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The stable isotope labeling of peptide segments in a protein
sample is achieved by means of peptide splicing to observe NMR
signals of a part of larger protein molecules. The developments
of the isotope-aided NMR spectroscopy allowed determination
of the three-dimensional structures of proteins of up to 25 kDa,1

but the thousands of NMR signals from a protein of this size or
larger cause high degeneracy of their chemical shifts, bringing
about ambiguity as to interpretation of the structural information.
The technique of selective isotope labeling can reduce the number
of signals. Currently, techniques for amino acid specific labeling,2

its dual use3 to identify a single residue, and incorporation of a
labeled amino acid at a single position4 are available. These
selective labeling techniques give unambiguous information but
are impractical for obtaining the resonance assignments of an
entire molecule and for determining the structure of a protein.
An ideal way to approach solving the structure of a large protein

is segmental labeling along the peptide chain. For example,
labeling on the N-terminal side of a specific amino acid residue
will reduce the number of signals in the spectra to a manageable
number. The standard NMR techniques for backbone assignment
of a uniformly labeled sample can work on it, because all signals
come from the continuous peptide chain. The existence of the
other part can be completely neglected. Structural information
can be collected by means of the standard isotope-edited
multidimensional NMR for the labeled part and by means of the
isotope-filtered experiments for the contacting area between the
labeled and unlabeled segments. Segmental labeling is the most
efficient method for dividing a large target into parts of manage-
able size.
Here, we demonstrate a new method for the ligation of labeled

and unlabeled peptide fragments using a peptide splicing element,
intein (Protozyme).5-8 Inteins are insertion sequences which are
cleaved off after translation. Of particular interest is that the
preceding and succeeding fragments are ligated, leaving a
continuous peptide sequence (called an extein) without the intein.

Since only one amino acid residue in the extein part is involved
in the splicing reaction, any C-terminal peptide fragment begin-
ning with a cysteine, serine, or threonine is expected to be ligated
with any N-terminal peptide fragment (Figure 1a). For different
types of labeling of the N- and C-terminal extein, the precursor
is cut at the middle of the intein sequence and thus divided into
separate fragments. The fragments are separately produced in
culture media with different isotopes. Successively, they are
mixed in vitro and refolded, which leads to activation of the
ligation of the target peptide fragments (Figure 1b).
The N-terminal intein (PI-PfuI) of the two in the ribonucleotide

reductase9 from Pyrococcus furiosuswas used to generate a
splicing function in this study. PI-PfuI was 454 amino acids long
and was fragmented at K160-G161 (counting from the N-terminal
cysteine of the intein) (Figure 1b). This position was the most
sensitive to proteolysis by Lys-C protease and trypsin. We
reasoned that such a flexible loop would not be important
structurally or functionally. The fragmented and refolded intein
retained its splicing activity.
As the target protein for segmental isotope labeling and NMR

observation, the C-terminal domain of the RNA polymeraseR
subunit (RC)10 is used, which has a single structural domain
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Figure 1. (a) A schematic representation of the reaction of peptide
splicing. The amino acid sequence of PI-PfuI around the splicing points
is given. The amino acid sequence is numbered from the N-terminus of
the intein. The sequence of the extein is numbered with+ and- signs.
Amino acid residues, C1, H453, N454, and T(+1) are crucial for the
reaction. The reason for the importance of the glycine residues is not
known. (b) A schematic representation of segmental labeling. The
N-terminal fragment (filled) is composed of the N-terminal part ofRC
(M + E248-N294), three residues of the extein (G(-3)-G(-1)), and
the N-terminal part of PI-PfuI (C1-K160). The C-terminal fragment
(open) is composed of the C-terminal part of PI-PfuI (M+ G161-N454),
two residues of the extein (T(+1) and G(+2)), and the C-terminal part
of RC (L295-E329). They were expressed inEscherichia colitrans-
formed with separate expression plasmids. For the labeling with15N of
the N-terminal half, the N-terminal fragment was produced in the15N-
labeled medium and the other fragment in the labeled medium for the
labeling of the other. After partial purification of the fragments, they
were mixed, refolded, and then heated for the ligation reaction. The
product was purified with the standard procedure forRC.
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composed of fourR-helices. We designed to divide the target
protein between N294 and L295 (counting from the N-terminus
of the full R subunit) in the short flexible loop between helices
3 and 4 and to ligate them by connecting the N- and C-terminal
PI-PfuI fragments. Several residues of the extein sequence were
also included (Figure 1b). The insertion of a few extra amino
acids at this position was not expected to perturb the entire
structure ofRC. We successfully obtained two segmentally15N-
labeled protein samples, one labeled on the N-terminal segment
composed of M+ E248-N294+ GGG (Figure 2a) and the other
labeled on the C-terminal segment composed of TG+ L295-
E329 (Figure 2b). The sum of these spectra completely coincided
with the spectrum of the reference sample produced from the
continuous gene for the total 88 amino acid residues (Figure 2c),
indicating that chemically and structurally identical protein
samples except for the patterns of isotope labeling were obtained
through the ligation reaction. The efficiency of the ligation
reaction was good. We expect that 1 L of culture for each
fragment will provide enough of a sample for the triple resonance
experiments. Though we had problems on chemical stability and
lower yield in the M9 culture medium of the N-terminal fragment,
these specific problems can be overcome easily (see the Sup-
porting Information).
The three-dimensional structure ofRC was not perturbed by

the insertion of the GGGTG sequence to the short flexible loop
as judged on a 3D NOESY spectrum. The chemical shift changes

of the amide protons and nitrogens from those of wild-type
RCwere negligible except in the case of several residues around
the joint. This suggests that a flexible loop is an appropriate
position for ligation. The minimal amino acid sequence to be
inserted at the right and the applicability of the ligation reaction
to less flexible positions will be examined in the coming
experiments.
This method is expected to facilitate the application of NMR

to proteins as large as 50 kDa. The NMR technique using
deuterium labeling11,12is applicable to such proteins, but the actual
applications are still difficult because of signal overlap. Seg-
mental labeling will make it possible to assign signals unambigu-
ously in a shorter time and to determine the structures of such
large proteins to a higher precision.
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Figure 2. 2D 15N-1H HSQC spectra of the (a) N-terminal segmentally labeled and (b) C-terminal segmentally labeledRC. (c) Reference spectrum of
the uniformly15N labeledRC produced from the continuous gene including the GGGTG insertion. The assignments for peaks around the joint were
indicated. They were connected by regular peptide bonds, because their signals were traced on the 3D15N-edited NOESY spectrum. The N-terminal15N
labeled sample only showed peaks for the N-terminal 51 amino acid residues (E248-N294+ GGG). The C-terminal15N labeled sample only showed
peaks for the C-terminal 37 amino acid residues (TG+ L295-E329). No signals at all were observed for the unlabeled part. All assignments were
confirmed using the 3D NOESY spectrum.
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