
split intein (Inty and Intc, respectively). The genes for these two precursor proteins are present on separate plasmids, and expression can be
induced with two different small molecules. First, the C-terminal precursor protein is induced with L-arabinose in unlabeled medium (step 1),
followed by an exchange of the cells into medium containing '°N. In this isotope-containing medium, the N-terminal precursor protein is induced
with IPTG, resulting in protein ligation between the '*N-labeled N-terminal and the unlabeled C-terminal fragment of the target protein (steps 2
and 3). The segmental isotopic labeled full-length target protein is then purified from the cell culture for NMR spectroscopy (step 4). Variations of
this approach are possible by expressing only the N-terminal precursor protein in labeled medium, or by including different isotopes during the two

induction steps.

protein, the two split inteins must not cross-react with one
another in order to avoid undesired products (an AC fusion
protein and/or a cyclized B protein).

Central fragment ligation for NMR spectroscopy was first
shown to be feasible using orthogonal, artificially split PI-Pful
and PI-Pfull inteins in vitro to generate a maltose binding
protein, which carried >N only in an internal segment (residues
101-238 of 370 residues in total).”> However, since three-
fragment ligation requires ligation at two sites, the problem
such as lower yield can be significantly magnified. As it is
generally known that split inteins result in a higher yield of
ligation product in vivo, allowing one of the two ligation steps
to be carried out in vivo provides a means to circumvent this
problem. In a seminal report, two non-cross reacting Npu
DnaE split inteins® were used to prepare a multi-domain
protein containing the three sequential curacin A acyl carrier
protein (ACP) domains (T1, T2, and T3).*’ The protocol first
involved the in vivo ligation of I5N-labeled T2 to unlabeled T3,
followed by in vitro ligation of the segmentally labeled T2-T3
to unlabeled T1, thereby producing a modular T1-T2-T3
protein with only the internal T2 domain containing '°N
labels. This procedure produced not only simpler NMR
spectra than a full-length, uniformly labeled TI1-T2-T3
reference protein, but also made it possible to unambiguously
assign certain residues to individual T domains.*® This method
was highly significant since the three ACP domains of curacin
A are very similar in sequence. In the future, implementation
of a central fragment labeling strategy that works entirely
in vivo is desirable, as this will likely provide the simplest way
of preparing such proteins for structural studies.

4. Site-specific fluorescent labeling

Fluorescent probes and proteins have revolutionized cell
biology because they allow for visualization of specific molecules
inside cells or whole organisms, making it possible to extract
information by cellular imaging techniques. But fluorophores
are also useful for biophysical analyses of proteins and other
biomolecules outside of the cellular context. For example,
there is an increasing interest to study the folding of isolated
proteins using fluorescence resonance energy transfer at the
single-molecule level (smFRET), rather than looking at an
ensemble of folding events from a large number of molecules
at a given time.>® The proteins investigated by smFRET so far
were of low molecular weight and were easily labeled on native
or engineered cysteine residues with fluorescent probes using
standard maleimide labeling chemistry.>” ®? Similar studies of
larger proteins will likely require other labeling approaches, if
native cysteines are inaccessible to labeling and/or introduction
of cysteine residues is otherwise problematic.

Split inteins offer a unique opportunity for the incorporation
of FRET donor and acceptor molecules into a protein sequence
(Fig. 6a). The approach is based on the non-canonical
Ssp DnaB S1 and Ssp GyrB S11 split inteins, which have
been shown to efficiently catalyze fluorescent labeling of
proteins.'>!'%636* The target protein is fused at its N-terminus
to the Ssp DnaB S1 C-intein (Intlc in Fig. 6a), and at its
C-terminus to the Ssp GyrB S11 N-intein (Int2y). Production
of the remaining short intein fragments (Intly and Int2,
respectively) is accomplished by solid-phase peptide synthesis,
allowing for the incorporation of desired fluorophores for

This journal is © The Royal Society of Chemistry 2010
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Fig. 6 Potential uses of split inteins in structural biology. (a) Dual-fluorescent labeling of a protein using two split inteins (e.g. Intl: Ssp DnaB
S1,'5% Int2: Ssp GyrB S11)' for fluorescence resonance energy transfer (FRET) studies of protein dynamics. The fluorophores can be attached to
the short Intly and Int2¢ sequences during chemical synthesis of the peptides. F: fluorophore, A excitation wavelength, A.,: emission
wavelength, subscripts ‘d” and ‘a’ refer to donor and acceptor fluorophore, respectively. (b) Central fragment labeling for triple-fluorophore FRET
studies. The target protein is divided into three fragments, where the N- and C-terminal parts have been individually labeled at the termini with
fluorophores (Fy, F») using e.g. the scheme outlined in (a), and further contain the large portions of the S11 and S1 split inteins (Intly and Int2c,
respectively). Incorporating a third fluorophore (F3) in an internal part of the target protein is achieved by first chemically synthesizing the medial
protein sequence (Targetys) sandwiched between the short SI11 and S1 split intein sequences (Intlc and Int2y, respectively), and assembly of the
full-length, triply-labeled target protein by protein trans-splicing. Conformational changes can then be probed either by FRET between
fluorophores F; and F, and/or F, and F;, as indicated. (c) Split intein mediated lipidation (top) and glycosylation (bottom) of a protein’s
C-terminal tail (CTT) region. The CTT is produced synthetically attached to the Intc of e.g. the Ssp GyrB S11 split intein, allowing for the
incorporation of any desired lipid molecule or sugar moieties in the CTT. Protein frans-splicing then generates the lipidated or glycosylated
full-length protein, which can further be analyzed by structural or biophysical methods. (d) In-cell labeling for NMR spectroscopy or fluorescence
microscopy. The target protein is produced inside a cell fused to the Inty part of a split intein. The C-terminal split intein part Intc is produced
chemically, and contains a desired labeling group (L) as well as a protein-transduction domain (PTD) to allow entry into the cell. Upon
trans-splicing, the target protein acquires the label at the C-terminus in a traceless manner.

d)

i

FRET. The two PTS reactions will produce dual-labeled of protein folding,?> however, the method reported was a
target protein, which can then be used for smFRET studies. three-step process (not counting in purification steps) and
Split inteins have already been used for FRET studies used maleimide chemistry for labeling rather than labeled
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peptides. The approach using two split inteins could thus be
advantageous over the latter technique due to fewer steps and
avoidance of chemical labeling.

5. Limitations of split intein technology

Although protein frans-splicing mediated by split inteins has
proven to be a valuable means of producing segmental
isotope-labeled proteins, the techniques outlined above and
their opportunities for research have yet to be fully exploited.
In the following section, we therefore focus on the intrinsic
problems commonly encountered with split intein-based
protein ligation and possibly remedy to overcome these short-
comings.”® Native chemical or expressed protein ligation has
also been widely used in preparing segmental isotope-labeled
proteins, and the reader is referred to an excellent review® on
advantages and drawbacks of this particular approach.

The studies using artificially split PI-Pfu inteins* !>
required purification of at least one precursor protein under
denaturing conditions, and subsequent refolding to remove the
denaturant. While this procedure worked for the proteins
under investigation (aC, MBP, ATPase B subunit), it is
generally desirable to express and purify proteins under native
conditions because the success of a refolding experiment
cannot be predicted on the basis of the protein primary
sequence. Simple dialysis against buffer without denaturant
often causes proteins to precipitate. Finding an optimal
refolding buffer can be a very time-consuming and tedious
undertaking given the sheer infinite number of possible buffer
compositions. Another drawback of using the split PI-Pfu
inteins for protein ligation is the temperature-dependence for
efficient ligation. Since the inteins are derived from a thermo-
philic organism (Pyrococcus horikoshii), they catalyze protein
ligation most efficiently at elevated temperatures (optimum:
70 °C), but much slower at 37 °C. Hence, in order to be amenable
to protein ligation by the PI-Pfu split inteins, a target protein
must be intrinsically heat-stable, or able to endure long
incubations at 37 °C without loss of structural integrity.
Therefore, the use of split inteins, which are expressed in a
soluble form and which perform efficient protein ligation at
temperatures not detrimental to protein stability would be
much more favorable over the artificially split PI-Pfu inteins.
In this respect, it is of note that some artificially split inteins
are inherently prone to misfolding when expressed in
recombinant form, and thus require subsequent denaturing
purification conditions and refolding procedures.’>*® While
this is not true for all artificially split inteins,®” the naturally
occurring DnaE split inteins are superior over genetically
engineered split inteins because their naturally split state
implies a soluble character. Indeed, both the Ssp and Npu
DnaE split inteins (and derivatives thereof) have been the
“gold standard” for protein ligations in vitro and in vivo
because of the advantage of being expressed in a soluble
form. Furthermore, both split inteins are naturally found in
mesophilic cyanobacteria, and thus efficiently catalyze protein
ligation at temperatures of 37 °C or lower.

Another important issue that often hampers the use of split
inteins (or inteins in general) for protein ligation experiments
is that efficient ligation is dependent on both the splicing

junction and the extein sequences. In the following discussion,
splicing junction is referred to as the N- and C-terminal intein
nucleophiles along with the residues preceding or succeeding
them (residues —1 and + 2, respectively), whereas extein refers
to the entire protein sequence to be ligated. The splicing
junction residues are probably important to perfectly align
the intein catalytic centers and to provide the chemical
environment required for efficient protein splicing without
the occurrence of undesired cleavage reactions. The importance
of a flexible conformation at the ligation junction is also
suggested for PI-Pful.*® An Asp residue preceding the
N-nucleophile has been reported to most often lead to
pronounced levels of premature N-terminal cleavage,®®®
thereby abolishing protein ligation. Proline at either the
—1 or +2 position usually inhibits protein splicing and
cleavage completely in some inteins,*® although this amino
acid may occur natively in a few other inteins (e.g. Pro-1 in
PI-Pfull). The ideal splicing junction is seemingly unique to
individual inteins,® and the restriction imposed by the splicing
junction sequences ultimately influences the choice of where to
insert the split intein within a target protein and which intein
to use. Table 4 gives a comparison of the split inteins so far
reported for mg-quantity preparation of ligated products by
PTS and the respective junction residues employed in the
ligation. Recently, directed molecular evolution has been used
to render inteins less specialized towards their splicing
junctions,”®”! however, no intein is currently available that
would splice efficiently in any junction context. To generate
such a “‘super intein”, the Npu DnaE intein appears to be a
good starting point because it was shown to be much more
tolerant of different amino acid side chains at the + 2 position
than the Ssp DnaE intein.*®

Even though this splicing junction dependency exists, one
can generally assume that a loop region within a target protein
represents a good location for inserting a split intein. Separating
the target protein within a loop is less likely to cause detrimental
effects on protein folding when it is expressed without the
naturally adjacent protein sequence. Loops are also more
likely to tolerate mutations that may be necessary to provide
the split intein with a favorable splicing function environment.
Indeed, in all the studies highlighted above, the split site in the
target protein was located in a loop region, and neither
mutation nor the addition of extra residues in the loops caused
the reconstituted proteins to fold into a structure aberrant
from the wild-type protein. Loops may thus be considered a

Table 4 Successfully used splicing junction sequences. The N- and
C-nucleophilic residues of the split inteins are in bold. Only additional
amino acids inserted between the nucleophiles and the target proteins
are shown

This journal is © The Royal Society of Chemistry 2010

Split intein N-junction C-junction Reference
PI-Pful GGG/C /TGL 49
PI-Pful GGG/C /TGI 50, 51
/TGK

PI-Pfull TNP/C /CGE 55
Ssp DnaE GS/C /CFNKGT 54
Npu DnaE GS/C J/CFNGT 40
Npu DnaE TK/C /CFNG 76
Npu/Ssp DnaE AEY/C /CMN 23
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“safe” place for the insertion of split inteins, and simultaneously,
the splicing junction dependency may be overcome because
mutations and insertions are accommodated more easily. If
the protein primary sequence is changed after reconstitution
by protein ligation, of course, it has to be ensured that the
global structure and function of the protein is not changed,
which is generally the case for all structure—function analyses
based on mutations.

The more confusing aspect of PTS is the extein dependency
in addition to the splicing junction dependency. The efficiency
of PTS is modulated by the fused exteins and their order even
if an identical splicing junction sequence is used.” The mechanism
underlying the extein dependency is still unclear and one has to
await further investigation. It is currently necessary to assess
the feasibility of PTS in each case for a specific intein,
preferably, with its ideal junction sequences as a starting point,
prior to segmental isotopic labeling.>

Central fragment labeling becomes more important and
useful for larger proteins, as sites of interest are likely to be
distant from both termini. However, the reports published so
far using split inteins for protein modification have solely
focused on adding labels at either the N- or C-terminus of a
target protein.'>!%?° But central protein modification should
be generally possible using the non-canonical S1 and S11 split
inteins by chemical synthesis of a medial protein segment with
a desired label flanked by the short 6-aa and 11-aa S11 C- and
S1 N-intein sequences, and assembly of the full-length target
protein by PTS from three fragments (Fig. 6b). Such a scheme
could be used e.g. to prepare triple-fluorophore labeled
proteins for more sophisticated FRET studies of protein
conformational changes (Fig. 6b). The current bottleneck of
such multiple-fragment ligation by PTS is the ligation
efficiencies of individual ligation steps. To obtain sufficient
amounts for structural studies, >80—90% of the ligation
efficiency at each ligation step is highly desirable, which would
still result in a final yield of 60—80% for central labeling. One
approach to accomplish high efficiency at all steps is to use
only well-characterized highly efficient split inteins.*’

6. Outlook

Segmental isotopic labeling by multi-fragment ligation
exploiting split inteins certainly opens new opportunities for
NMR investigation of a domain in intact proteins without
dissecting a full-length protein into smaller domains. How else
can split inteins help structural biologists apart from their use
in segmental isotopic labeling for NMR spectroscopy and
producing labeled proteins for single molecule FRET studies?
The answer may lie in the ability to use split intein-mediated
protein labeling (see Section 4) to incorporate naturally occurring
post-translational modifications at desired sites of a protein.
Structural investigations of natively modified proteins are
often cumbersome because the protein sample can be hetero-
geneously modified due to the inability to control the degree of
post-translational modification inside the native cell. The
“manual” addition of such modifications (fatty acids, lipids,
sugars) at a specific location in a protein could elegantly be
achieved by protein trans-splicing. For example, proteins
containing lipidated C-terminal tails (CTTs) like Ras play

crucial roles in signal transduction processes by passing on
incoming signals from the plasma membrane to downstream
targets.””> Lipidation can be achieved by incorporating the
desired lipid anchor(s) into the CTT, and fusing this sequence
to the short C-intein of e.g. the Ssp GyrB S11 split intein.
Protein trans-splicing with the remainder of the target protein
(fused to the N-intein sequence) then generates the lipidated
full-length protein (Fig. 6¢c, top), allowing for investigations of
the effects of the lipid modification on protein structure and
activity. Along these lines, we also see applicability of split
inteins to produce recombinant proteins with homogenous
glycosylation patterns (Fig. 6¢c, bottom). In combination with
sugar-type specific isotopic labeling,”* solution NMR spectro-
scopy of glycosylated proteins—Iabeled with isotopes both in
the protein and the sugars—will likely have an impact to
further our understanding of glycosylation structure—function
relationships. Most importantly, unlike other chemical
approaches, protein frans-splicing can generate segmentally
or site-specifically labeled native proteins in living cells'®**
(Fig. 6d), offering high-resolution structural investigation of
protein structures in situ by fluorescence spectroscopy,
cryo-electron tomography, or NMR spectroscopy.’* Further
advances of protein ligation technology by protein trans-
splicing are likely to provide great opportunities in structural
biology, which are limited only by our imagination.
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