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Segmental Isotopic Labelling of a Multidomain Protein by Protein Ligation
by Protein Trans-Splicing
Mikko Muona, A. Sesilja Aranko, and Hideo Iwai*[a]
Segmental isotopic labelling is a powerful method
for the incorporation of stable isotopes into particular
regions within proteins for NMR detection, thereby
reducing the complexity of NMR spectra and offering
the potential to perform sequential assignments.[1–3]
Here we have demonstrated segmental isotopic labelling of a domain in a multidomain protein both in
vivo and in vitro through protein ligation by protein
trans-splicing. This robust protein trans-splicing approach could open possibilities for studying particular domains in intact proteins without dissection into
smaller globular domains.
Recent advances in optimization of transverse-relaxation in NMR spectroscopy have opened avenues
for study of larger molecules (close to 1 MDa).[4] However, sequential resonance assignments in large proteins remain time-consuming and challenging because of the increased number of signals and signal
overlapping.[4] Segmental isotopic labelling is one
promising approach among numerous isotope-labelling techniques,[5] because, unlike in the case of selective amino acid labelling, segmentally isotope-labelled samples can be directly analysed by tripleresonance NMR techniques developed for sequential
resonance assignments. Segmentally isotope-labelled
proteins have been prepared either by expressed
protein ligation (EPL), which makes use of native
chemical ligation (NCL),[2, 6] or by protein trans-splicing (PTS), through the use of artificially split protein
splicing domains (inteins).[1, 7] EPL requires the preparation of an a-thioester group from a thiol reagent
and an N-terminal cysteine residue by proteolysis in Scheme 1. Protein ligation by A) expressed protein ligation and B) protein trans-splicing.
vitro (Scheme 1 A), which demands considerable C) Outline of the in vivo procedure for segmental isotopic labelling used in this article.
preparation efforts,[2, 8] although an easier approach
has recently been proposed.[6] In protein splicing, an
intein catalyses protein ligation of two polypeptide fragments
tion and renaturation steps are necessary before protein-splicfused to the N- and C-terminal ends of an intein.[9] Protein
ing activity can be restored.[1, 7, 11]
Unlike artificially split inteins, naturally split inteins do not resplicing could take place in trans, when an intein is split into
quire any denaturation and renaturation steps for protein splictwo fragments (Scheme 1 B).[9, 10] Segmental isotopic labelling
ing.[10] Therefore, these have been suggested as potentially
through protein trans-splicing with artificially split inteins requires no additional thiol reagent nor cofactor, but denaturauseful for segmental isotopic labelling of multidomain proteins.[12] Protein trans-splicing with naturally split inteins has
advantages over EPL because protein ligation can be performed not only in vitro but also in vivo, making it possible to
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target domains.[14] Applications have therefore been limited to
“well-behaved” model proteins such as GB1.[13, 14] Moreover, the
selectivity of in vivo segmental isotopic labelling for segmentally labelled C-terminal domains was low, diminishing the usefulness of segmental isotopic labelling.[13]
In this article we describe segmental isotopic labelling of a
multidomain protein containing a multiple copy of one of the
most abundant domains of the Src homology 3 (SH3) domain
by protein ligation with an engineered naturally split intein
from Nostoc punctiforme (Npu).[14] The selectivity of isotopic labelling by the in vivo approach is also enhanced by more than
fivefold.
The SH3 domain is one of the most abundant domains,
found in many organisms and usually a part of larger proteins
as a module mediating protein–protein interactions.[15] Segmental isotopic labelling of proteins containing multiple
copies of the SH3 domain would be of particular importance
for study of their functional and structural roles in their fulllength contexts by NMR spectroscopy. The in vivo method
with naturally split inteins would be a logical and important
step towards segmental isotopic labelling of such a multiACHTUNGREdomain protein, because it is a simple and versatile procedure
requiring no preparation step prior to protein ligation of isotope-labelled fragments, circumventing several purifications of
the individual protein fragments.[13] However, naturally split
DnaE inteins either from Synechocystis sp. strain PCC6803
(SspDnaE) or from Nostoc punctiforme (NpuDnaE) intein were
unable to ligate two SH3 domains efficiently either in vivo or
in vitro because of the dominant cleavage reaction (data not
shown). We therefore decided to use an engineered split
NpuDnaE intein in which the split site was moved towards the
C terminus by 20 residues and which still retained highly efficient protein trans-splicing activity in vivo.[16] Additionally, the
N-terminally His-tagged ubiquitin-like protein Smt3 was attached as a fusion protein tag for convenient protein purification.
The N and C fragments of the split intein were fused to the
N-terminal SH3 domain (nSH3) and the C-terminal domain
(cSH3), respectively, of c-CRKII adaptor domain.[17] The N and C
precursor proteins containing the SH3 domains were cloned
into the two compatible plasmids under the control of two different promoters: that is, T7 and arabinose promoters.[13] The
two precursor proteins were induced by addition of l-arabinose (0.2 %), followed by induction with isopropyl-b-d-thiogalactopyranoside (IPTG; 0.5 mm) for 4 h. After the two sequential inductions, the two precursor proteins dominantly produced the ligated product containing the two SH3 domains
ACHTUNGREresulting from protein trans-splicing (Figure 1). The protein ligation of the two SH3 domains was confirmed by ESI mass
spectrometry after removal of the fusion tag of Smt3 protein
(the molecular mass of nSH3-cSH3 was found to be
19 945.0 Da, in accordance with the expected value). About
21 mg of the ligated nSH3-cSH3 was obtained from two litres
of 15N-labelled M9 medium. Protein ligation performed in vivo
can thus indeed produce sufficient amounts of the ligated
multidomain protein for NMR studies, thanks to the high efficiency of the engineered split NpuDnaE intein.
ChemBioChem 2008, 9, 2958 – 2961

Figure 1. SDS-PAGE analysis of in vivo protein ligation of the two SH3 domains with the engineered split NpuDnaE intein. Lane 1: induction only with
l-arabinose (0.2 %). Lane 2: induction with IPTG (0.5 mm). Lane 3: before induction. Lane 4: after 0.5 h of l-arabinose induction. Lane 5: 1 h after the
second induction with IPTG (0.5 mm). Lane 6: after 2.5 h of IPTG induction.

We next applied in vivo segmental isotopic labelling, in
which the C-terminal domain was first induced by l-arabinose
in 15N-labelled M9 medium, followed by the replacement of
the labelled medium with Luria–Bertani medium and the inducer for the expression of the N-terminal precursor
(Scheme 1 C). We used LB medium as both unlabelled medium
and washing medium in order to improve the selectivity of
segmental labelling.[13] The biggest disadvantage of in vivo labelling is isotopic scrambling due to recycling and conversion
of labelled amino acids.
In the case of in vivo segmental isotopic labelling, the
domain induced later was particularly contaminated with the
isotope initially incorporated into the domain primarily expressed in the isotope-enriched medium. It has previously
been reported that the residual signals of the second induced
domain contained as much as 25 % of the original signals.[13]
This could be sufficient to disturb certain NMR experiments
such as isotope-filtering experiments. Figure 2 demonstrates
segmental isotopic labelling of nSH3-cSH3 through the use of
the engineered split NpuDnaE intein with the new in vivo procedure. In the new procedure, LB medium containing the
second inducer (IPTG) was used both for the production of the
unlabelled domain and for a short wash in order to suppress
isotopic scrambling (Scheme 1 C). M9 medium (1.5 L) for the
primary expression and LB medium (1.8 L) for the secondary
expression were used for in vivo segmental isotopic labelling.
After removal of the fusion tag by limited proteolytic digestion
and ion metal chelating chromatography and subsequent ionexchange chromatography, the segmental isotope-labelled
protein (8.2 mg) was successfully purified. Figure 2 A shows the
superposition of the two [15N,1H]-TROSY spectra for comparison, demonstrating that the spectrum of the segmentally isotope-labelled nSH3-[15N]-cSH3 lacks the signals of nSH3 observed in the spectrum of the ligated fully labelled [15N]-nSH3[15N]-cSH3. Unlike in the previous report, a high degree of selective labelling can be recognized when the slices of the two
spectra taken at the resonance of residue 289 in c-CRK II adaptor protein are compared (Figure 2 B). The signals from the Nterminal domain are below the noise level (< 5 %), although
the segmentally labelled sample was prepared in the cells (Figure 2 B). The selectivity of the in vivo procedure can thus be
enhanced by more than fivefold, which should allow us to
use the sample for most NMR experiments. Highly selective
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Figure 2. A) Superposition of the [15N,1H]-TROSY spectra of fully 15N-labelled
ligated nSH3-cSH3ACHTUNGRE(131–304) (grey) and nSH3-[15N]-cSH3ACHTUNGRE(213–304) prepared
by in vivo segmental labelling (black). The peak from residue 289 of c-CRK II
is labelled. B) Comparison of the slices taken at the positions indicated by
the broken line from the spectra obtained from the fully labelled sample
(upper) and from the segmentally labelled sample (lower). C) MALDI-TOF
mass analysis of the segmentally isotope-labelled nSH3-[15N]-cSH3ACHTUNGRE(213–304).
The averaged mass of the unlabelled sample is 19 945.0 Da. cSH3ACHTUNGRE(213–304)
has the chemical formula C474H733N133O143S2.

Figure 3. A) Scheme for segmental isotopic labelling by in vitro protein ligation. B) Time course of the in vitro protein ligation of nSH3 and cSH3 with
NpuDnaE-IntN/IntC. Lane 1: immediately after mixing of nSH3-IntN and H6IntC-cSH3, lane 2: 1 h after mixing, lane 3: 4 h after mixing, lane 4: after overnight incubation, M: molecular weight markers. C) Superposition of [15N,1H]TROSY spectra of segmentally 15N-labelled [15N]-nSH3ACHTUNGRE(131–205)-cSH3 (black)
and fully labelled nSH3-cSH3ACHTUNGRE(131–304) (grey).

segmental isotopic labelling was additionally confirmed by
MALDI-TOF mass spectrometry as a 133 Da increase in the molecular weight due to the 133 nitrogen atoms in cSH3 (Figure 2 C). It is thus clearly demonstrated that in vivo segmental
isotopic labelling can be applied to biologically relevant multidomain proteins with high yields and sufficient selectivity of
isotopic incorporation into the domain of interest.
Furthermore, only one additional medium replacement step
during the protein expression (in comparison with standard
protein expression) is required during the preparation, making
it a simple and versatile approach. Prerequisites for this in vivo
approach might be solubility and stability of individual precursors in E. coli cells and efficient trans-splicing activity achieved
by the engineered split intein. Protein trans-splicing is not limited to in vivo conditions, but can also be induced in vitro, although individual fragments have to be produced and purified
separately, as demonstrated in Figure 3. For protein ligation in
vitro, the N-terminal precursor was prepared from two litres of

M9 medium containing 15NH4Cl as sole nitrogen source and
purified through the use of the N-terminal His-tag. The C-terminal precursor protein bearing a His-tag at the front of IntC
was prepared separately from two litres of unlabelled LB
medium. The two purified fragments were dialysed against Tris
(10 mm), NaCl (500 mm), pH 7 and mixed in vitro in the presence of tris(2-carboxyethyl)phosphine hydrochloride (TCEP;
0.5 mm) in order to initiate protein trans-splicing. The reaction
mixture was incubated overnight at 4 8C and further purified
by use of a Histrap column and anion-exchange chromatography to remove the spliced intein and the residual precursor
proteins. The [15N,1H]-TROSY spectrum of the N-terminally segmental isotope-labelled [15N]-nSH3-cSH3 is shown in Figure 3 C,
indicating that only nSH3ACHTUNGRE(131–205) is indeed 15N-labelled.
About 9 mg of the segmentally isotope-labelled sample was
purified from two litres of each medium, so the yield was
slightly lower than that of the preparation obtained by the in
vivo approach.
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Here, we have demonstrated that segmental isotopic labelling of a multidomain protein bearing a multiple copy of the
SH3 domain could be efficiently achieved by protein transsplicing either in vivo or in vitro. The in vivo approach may require fewer preparation steps than the in vitro approach, because it does not need individual expression and purification
of the two precursor proteins and additional purification steps
after the protein ligation in vitro (Figure 3 A). Segmental isotopic labelling by protein trans-splicing should be easily extendable to protein ligation of three fragments for isotopic labelling of a central domain with an additional split intein[7] or
with EPL after the creation of an N-terminal cysteine residue.
The in vivo approach by protein trans-splicing with naturally
split inteins might be more advantageous than the in vitro approach because it does not increase the number of purification
steps even if more fragments are to be ligated and because
high selectivity of segmental labelling can be achieved as demonstrated here. Segmental isotopic labelling could be combined with other labelling methods such as methyl labelling
and fractional labelling.[18, 19] Thus, segmental isotopic labelling
is very likely to contribute to NMR studies of large multidomain proteins because many proteins contain more than one
modular domain that can be defined as structural and functional entities such as the SH3 domain. It also allows us to
study large multidomain proteins by NMR without dissecting
the protein into the smallest possible domains. Further discoveries and engineering of protein splicing domains suitable for
every situation of the linker sequences with robust splicing activities could make segmental isotopic labelling an indispensable approach to the elucidation of structure–function relationships of intact multidomain proteins by NMR spectroscopy.
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