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Many proteins, including cellular signaling proteins, cell-
surface receptors, and modular enzymes, are constructed from
individual domains and connecting linkers.[1] Structural anal-
ysis by NMR spectroscopy or by X-ray crystallography often
focuses on self-contained domains excised from full-length
proteins so as to reduce the molecular weight to a manageable
size for high-quality NMR spectra or to improve crystalliza-
tion by removing disordered regions.[2] Such minimization
often neglects functional aspects of a domain in an intact
protein and may not represent all aspects of the structure–
function relationship in the full-length context. While the
structure determination of individual, isolated domains has
been tremendously accelerated—in part through several
structural genomics consortia—understanding of domain–
domain interactions within a multidomain protein is lacking
behind. NMR spectroscopy is an ideal tool for characterizing
such, often transient, interactions. However, NMR spectro-
scopic analysis of large proteins often suffers from signal
overlap. This problem becomes even more profound when
proteins contain recurring modular domains and/or highly
disordered regions. One solution to this overlap problem is
segmental isotopic labeling that enables the exclusive incor-
poration of NMR active, stable isotopes into selected domains
or parts of larger proteins,[3–7] thereby reducing the complexity
of the NMR spectra.

In the past years, we have advanced segmental isotopic
labeling procedures by discovering and engineering robust
protein splicing domains (inteins)[6,8a] and by developing
in vivo methods with the time-delayed dual expression
system.[5] While segmental isotopic labeling of N- or C-
terminal halves of proteins by protein ligation of two frag-
ments has become a well-established routine procedure,[5–7]

labeling of a middle domain or segment in a larger protein still
poses significant challenges. Native chemical ligation (NCL)
or expressed protein ligation (EPL) could be used for such a
three-fragment ligation, however, the requirement for iso-
tope-enriched peptides with a protected N-terminal cysteine
residue is not cost-effective and the protection/deprotection
steps to create a reactive N-terminal cysteine could be labor-
intensive.[4,9] One promising approach to ligate three poly-
peptide fragments is to use protein trans-splicing (PTS) with
two split inteins (denoted as Int1 and Int2) because PTS does
not require any cumbersome steps to create an N-terminal
cysteine needed for EPL (Figure 1a).[4, 10, 11] For this approach,
however, the two split inteins must be orthogonal without any
cross-reactivity and have high splicing efficiency. Segmental
labeling of a central region of a protein by three-fragment
ligation was elegantly realized with the two orthogonal split
inteins, PI-PfuI and PI-PfuII.[10] However, the artificially split
inteins of PI-PfuI and PI-PfuII required tedious refolding and
optimization steps to restore the splicing activity because the
fusion proteins with the split intein fragments were insolu-
ble.[10, 12] Since refolding can also result in inactive proteins,
avoiding any refolding steps would be highly beneficial. This
can be achieved with naturally occurring split inteins, such as
DnaE inteins from cyanobacteria, which usually do not
require any refolding step to induce PTS.[5, 6, 8, 13,14] Particularly,
DnaE intein from Nostoc punctiforme (Npu) could be ideally
suited based on the combination of its robust splicing activity,
high tolerance of sequence variations at the splicing junctions,
and its high solubility.[8] For three-fragment ligation, however,
the DnaE inteins cannot be directly used because the domain
or fragment inserted in the middle of the precursor protein
containing both N- and C-intein (IN/IC) could result in
cyclization or polymerization (Figure 1b).[8a, 14, 15]

Herein, we develop a novel strategy for three-fragment
protein ligation that overcomes the cyclization/polymeri-
zation problem but still utilizes only one robust DnaE intein
to achieve higher yields. To circumvent the inevitable
cyclization using only one split intein (Figure 1b),[15] we
exploited engineered NpuDnaE inteins with the same
sequence but different split sites[16] (Figure 1c). Shortening,
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for example, the C-intein could prevent the formation of a
functional intein with the unmodified N-intein (IN1). The
splicing activity, however, can be restored in reactions with a
modified N-intein (IN2) bearing the missing sequence (Fig-
ure 1c). Thus, one robust DnaE intein with two different split
sites can be used for three-fragment ligation in a stepwise
manner (Figure 2). In the first step two protein fragments of
interest (POIB and POIC in Figure 2) are ligated by the
original split intein (IN1/IC1). Additionally, the N-terminal
target protein (POIB) is fused to a shortened C-intein (IC2),
which does not react in cis with the original N-intein (IN1)
preventing cyclization of the middle fragment (POIB). This
first step of the three-fragment ligation can be performed
in vivo as previously demonstrated.[5, 6] Subsequently, the
ligated product (IC2-POIB-POIC) can be purified with an N-
terminal purification tag and subjected to the second, in vitro
ligation step with the elongated variant of the N-intein (IN2)
that is C-terminally fused to POIA (Figure 2 c). In this second
step, association between the pair of the engineered split
intein (IN2/IC2) will induce PTS and ligate the two flanking
protein sequences, that is, POIA and POIB-POIC, which result
in the ligated product (POIA-POIB-POIC) containing all three
protein fragments of interest. One possible drawback of this
strategy is that the ligation has to be performed in a stepwise
manner rather than in a “one pot” reaction because of the

cross-reactivity between the elongated N-intein (IN2) and the
original C-intein (IC1). Performing the first ligation step
in vivo, however, simplifies the protein purification steps.[5]

As a proof-of-principle experiment, we created an artifi-
cial fusion construct of the three model proteins, yeast
ubiquitin-like protein Smt3, the B1 domain of the immuno-
globulin binding protein G (GB1), and yellow fluorescent
protein (YFP; Figure 2). The C-intein of the split variant
(NpuC15) was derived from the C-intein (NpuC36) of the
original NpuDnaE intein by shortening it by 21 amino acids,
thus containing only the C-terminal 15 residues.[16a] The N-
intein of the split variant (NpuNDC15) was created by elongat-
ing the N-intein of the original NpuDnaE intein (NpuNDC36)
with the missing 21 residues. The first ligation step between
IC2-POIB-IN1 (NpuC15-GB1-NpuNDC36) and IC1-POIC (NpuC36-
YFP) was achieved in vivo by the original split NpuDnaE
intein. The ligated product was purified by ion metal affinity
chromatography (IMAC). The ligated product IC2-POIB-POIC

(NpuC15-GB1-YFP, 45.3 kDa) could be easily identified based
on its apparent molecular weight by SDS-PAGE (sodium
dodecyl sulfate–polyacrylamide gel electrophoresis; Fig-
ure 2b). Over 60% of the precursor was efficiently ligated
during the expression. Independently, the N-terminal precur-
sor protein POIA-IN2 containing Smt3 and NpuNDC15 was
expressed and purified by IMAC. The second step of the
protein ligation was initiated in vitro by mixing the two
purified precursors POIA-IN2 (Smt3-NpuNDC15) and IC2-POIB-
POIC (NpuC15-GB1-YFP). The time course of the PTS
reaction is shown in Figure 2c, clearly demonstrating the
increase in the ligated product of POIA-POIB-POIC (Smt3-
GB1-YFP). The in vitro ligation efficiency was over 80 %.
The ligated product was confirmed by mass spectrometry
(Supporting Information, Figure S3).

Successful three-fragment ligation with the model pro-
teins encouraged us to apply this strategy to a naturally
occurring three-domain protein. CuracinA (CurA) from
Lyngbya majuscula is part of a mixed polyketide/non-
ribosomal peptide synthesis (PKS/NRPS) machinery and
contains three sequentially following acyl carrier protein
(ACP) domains.[17,18] High sequence identities among these
three domains (93–100%) give rise to severe overlap of NMR
signals from a uniformly labeled sample of the construct
spanning all three domains (see Figure 4, Supporting Infor-
mation Figure S2). Analysis of domain–domain interactions
of such a protein containing recurring sequences by NMR
spectroscopy is difficult with conventional uniform labeling as
well as with selective amino acid labeling approaches. Thus,
segmental isotopic labeling of individual domains in the full-
length protein is a very attractive approach to analyze the
structure–function relationship of individual domains within
the three-domain CurA fragment. To achieve segmental
isotopic labeling, CurA was dissected in the linker regions
connecting the three ACP domains, termed T1, T2, and T3
(Supporting Information Figure S2). The T3 was fused with
NpuC36. The expression of this precursor protein was con-
trolled by the arabinose promoter in pBAD vector with
ColE1 origin (Figure 3, and Supporting Information, Fig-
ure S1). The dissected T2 was inserted between NpuC15 and
NpuNDC36 (Figure 3a). We also fused an N-terminally His-

Figure 1. a) Segmental isotopic labeling of a central region of protein
of interest (POI) by three-fragment ligation using two orthogonal split
inteins (Int1 and Int2). b) Design of a central precursor protein that
prevents cyclization caused by protein splicing in cis. c) Elimination of
protein splicing activity by shortening the C-intein (IC1!IC2) and
restoration of protein splicing activity by complementation with an
elongated N-intein (IN1!IN2). Note, however, that a combination of IN2

and IC1 shows cross-reactivity and should therefore be avoided.
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tagged Smt3 (H6-Smt3) to the N-terminus of NpuC15 to
facilitate the purification and improve solubility.[19] The
precursor containing the T2 was cloned into a plasmid with
T7 promoter and RSF origin. (Figure 3, and Supporting
Information Figure S1). These two plasmids were used for
in vivo segmental isotopic labeling[5, 6] The C-terminal pre-
cursor with T3 was expressed first in the unlabeled medium,
followed by the expression of the N-terminal precursor with
T2 in the labeled medium. This order of expression helps to
minimize isotopic cross-labeling to less than 10% as described
previously[5,6] since removal of the arabinose by changing the
media effectively ceases arabinose promoter activity. Approx-

imately 20 mg (0.54 mmol) of the purified ligated product (H6-
Smt3-NpuC15-[

15N]-T2-T3) containing 15N-labeled H6-Smt3-
NpuC15-T2 and unlabeled T3 was obtained from 2 liters of 15N-
labeled M9/LB medium. The spliced T2-T3 bi-domain con-
struct was purified and used in the second step of the three-
fragment ligation method. For the second step, the T1 was
fused between H6-Smt3 and NpuNDC15 (IN2) (Figure 3, and
Supporting Information Figure S1). This N-terminal precur-
sor (H6-Smt3-T1-NpuNDC15) containing the T1 was separately
expressed in 1.4 liters of LB (Luria–Berani broth) medium
and purified by IMAC. The second step of the ligation was
performed in vitro by mixing the ligated bi-domain product
(H6-Smt3-NpuC15-[

15N]-T2-T3) with 5 mg (0.13 mmol) of the
N-terminal precursor (H6-Smt3-T1-NpuNDC15; Figure 3 b).
Finally, about 2 mg (0.06 mmol) of the in vitro ligated product
T1-[15N]-T2-T3 with the centrally 15N-labeled T2 was
obtained after cleavage of the H6-Smt3 tag and subsequent
purification by anion exchange chromatography. The final
product was confirmed by mass spectrometry (Supporting
Information Figure S4). The yield corresponds to approx-
imately 40% efficiency for the second ligation step after the
final purification.

To evaluate the effect of our segmental isotopic labeling
strategy we recorded [15N, 1H]-HSQC spectra of the uniformly
15N-labeled T1-T2-T3 and of the centrally segmentally 15N-
labeled T1-[15N]-T2-T3 constructs (Figure 4). Following a
similar strategy, we also obtained the N-terminally segmen-
tally 15N-labeled [15N]-T1-T2-T3 construct (Supporting Infor-
mation).[5] A comparison of the spectra of the segmentally
15N-labeled samples and the uniformly 15N-labeled sample

Figure 2. A stepwise three-fragment ligation by PTS. a) Design of three
precursor proteins for the three-fragment protein ligation. b) The first
in vivo splicing scheme and experimental results. The yield of the
splice product was followed by SDS-PAGE: Lane 1: induction of only
the first component with IPTG; lane 2: induction of only the second
component with arabinose; lane 3: before induction; lane 4: half-hour
after arabinose induction; lane 5: 2 h after induction with arabinose
and IPTG (isopropyl-b-d-thiogalactopyranoside); lane 6: 4 h after the
dual induction. The splice product can easily be identified by its
molecular weight. c) The second in vitro splicing scheme and exper-
imental time course followed by SDS-PAGE: Lane 1: directly after
mixing of both purified components; lane 2: 3 min; lane 3: 10 min;
lane 4: 30 min; lane 5: 1 h; lane 6: 3 h; lane 7: 15 h after mixing.
M = molecular weight marker.

Figure 3. a) Strategy for segmental isotopic labeling of a central
domain in CurA. b) Time course of the second in vitro step of the
protein splicing reaction. Lane 1: directly after mixing of the purified
components; lane 2: 30 min; lane 3: 1 h; lane 4: 3 h; lane 5: 5 h;
lane 6: 9 h; lane 7: 17 h after mixing.
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shows that the assignments of peaks with very similar
chemical shifts to individual domains are possible (insets B–
D in Figure 4b). With the segmentally isotope-labeled
samples, it is also possible to identify overlaps of the three
signals originating from the individual domains unambigu-
ously (inset A in Figure 4b).

In summary, we demonstrated a novel scheme for three-
fragment ligation by using only one robust split DnaE intein
without any refolding steps. The use of only the well-
characterized NpuDnaE intein for three-fragment ligation is
of practical advantage for obtaining higher yields. We believe
that this new strategy can be generally applicable to
segmental isotopic labeling of an arbitrary region in many
other multidomain proteins for NMR spectroscopic studies.
This simple and robust scheme for a central-fragment labeling
could become a valuable tool for elucidating structure–
function relationships of a domain or a region in intact
proteins by NMR spectroscopy.
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