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Segmental isotopic labeling of proteins using protein ligation

is a recently established in vitro method for incorporating

isotopes into one domain or region of a protein to reduce the

complexity of NMR spectra, thereby facilitating the NMR

analysis of larger proteins1–3. Here we demonstrate that

segmental isotopic labeling of proteins can be conveniently

achieved in Escherichia coli using intein-based protein

ligation. Our method is based on a dual expression system

that allows sequential expression of two precursor fragments

in media enriched with different isotopes. Using this in vivo

approach, unlabeled protein tags can be incorporated into

isotopically labeled target proteins to improve protein stability

and solubility for study by solution NMR spectroscopy.

Segmental isotopic labeling offers a means of studying only the region
of interest in proteins by NMR spectroscopy1–3. Unlike well-
established approaches for isotopic labeling of specific amino acids4,
isotopic labeling of protein segments not only simplifies the spectral
complexity by reducing the number of NMR-active atoms but also
allows conventional triple resonance experiments, thereby permitting
sequence-specific resonance assignments. Although NMR techniques
using transverse relaxation-optimized spectroscopy5 have extended the
size limit for the observation of NMR signals to over 100 kDa6,7, signal
overlap in large proteins inherently hinders spectral analysis. There-
fore, methods to reduce the signal overlap in NMR spectra, such as
segmental isotopic labeling, are needed.

One method of segmental isotopic labeling relies on the trans-
protein splicing activity of split inteins1,3. This approach requires
purification of two or more precursor fragments with different
isotopic enrichment in denatured form and refolding of these frag-
ments in vitro to restore protein splicing activity for protein
ligation1,3,8. Another approach, making use of native chemical liga-
tion, involves ligation of a soluble protein domain containing an
a-thioester with a protein (or a peptide) bearing an N-terminal
cysteine, each of which are prepared separately with different isotope
labels2. Both methods typically require laborious preparation of
precursor fragments and optimization of the ligation conditions,
limiting their applications1–3,8.

In contrast to the in vitro methods, in vivo protein ligation has
been used successfully in several applications, including protein
cyclization9–11 and in vivo fluorescence labeling12,13. This approach
does not require individual preparation of precursor fragments before
protein ligation nor additional chemical reagents9–13. We therefore
decided to apply in vivo protein ligation to the segmental isotopic
labeling of proteins. In particular, we focused on establishing a
method for incorporating a solubility/stability enhancement tag into
a labeled protein of interest, because the sequence near the splicing
junction typically required for trans-protein splicing10 has little
importance for making fusion proteins. Fusion with bacterial proteins
such as glutathione S-transferase (GST) is the most popular method
to enhance solubility and stability and also allows convenient affinity
purification14. However, such protein tags increase the complexity of
the NMR spectra and must be removed before NMR analysis. Isotopic
labeling of only the target protein in a fusion protein would eliminate
the need to remove the solubility/stability enhancement tag. Thereby,
this intein-based biosynthetic incorporation of protein tags makes it
feasible to study unstable or insoluble proteins in fusion protein
contexts by solution NMR.

To incorporate NMR-active isotopes into a specific protein domain
in living cells, we introduced a dual vector system with two different
tightly controlled inducible promoters for the individual expression of
two precursor fragments for protein ligation. The bacterial culture
medium was replaced during the protein expression of individual
fragments to achieve segmental isotopic labeling (Fig. 1). Our model
system consisted of the B1 domain of protein G (GB1), a chitin-
binding domain (CBD) and the split intein DnaE from Synechocystis
sp. strain PCC6803 (Ssp DnaE), which catalyzes trans-protein splic-
ing15. We used two plasmids containing two different replicons
(RSF1030 and ColE1) that can coexist in Escherichia coli (Fig. 2).
One plasmid contains a T7/lac promoter for expression of the
N-terminal portion of Ssp DnaE (inteinN) fused to GB1 (Fig. 2a).
The other plasmid is designed to express the C-terminal portion of Ssp
DnaE (inteinC) fused to the CBD under the tight control of
the araBAD promoter16 (Fig. 2b). The coexpression of these two
fragments and the reconstitution of inteinN and inteinC in the
bacterial cells restores the protein splicing activity of the split
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intein, allowing self-catalytic ligation of the two protein frag-
ments with a peptide bond without any additional cofactors or
reagents (Fig. 1).
In vivo segmental isotopic labeling is achieved by selective expres-

sion of one of the two fragments in the medium containing the
isotope (Fig. 1). To achieve isotopic labeling of the N-terminal
segment, we grew E. coli cells harboring the two expression plasmids
in unlabeled medium, and induced expression of the C-terminal
fragment (Figs. 1a and 3a). The cells were harvested by centrifugation
and resuspended in 15N-labeled M9 medium. Subsequently, expres-
sion of the N-terminal fragment was induced (Figs. 1b and 3a). The
in vivo ligated protein GB1-CBD was purified using the incorporated
affinity tags and ion-exchange chromatography (Fig. 3b). The eluted
fraction from the affinity chromatography contained a total of
10–15 mg of the mixture of the ligated product and the copurified
precursor proteins from 1 liter of culture. After separating the ligated
product and the precursor proteins by ion-exchange chromatography,
we purified 1–2 mg/l of the ligated product of [15N]-GB1-CBD
(molecular mass 15 kDa; Fig. 3b, lane 2).

Protein ligation was demonstrated by the expected single peak in
the spectrum of the HNCO experiment, which detects the correlation
between the 15N-labeled amide nitrogen of CBD and the 13C-labeled
carbonyl carbon of GB1 at the ligation site in [13C]-GB1-[15N]-CBD
(Fig. 4f). The yield was substantially reduced compared with that of a
fusion protein prepared by conventional methods without intein-
mediated protein ligation. Expression levels of the individual frag-
ments were as high as B51 mg/l for the C-terminal fragment before
the induction of the second expression, and B35 mg/l for the
N-terminal portion, as estimated by SDS-PAGE (Fig. 3a). The yield
of the in vivo ligation seems to depend on three factors: degradation
of the C-terminal fragment, the in vivo reconstitution efficiency of
the split intein and the efficiency of the trans-protein splicing. The
C-terminal fragment, which was expressed first, disappeared slowly
after the second induction (Fig. 3a, lanes 5–8). This was presumably

due to degradation of the C-terminal fragment as well as protein
splicing upon reconstitution of the split intein. Degradation may
be the primary factor reducing the yield. However, degradation of the
C-terminal fragment was reduced when CBD was replaced with the
protein tag GST (data not shown).

It was necessary to express the C-terminal fragment before the
N-terminal fragment to reconstitute the split intein, because the
C-terminal fragment containing both inteinC and a protein tag is
designed to be soluble, whereas the N-terminal fragment tends to be
insoluble in the cells, depending on the fusion partner. Therefore,
the solubility of inteinN fused to any protein such as insoluble or
membrane proteins in bacterial cells is likely to be a limiting factor of
this method. The unspliced precursor proteins were always copurified
with the ligated product (Fig. 3b), suggesting that the slow protein
splicing reaction is also responsible for lowering the yield. The splicing
reaction also continued during the purification (Fig. 3b, lane 1).
Optimization of the reaction conditions, such as longer incubation
of the precursor proteins in vitro and/or inclusion of a more efficient
intein sequence, might improve the yield. Despite these limiting
factors, the yield of our method is comparable to or better than
that of existing in vitro methods2,8. Furthermore, our method is less
labor-intensive since segmentally labeled proteins can be produced
in one day.

We also tested the in vivo incorporation of a protein tag into other
proteins (Fig. 3b, lane 3). The prion-inducing domain of yeast Sup35
spontaneously aggregates to form filaments17, and therefore it is
difficult to characterize this domain by solution NMR without making
a fusion protein. The N-terminal residues 1–61 of yeast Sup35
protein18 were ligated in vivo with the solubility enhancement tag
GB1 at the C-terminus19. Lane 3 in Figure 3b shows the eluate from
the affinity chromatography step and indicates that Sup35(1–61)
ligated to the fusion tag (GB1) can be produced by in vivo protein
ligation. Hence, our strategy is applicable for incorporating protein
tags into aggregation-prone proteins.

Next, we investigated the selectivity of biosynthetic segmental
isotopic labeling. Figure 4 illustrates the segmental isotopic enrichment
of our model system. The [1H, 15N]-heteronuclear single-quantum
coherence (HSQC) spectrum of [15N]-GB1-[15N]-CBD, of which both
N- and C-terminal fragments were expressed and ligated in
15N-enriched M9 medium, illustrates the uniform 15N-labeling of
GB1-CBD (Fig. 4a). We could identify all the expected peaks of GB1
(ref. 20) and CBD21 in this spectrum, confirming in vivo protein
ligation. With the segmentally 15N-labeled samples, we expect to
observe only the N-terminal fragment (78 amino acids; Fig. 4c) or
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Figure 1 Biosynthetic preparation of segmentally isotope-labeled proteins

using trans-protein splicing. (a) The C-terminal protein tag fused with inteinC

can be expressed by the addition of L-arabinose in unlabeled medium.

(b) The expression of the N-terminal target protein fused with inteinN can

be subsequently induced by IPTG after the replacement of the medium

with 15N-labeled medium. (c) Protein splicing in bacterial cells produces

a segmentally isotope-labeled protein by intein-mediated protein ligation.

(d) Purified ligated product from the bacterial cells. The amino acid

sequence of the linker connecting the tag and the target protein is shown.
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Figure 2 Structure of the two plasmids for in vivo segmental isotopic
labeling. (a) Schematic map of pJJDuet30 for the expression of the

N-terminal portion, derived from pRSFDuet-1 (Novagen). (b) Schematic

map of pSFBAD09 for the expression of the C-terminal portion. This vector

is derived from pBAD. See Methods for details.
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the C-terminal fragment (57 amino acids; Fig. 4b). Figures 4b and 4c
demonstrate that either the N-terminal or the C-terminal segments of
GB1-CBD can be isotopically enriched with 15N by controlling the
expression and the isotope content of the culture media. Unfortunately,
the selectivity of segmental isotopic labeling was reduced because of
isotope-scrambling. In the [1H, 15N]-HSQC spectrum of the
C-terminal-labeled sample GB1-[15N]-CBD, we observed strong
signals at the position of the N-terminal portion (GB1), which
correspond to on average B25% of the signal intensities of the C-
terminal portion (CBD) (Fig. 4b, circles, and d, middle). On the other
hand, only about 7% of the signal intensities of the N-terminal portion

(GB1) were observed at the position of the C-terminal portion
(CBD) in the spectrum of [15N]-GB1-CBD (Fig. 4c, circles, and d,
bottom). We were able to reduce the ‘isotope scrambling’ observed
for the N-terminal segmental isotopic labeling to B3% or less by
introducing a washing step during the medium exchange to remove
residual L-arabinose (Fig. 4e). This allowed isotopic enrichment of
the N-terminal portion with high selectivity (497%). The selectivity
for C-terminal isotope labeling might be improved by replacing
the CBD with a more stable protein domain, because the degradation
of the C-terminal fragment could be reduced by replacing the CBD
with GST.

Figure 3 SDS-PAGE analysis of in vivo protein

ligation. (a) SDS-PAGE analysis of the expression

of GB1-InteinN and InteinC-CBD. The 18% SDS

gels were stained with Coomassie Blue. Lanes

1–8 are total cell lysates prepared by boiling in

SDS loading buffer. Lane 1, before induction

with 0.2% L-arabinose; lanes 2–4, 1, 2, and 3 h

after the induction with L-arabinose, respectively;
lane 5, before induction with 1 mM IPTG; lanes

6–8, 1, 2, and 4 h after the induction with 1

mM IPTG, respectively. GB1-InteinN, GB1-CBD,

InteinN, and InteinC-CBD are indicated by arrows.

(b) SDS-PAGE analysis of the purification of the

in vivo ligated proteins of GB1-CBD and Sup35-

GB1. Lanes 1–2, purification of GB1-CBD. Lane 1, before loading to anion-exchange column after the IgG-Sepharose chromatography and dialysis; lane 2,

elution from the anion-exchange chromatography. Lane 3, purification of Sup35-GB1, illustrating the elution from IgG chromatography. Sup35-inteinN,

Sup35-GB1, InteinN, and InteinC-GB1 are indicated by arrows.
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Figure 4 NMR spectra of the fully and segmentally isotope-labeled proteins. (a) [1H, 15N]-HSQC spectrum of uniformly 15N-labeled GB1-CBD, [15N]-GB1-

[15N]-CBD produced by in vivo protein ligation in 15N-labeled M9 medium. (b) [1H, 15N]-HSQC spectrum of GB1-[15N]-CBD. Circles indicate the signals

from GB1 owing to isotope scrambling. (c) [1H, 15N]-HSQC spectrum of [13C, 15N]-GB1-CBD. The signals from CBD are marked by circles. (d) Cross
sections along o2 at the dashed lines taken from the [1H, 15N]-HSQC spectra of [15N]-GB1-[15N]-CBD (top), GB1-[15N]-CBD (middle), and [15N]-GB1-CBD

(bottom). (e) Cross sections along o2 at the dashed lines taken from the [1H, 15N]-HSQC spectra of [15N]-GB1-CBD without washing step (upper) and with

washing step (lower). (f) The first plane of the HNCO spectrum of [13C]-GB1-[15N]-CBD.
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We chose the araBAD promoter to modulate the expression level of
the C-terminal fragment to optimize in vivo protein ligation. However,
a promoter such as araBAD may complicate the 15N, 13C double
labeling of proteins required for triple resonance experiments, because
the L-arabinose (2 g/l) used as the inducer can serve as a carbon
source, unless 13C-labeled L-arabinose is used. Although glucose
is known to repress the protein expression under the araBAD
promoter16,22, the repression effect had no influence on the expression
of the C-terminal part when a high concentration of L-arabinose was
used together with M9 medium (Fig. 3, lanes 1–4). A high concen-
tration of unlabeled L-arabinose could also dilute 13C-labeled glucose
for the C-terminal labeling. Therefore, we tested only N-terminal
segmental isotopic labeling for 13C, 15N double labeling. In this
case, we were successfully able to produce 13C, 15N doubly labeled
protein with high selectivity using 13C6-D-glucose and 15N ammonium
chloride as the sole carbon and nitrogen sources. The backbone
resonance assignments of the GB1 portion in GB1-CBD were success-
fully performed using the conventional triple resonance assignment
procedure as illustrated in the HNCACB spectrum of [13C, 15N]-
GB1-CBD (Supplementary Fig. 1 online). There was no interference
of the NMR signals from the C-terminal CBD in backbone resonance
assignment, indicating that our approach can incorporate an
unlabeled protein tag at the C-terminal end of a labeled protein for
NMR analysis.

In this article we have described a method for intein-based
biosynthetic segmental labeling. The method may be generally useful
for incorporating unlabeled solubility/stability enhancement tags into
proteins that are insoluble in bacterial overexpression systems, which
account for more than 50% of the proteins in a genome23. In vivo
segmental isotopic labeling of soluble multi-domain proteins is also
feasible, provided that the linker sequence introduced by protein
ligation is not crucial for structural studies. It is anticipated that the
method could be extended to a three-fragment ligation by introducing
another inducible promoter and a split intein. Finally, our method
may offer a tool to study proteins and their conformational changes in
living cells by in-cell NMR24.

METHODS
Plasmid construction. The 123 amino acids of the N-terminal portion of Ssp

DnaE (inteinN) was amplified from pMSNd(16ex)25 (a gift from Henry Paulus)

using the oligonucleotides TT01 (5¢-TCGGGATCCTGCCTCAGTTTTGGTAC-

3¢) and TT02 (5¢-TGCCAAGCTTTATTTATTTAATTG-3¢). The gene of the B1

domain of the IgG-binding protein G contains a single mutation A2Q (a gift

from Stephen F. Marino) and was amplified using the oligonucleotides SK002

(5¢-TTTCTAGATTAGGATCCTTCCGTTACGGTG-3¢) and SK012 (5¢-TCCT

TACATATGCAGTACAAACTTATCCTG-3¢). Both genes were ligated using the

BamHI site and cloned into pRSFDuet-1 (Novagen) using the NdeI and

HindIII sites, which allows expression of the resulting GB1-InteinN fusion with

the N-terminal hexahistidine tag. The resulting plasmid pJJDuet30 contains a

T7/lac promoter and the fusion gene, of which expression can be induced by

isopropyl b-D-thiogalactoside (IPTG). This plasmid also contains the kanamy-

cin resistance gene (KanR), the RSF origin of replication (RSF ori) and the lacI

gene (Fig. 2a). The gene of the C-terminal portion of Ssp DnaE (inteinC)

synthesized by PCR, which will be described elsewhere, was amplified by the

following primers SZ01 (5¢-TGAATTTCATATGGTTAAAGTTATCG-3¢) and

SZ02 (5¢-TTGGGTACCTTTGTTAAAACAGTTGGC-3¢). The amplified gene

codes 36 amino acids of inteinC and the additional four amino acids CFNK

of the natural flanking extein sequence of DNA polymerase IIIa. The gene of

CBD was amplified from pTYB4 (New England Biolabs) using the primers

PE73_CBD5 (5¢-CGGAATTCGGTACCACAAATCCTGGTGTATCCG-3¢) and

PE74_CBD3 (5¢-AAGGCCTTAAGCTTATTGAAGCTGCCACAAGGC-3¢). The

plasmid pSFBAD09 was constructed by introducing the genes of inteinC and

CBD with the KpnI, NdeI and HindIII sites into the expression vector of a

variant of the pBAD vector (Invitrogen) that lacks an additional NdeI site in the

plasmid (Fig. 2b). The plasmid pSFBAD09 also contains the ColE1 origin of

replication (ColE1 ori), the phage M13 origin of replication (M13 ori), the gene

of araC (araC) and the ampicillin resistance gene (AmpR). The plasmid

pSZBAD1PG was derived from pSFBAD09 by replacing the gene of CBD with

the gene of GB1. This plasmid expresses a fusion protein of inteinC and GB1.

The plasmid for the expression of Sup35(1–61) and inteinN was derived from

pJJDuet30 by replacing hexahistidine-GB1 by Sup35(1–61). The gene of

Sup35(1–61) was amplified from the plasmid pET-Sup35NM26 (a gift from

Hideki Taguchi) using the two primers SZ044 (5¢-CCTACCATGGGATCG

GATTCAAAC-3¢) and SZ037 (5¢-CTGGATCCTTGATAGCCACC-3¢) and

cloned into pJJDuet30 using the NcoI and BamHI restriction sites resulting

in the plasmid pSZDuet30. The DNA sequences of the vectors pJJDuet30 and

pSFBAD09 were deposited under DDBJ/EMBL/GenBank accession no.

DQ016035 and DQ016036, respectively.

Expression of [15N]-GB1-[15N]-CBD. E. coli ER2566 (New England Biolabs)

was transformed by the plasmids pJJDuet30 and pSFBAD09 for the protein

expression. The cells were grown at 37 1C in 1 liter of M9 minimal medium

supplemented with 15NH4Cl (0.5 g/l) as the sole nitrogen source, 50 mg/ml

ampicillin, 50 mg/ml carbenicillin and 50 mg/ml kanamycin. The proteins

were first induced with 0.2% (wt/vol) L-arabinose at an OD600 of 0.4–0.6 for

30 min followed by the addition of a final concentration of 1 mM IPTG and

incubation for another 4 h. The cells were harvested and frozen at �80 1C for

further purification.

Expression of [13C, 15N]-GB1-CBD. The cells harboring the two plasmids were

initially grown in 0.75 liter Luria-Bertani (LB) medium containing 100 mg/ml

ampicillin and 50 mg/ml kanamycin at 37 1C to an OD600 of 0.4–0.6 and

induced with 0.2% (wt/vol) L-arabinose for 3 h. Subsequently, the cells were

spun down for 20 min at 850g and resuspended in 1.25 liter M9 medium with
15NH4Cl (0.5 g/l) and [13C6]D-glucose (2 g/l) as the sole nitrogen and carbon

sources, supplemented with 50 mg/ml carbenicillin, 50 mg/ml ampicillin and

50 mg/ml kanamycin. As an optional washing step, the cells were resuspended

with 100 ml M9 medium to remove residual arabinose. Then the cells were

spun down for another 20 min at 850g and resuspended in M9 medium. The

culture was shaken for 15 min before the second induction to adjust the cells to

the new environment. Expression of the N-terminal fragment was induced with

a final concentration of 1 mM IPTG for another 4 h. The cells were harvested

and frozen at �80 1C.

Expression of GB1-[15N]-CBD. The cells harboring the two plasmids for GB1-

CBD were grown in 0.75 liter M9 supplemented with 15NH4Cl (0.5 g/l) as the

sole nitrogen source and the antibiotics at 37 1C to an OD600 of 0.4–0.6,

induced with 0.2% (wt/vol) L-arabinose for 3 h. The second induction with

IPTG was carried out in 1 liter of unlabeled M9 medium supplemented as

described above.

Protein purification of GB1-CBD. The cells were lysed with B-PER II bacterial

protein extraction solution (Pierce) and spun down for 20 min at 35,000g. The

lysate was loaded on a HiTrap Chelating HP column (Amersham Biosciences)

charged with Ni2+ ions. The hexahistidine tagged proteins and proteins

associating with the His-tagged proteins were eluted with 50 mM sodium

phosphate (pH 8.0), 300 mM NaCl and 250 mM imidazole. The eluted fraction

was then loaded on an IgG-Sepharose (Amersham Biosciences)-packed column

and washed with 50 mM HEPES (pH 7.2), 150 mM NaCl. The proteins bound

to the resin were eluted with 50 mM glycine (pH 3.0) and immediately

neutralized with 1 M Tris (pH 9.0) followed by overnight dialysis against

20 mM Tris (pH 8.0), 1 mM EDTA, 0.1 mM phenyl methyl sulfonyl fluoride.

The dialyzed protein solution was loaded on a HiTrap Q FF anion-exchange

column (Amersham Biosciences) and the flow-through containing the pure

ligated protein was collected. The solution was then concentrated and the buffer

exchanged to 20 mM sodium phosphate (pH 6.5), 0.01% (wt/vol) sodium

azide, 10% (vol/vol) D2O for NMR measurements.

Expression of Sup35-GB1. E. coli ER2566 bearing the two plasmids

pSZBAD1PG and pSZDuet30 were grown at 37 1C in 0.25 liter of LB medium

containing 100 mg/ml ampicillin and 50 mg/ml kanamycin. The proteins were
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first induced with 0.2% (wt/vol) L-arabinose at an OD600 of 0.4–0.6 for 30 min

followed by the addition of a final concentration of 1 mM IPTG and incubation

for another 4 h. The cells were harvested and frozen at �80 1C for further

purification. Purification of Sup35-GB1 was carried out with B-PER II bacterial

protein extraction solution and IgG chromatography.

NMR spectroscopy. All NMR measurements were performed on a Bruker AV-

600 equipped with a triple resonance cryoprobe at the Saskatchewan Structural

Science Center. The water signals were suppressed by using the watergate

sequence27. The spectra were recorded with B0.2–0.4 mM samples at 25 1C

either in 500 ml or 250 ml volumes. A total of 256 (o1) � 1,536 (o2) data points

with t1,max ¼ 47.8 ms, t2,max ¼ 91.7 ms were recorded for the [1H, 15N]-HSQC

experiment. For the HNCACB experiment28, a total of 80 (o1) � 40 (o2) �
1,024 (o3) with t1,max ¼ 4.6 ms, t2,max ¼ 9.1 ms, t3,max ¼ 65.9 ms were recorded

resulting in the total recording time of 6 h. A total of 64 (o2) � 1536 (o1) with

t1,max ¼ 14.6 ms, t2,max ¼ 91.7 ms were recorded for the 2D-[1H, 15N]-HNCO

experiment. For data processing and spectra analysis, the programs PROSA29

and XEASY30 were used.

Note: Supplementary information is available on the Nature Biotechnology website.
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