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Solution structure of DnaE intein from Nostoc punctiforme: Structural basis for
the design of a new split intein suitable for site-specific chemical modification
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Naturally split DnaE intein from Nostoc punctiforme (Npu) has robust protein trans-splicing activity
and high tolerance of sequence variations at the splicing junctions. We determined the solution
structure of a single chain variant of NpuDnaE intein by NMR spectroscopy. Based on the NMR struc-
ture and the backbone dynamics of the single chain NpuDnaE intein, we designed a functional split
variant of the NpuDnaE intein having a short C-terminal half (C-intein) composed of six residues. In

vivo and in vitro protein ligation of model proteins by the newly designed split intein were
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1. Introduction

Protein trans-splicing is a promising tool for post-translational
ligation of protein fragments [ 1-3]. Protein splicing is a self-catalytic
reaction catalyzed by an intervening sequence in a host protein,
termed an intein, which ligates the flanking protein sequences,
termed exteins, by a peptide bond and concomitantly excises itself
from the host protein [3]. Protein splicing in trans could ligate two
foreign peptide chains that are fused with either N- or C-terminal
fragments (N- or C-inteins) of a splitintein [4-6]. Protein trans-splic-
ing system has opened many applications including segmental iso-
topic labelling of proteins, protein cyclization, in vivo protein
engineering, and site-specific chemical modifications [6-15]. How-
ever, protein ligation by protein trans-splicing can be significantly
modulated by the junction sequences as well as by the extein se-
quences, which could limit the applications of protein trans-splicing
[16]. Fusion proteins with artificially split intein fragments often be-
come insoluble because of the unstructured split fragments [6,17].
Therefore, recovering and refolding of the two precursor fragments
from insoluble fractions are often necessary in order to perform pro-
tein ligation using protein trans-splicing with artificially split inteins
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[6,17].In contrast, naturally occurring split inteins from cyanobacte-
ria such as the DnaE intein from Nostoc punctiforme (Npu) usually do
not require denaturation/renaturation steps for protein trans-splic-
ing [4,7,16]. NpuDnaE intein has also higher tolerance of sequence
variations at the splicing junctions and superior splicing activity to
the widely used DnaE intein from Synechocystis sp. PCC6803 (Ssp)
[16]. Therefore, NpuDnaE intein might be more suitable for many
biotechnological applications than other inteins. However, the C-
terminal fragment of a split intein (C-intein or Intc) of the naturally
occurring split NpuDnaE intein consists of 36 residues (Npulntcsg),
which could be too long to be chemically synthesized and could dis-
turb the solubility of the precursor fragment fused to the C-intein.
We have been interested in identifying shorter functional C-inteins
that still retain robust protein trans-splicing activity. A functional
C-intein consisting of 15 residues (Npulntc;5) was previously identi-
fied in our group by shortening the C-intein systematically [18,19].
The systematic approach was applied because no three-dimensional
structure of DnaE intein was available when the project was started
[18].

To rationally design new split inteins with even shorter C-in-
teins, we determined the NMR structure of a single chain variant
of NpuDnaE intein. Moreover, we investigated the backbone
dynamics by NMR relaxation measurements in order to identify
locations with internal conformational fluctuations that might
be important for introducing a new split site. Based on the NMR
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structure and the >N relaxation analysis, we designed a new split
intein from NpuDnaE intein and tested the protein trans-splicing
activity in vivo as well as in vitro.

2. Materials and methods
2.1. Construction of Npulnty 4ce/Npulntcs

The plasmid (pHYDuet93) for the expression of an N-terminal
His-tagged B1 domain of IgG binding protein G (Hg-GB1) fused
with Npulntyacs Was constructed from pSKDuet16 containing the
gene of the single chain variant NpuDnaE intein and two GB1s as
exteins by replacing the codon of residue 132 with a stop codon
by two oligonucleotides: #HK254: 5'-CACTCAAAAATTAAGCTTTA-
GCTTCTAATTGTTITC and #HK255: 5'-GAAGCTAAAGCTTAATTTTT-
GAGTGCAAAATTATG [16,18]. This plasmid contains RSF origin
and a T7 promoter that is inducible by isopropyl B-p-1-thiogalacto-
pyranoside (IPTG) [7]. Npulntcg was constructed as a fusion protein
with GB1. The gene of Npulntcs-GB1 was amplified from pMH-
BAD14C by a pair of the two oligonucleotides: #SZ015: 5-TGC-
CAAGCTTATTCCGTTACGGTG and #HK256: 5'-ACTAGTCATATGGG-
CTTCATAGCTTCTAATTG or #HK112: 5-CTAAAGCTTAATGATGAT-
GATGATGATG and #HK256 and cloned into pSKBAD2 by using
Ndel and HindllI sites, which resulted in pSABAD109 (Npulntcg-
GB1) or pHYBAD94 (Npulntce-GB1-Hg) [16]. These vectors contain
ColE1 origin and an arabinose promoter for the expression.

2.2. Protein preparations

A uniformly '3C, '>N-labelled sample of the single chain
NpuDnaE intein was produced and purified as previously described
[21]. A 2mM doubly 3C, >N-labelled NMR sample was used
for the NMR measurements required for the structure calcula-
tion. The '°N relaxation measurements were performed with
15N-labelled sample. Npulntyacs fused with an N-terminally His-
tagged GB1 and Npulntcg fused with an C-terminally His-tagged
GB1 were individually expressed in Escherichia coli ER2566 (New
England Labs, Ipswich, USA) and purified by Immobilized Metal
ion Affinity Chromatography (IMAC) with Profinia protein purifica-
tion system (BioRAD, USA). The purified proteins were dialyzed
against 10 mM Tris, 500 mM NaCl and 1 mM EDTA, pH 7.0.

2.3. NMR measurements

NMR measurements were performed at 'H frequency of
600 MHz on Varian INOVA spectrometer equipped with a triple res-
onance cryogenic probe head or on Varian INOVA 800 MHz spec-
trometer equipped with a triple resonance probe head. All the
NMR experiments were performed at 298 K. The T;, T,, and
I5N{'H}-NOE measurements were performed at 'H frequency of
600 MHz at 298 K. The T;('°N) relaxation times were determined
with the following T; relaxation delays: 0, 50, 100, 150, 200, 300,
and 500 ms [22,23]. The T,('°N) relaxation times were obtained
based on a CMPG-type sequence with the interval of 625 ps be-
tween '°N 180° pulse in the CPMG cycles with the following T,
relaxation delays: 10, 30, 50, 70, 90, 110, 150, and 190 ms.
I5N{'H}-NOEs were determined by the comparison of the peak vol-
umes between the HSQC spectra with and without H saturation of
2.5 s with special care for water-suppression [22,23,34]. The vol-
umes of the peaks were analyzed and fitted by the program ANAL-
YSIS [24]. The structure calculation was performed based on the
resonance assignments by the automatic NOE assignment algo-
rithm implemented in the program CYANA [25,26]. The structures
were calculated based on the NOE peaks obtained from 3D '°N-re-
solved ['H,'H]-NOESY and 3D '3C-resolved ['H, 'H]-NOESY spectra

with mixing times of 80 and 70 ms, respectively. Peaks were picked
and integrated using the program ANALYSIS [24]. The NOE peak
lists together with the assigned chemical shift values were used
as inputs for the automatic NOE assignments and for the structure
calculation [25,26]. At the last cycle, 3154 distance restrains was
used for the structure calculations starting from 100 random con-
formations. The 20 best CYANA conformers with the lowest values
of the CYANA target function were subjected to the energy minimi-
zation by the program AMBER [27,28].

3. Results
3.1. NMR structure of a single chain variant of NpuDnaE intein

A superposition of the 20 energy-minimized conformers is dis-
played with an RMSD value of 0.49 A, representing the well-de-
fined structure of the single chain NpuDnaE intein (PDB entry:
2KEQ, Fig. 1a, Table 1). The structure is composed mostly of B-
strands with two short o-helices. The overall structure has a disk
shape of a diameter of 19-22 A with 14 A thickness, resembling a
horseshoe-like fold common in Hedgehog/intein (HINT) domains
[29,30]. A single chain variant of NpuDnaE intein was constructed
by connecting 102 residues of the N-intein (Npulntyacse) and 35
residues of the C-intein without the first methionine of the C-intein
(Npulntcsg). The connected region forms a loop without regular
secondary structures, which might suggest that a few residues in
the vicinity of the naturally occurring split site could be removed
without loss of the function (Fig. 1). The structure of the single
chain NpuDnaE intein has a compact globular structure without
any highly disordered region. The largest disordered region is a
loop between B12 and B13, where the resonances of the backbone
amide groups as well as the side-chains are missing and thereby
lacking substantial NOEs for this region.

3.2. Relaxation data

Nuclear spin relaxation measurement of >N spins of proteins is
a popular approach for studies of global protein motions and inter-
nal backbone mobility [31-34]. We hypothesized that the residues
indicating higher internal mobility are suitable locations for a new
split site and recorded a set of '°N relaxation measurements
(Fig. 2a, b and d). Assuming an isotopic model, a global correlation
time, 7. can be derived from T;/T> ratios for all the residues [33,34].
Residues having conformational exchanges that shortened T, val-
ues or internal motions contributing T, could be identified by com-
paring the T,/T, ratios for individual backbone amide groups with
the average T;/T; ratio, (T1/T,). By using the program DASHA, the
average T;/T, ratio, (T1/T,) = 8.0 = 0.4 was obtained at 'H frequency
of 600.0 MHz after disregarding the residues for which T;/T, ratio is
outside of the standard deviation (Fig. 2c), which results in an
apparent global rotational correlation time of 8.5+0.5ns [35].
The disregarded residues are likely to have conformational ex-
changes or faster internal motions. The conformational exchanges
were suggested for the following residues: 10, 40, 76, 78, 96-98,
102, 104, 120, and 132 (Fig. 1b and Fig. 2c). These residues are lo-
cated in loops except for residue 40 (Fig. 2). Residues 96-98, 102,
and 104 are located in the loop connecting the N- and C-inteins
to make the single chain variant, suggesting higher conformational
fluctuations in this region. Thus, the internal backbone flexibility
might be a key feature for designing novel functional split inteins.

3.3. Design of a new split intein

The NMR solution structure and the backbone dynamics of
NpuDnaE intein were analyzed in order to rationally design new
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Fig. 1. (a) Stereo view of the superimposed 20 energy-minimized CYANA conformers, representing the three-dimensional structure of the single chain variant of NpuDnaE
intein in solution. The locations of the N- and C-termini are indicated. p-Strands are highlighted in green. (b) Ribbon drawing of the lowest energy conformer of the single
chain variant of NpuDnaE intein. Calculated axes of the structure are displayed by the three lines, indicating the center of the structure. The horizontal line is the longest axis.
The shortest axis of the structure is perpendicular to the plane of the page. Side-chains of the preceding residues of the split sites indicated by filled triangles in (c) are
displayed. The residues of which amide groups were not detectable in the NMR spectra were colored in red. The residues indicating conformational exchanges are colored in
orange. (¢) Primary structure of the single chain variant of NpuDnaE intein used for the structure determination. The locations of the secondary structures are indicated above
the amino acid sequence. C1A mutation is indicated in bold. Filled triangles indicate the functional split sites that were experimentally tested. The program MOLMOL was

used to produce (a) and (b) [40].

split inteins that could constitute a shorter and functional C- or N-
intein for protein ligation by protein trans-splicing [18,20]. Because
there was no three-dimensional structure of SspDnaE intein avail-
able when the project started [37], we previously shifted the split
site of SspDnaE systematically toward the C-terminus and discov-
ered that only the C-terminal 16 residues were required for the
functional C-intein of SspDnaE [18]. This split site was also applied
to NpuDnaE intein and demonstrated that the C-terminal 15 resi-
dues of NpuDnaE intein were sufficient for efficient protein trans-
splicing [18]. This split site is located in the loop between 12
and B13 of the NpuDnaE intein structure (Fig. 1b). It is noteworthy
that residue 120 indicates conformational exchange from the
relaxation data and is also located in the same loop, where reso-

nances of the backbone amide groups of residues 122-124 could
not be observed presumably due to internal fluctuations that
shortened the T, relaxation times [21]. From the relaxation analy-
sis, we found a few locations with reduced T, relaxation times pre-
sumably due to conformational exchanges, which are around
residue 10, residues 76-78, residues 96-104, and residue 132
(Fig. 2). These locations are coincident with the loops with higher
disorder in the NMR structure (Fig. 2e). The naturally occurring
split site of NpuDnaE intein is precisely located in the loop where
a number of residues (residues 96-104) indicate conformational
exchanges. The NMR structure of NpuDnaE intein and the relaxa-
tion data might suggest a potential split site just after residue 97.
In fact, naturally split intein in Nanoarchaeum equitans family
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Table 1
The experimental NMR data for the structure calculation and the structural statistics
of the 20 energy-minimized conformers of NpuDnaE intein.

Quantity Value

Upper distance limits 3154
Short range NOE (i —j| < 1) 1498
Medium range NOE (1< |i —j| <5) 433
Long range NOE (|i —j| > 5) 1223

Residual Cyana target function (A?) 0.37%0.17

Amber energies (kcal/mol)
Total —5711.78 £27.91
van der Walls —1173.35 £ 9.06
Electrostatic —9503.76 + 240.66

Residual NOE violation
Number >0.1 A 4%2
Maximum (A) 0.24 +0.07

Residual dihedral angle violations
Number >2.5° 1+1
Maximum (°) 3.38+0.24

RSMD from ideal geometry

Bond length (A) 0.0098 +0.0001

Bond angels (°) 1.979 £0.016
RMSD to mean coordinate

Backbone 1-137 (A) 0.45 + 0.07

Heavy atoms 1-137 (A) 0.94 +0.07
Ramachandran plot statistics®

Most favoured regions (%) 87.5

Additional allowed regions (%) 124

Generously allowed regions (%) 0.1

Disallowed regions (%) 0.0

2 As determined by PROCHECK [41,42].

B-type DNA polymerase (NeqPol intein) has the split site after
residue 98 [39]. Conformational exchange was also suggested for
residue 10, which is in the proximity of the functional split site
found in SspDnaB intein [36]. The coincidence between the func-
tional split sites and the locations with conformational exchanges
inspired us to introduce a new split site after residue 131 because
residue 132 indicates conformational exchange and the backbone
amide resonance of the preceding residue (residue 131) was not
detectable in the HSQC spectra. These two residues are located in
the turn between 13 and p14.

3.4. Protein trans-splicing by Npulntycs/Npulntcs

To test our hypothesis that the split site can be introduced in
the loops indicating conformational exchanges from the NMR anal-
ysis, we constructed a new split NpuDnaE intein, Npulntyacs/
Npulntcg by splitting the single chain NpuDnaE intein after residue
131. The C-intein of the newly engineered intein has the C-termi-
nal six residues of the NpuDnaE intein and is called Npulntcs. The
N-intein of the newly engineered intein has the N-terminal 131
residues of the single chain NpuDnaE intein. This N-terminal intein
fragment is called Npulntyace because it is the N-terminal frag-
ment (N-intein) of the single chain NpuDnaE intein lacking the C-
terminal six residues. In order to test the protein ligation by the
newly designed split NpuDnaE intein (Npulntyaces/Npulntcg), each
fragment of the new split intein (Npulntyacs/Npulntcg) was fused
with GB1 (Fig. 3a). The N-terminal precursor protein (Hg-GB1-
Npulntyacs) contains an N-terminal His-tag, GB1, and Npulntyacs
with the total theoretical molecular weight of 23542.2 Da. The C-
terminal precursor protein contains Npulntcg, GB1, and a C-termi-
nal His-tag with the theoretical molecular weight of 8189.8 Da.
Protein ligation by Npulntyacs/Npulntcg was initiated by mixing
the two precursors in vitro in the presence of 0.5 mM TCEP and
monitored by SDS-PAGE after the mixing. The ligated product of
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Fig. 2. Plots of the relaxation times (a) T;(*°N) and (b) T5(**N), (c) T;/T ratios, (d)
I5N{'H}-NOEs, and (e) the average global displacement for the backbone atoms
(C’, N, C*) among the 20 conformers. The standard deviation for all the T;/T; ratios is
indicated by broken lines in (c). The secondary structures are indicated above the
plots.

He-GB1-GB1-Hg was formed with the Kkinetic constant of
5.2+0.2 x 107> (s ) at the apparent molecular weight of about
20 kDa (Fig. 3b). This kinetic constant is comparable to the trans-
splicing kinetic constant of 6.6+1.3 x 10™> (s ') reported for
SspDnaE although the comparison between trans-splicing kinetics
could not be directly compared because of the differences in the
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Fig. 3. In vitro and in vivo protein ligation by Npulntyace/Npulntcs. (@) Schematic drawing of protein trans-splicing by the designed split intein. (b) In vitro protein ligation by
Npulntyace/Npulntce. M, Marker; lane 1, 0 min after mixing; lane 2, 5 min; lane 3, 10 min; lane 4, 30 min; lane 5, 1 h; lane 6, 2 h; lane 7, 4 h; lane 8, 24 h. (c) In vivo protein
ligation by the dual vector system. M, Maker; lane 1, induction only with IPTG; lane 2, induction only with t-arabinose; lane 3, before induction; lane 4, 1 h after induction
only with L-arabinose; lane 5, 1 h after the additional induction with IPTG (2 h after the induction with L-arabinose); lane 6, 2 h after the dual induction with both IPTG and L~

arabinose.

extein sequences [18,38]. The molecular mass of 15899.7 Da was
obtained for the ligated product by MALDI-TOF mass-spectrometry
(Supplementary Fig. S1), which is in good agreement with the ex-
pected molecular mass (15899.2 Da). Despite the short length of
six residues, the protein ligation was efficiently performed by
Npulntyacs/Npulntcg. The C-terminal precursor fragment was
mostly consumed after 24 h but the yield was estimated to be
about 50% due to the cleavage reaction. Additionally, we tested
in vivo protein ligation by Npulntyacs/Npulntcg by using the dual
vector system with two different promoters previously developed
in our group, which allows to control the expression of the two
precursors individually by the addition of either IPTG or L-arabi-
nose (Fig. 3¢) [7]. Upon the dual induction with both IPTG and -
arabinose, the ligated product (Hg-GB1-GB1) was produced as ob-
served as a band of the apparent molecular weight of 19 kDa in the
SDS-PAGE (lane 6, Fig. 3¢). Thus, Intcs peptide from NpuDnaE could
indeed be used for protein ligation in vivo as well in vitro.

4. Discussion

Here we reported the NMR solution structure of a single chain
NpuDnaE intein and demonstrated that the NMR structure and
the >N relaxation measurements could be an effective tool for
designing new functional split sites in inteins. The engineered
functional split inteins derived from NpuDnaE intein in our group
include Npulntyacis/Npulntcys and Npulntyace/Npulntes [18,19].

The C-inteins of these new split inteins constitute B-strands in
the center of NpuDnaE intein (Fig. 1b). The C-terminal 15 residues
of NpuDnaE intein form two anti-parallel B-strands buried exactly
in the center of the horseshoe-like fold of HINT domain (Fig. 1b).
These two strands resemble two fingers (B13 and B14 strands) in-
serted into the core of the structure. The six residues of Npulntcg
form the last p-strand (B14), which resembles one finger inserted
in the center instead of the two fingers of Intc;s. The simplicity
of these secondary structures of Intcs and Intcg compared with
the wild-type Intcsg, which is intertwined into the remaining part
of NpuDnaE intein structure, might be advantageous for protein
trans-splicing reaction in some foreign contexts [18,19]. The sim-
pler structure of Intcys and Intcg may allow the faster interaction
between Inty and Intc although the detailed analysis of the interac-
tions remains to be investigated. The newly designed split DnaE in-
tein, Npulntyacs/Npulntcg can be used for in vivo as well as in vitro
protein ligation. Moreover, the six residues of Npulntcg are
expected to be easily synthesized or fused to any other proteins
as a ligation tag. The short length of Intcg peptide makes it afford-
able to synthesize even with a chemical modification. Particularly,
Npulntcg has the sequence of GFIASN lacking any reactive primary
amine except for the N-terminus, making it suitable for site-spe-
cific modification of €-amino group in a lysine when the N-termi-
nus is blocked. Therefore, the newly designed split DnaE of
Npulntyacs/Npulntcg might be of practical use for site-specific
chemical modifications of proteins. The short length of Intcg is also
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expected to affect the solubility of the fused proteins much less
than the original Intc bearing 36 residues. This would make it more
suitable for many applications such as segmental isotopic labelling.

Recent advances in computational approaches and algorithms
opened new possibilities to computationally design new enzymes
with new functions from a defined scaffold. However, dynamical
aspects of protein structures have not been taken into consider-
ation for rational design of proteins. We here demonstrated the
use of dynamical structures for the rational design of a novel func-
tional split intein. This rational approach to design new split intein
by the combination of the solution NMR structures and '°N relax-
ation measurements could be generally applicable to other inteins
as well as other enzymes.
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