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ABSTRACT: Inteins are autocatalytic protein domains that post-translationally excise from protein precursors
and ligate their flanking regions with a peptide bond, in a process called protein splicing. Intein-containing
DNA polymerases of cyanobacteria and nanoarchaea are naturally split into two separate genes at their
intein domain. Such naturally occurring split inteins rapidly self-associate and reconstitute protein-splicing
activity in trans. Here, we analyze thein Vitro protein-splicing activity of three naturally split inteins
from diverse cyanobacteria:Oscillatoria limnetica, ThermosynechococcusVulcanus, and Nostoc sp.
PCC7120. N- and C-terminal halves of these split inteins were mixed in nine combinations, resulting in
three endogenous (wild-type) and six exogenous combinations. Protein splicing was detected in all split-
intein combinations, despite a 30-50% sequence variation between the homologous proteins. Splicing
activity proceeded under a variety of conditions, including the presence of denaturants and reductants and
high temperature, ionic strength, and viscosity. Still, in a high concentration of salt (2 M) or urea (6 M),
specific combinations spliced significantly better than others. Additionally, copper ions were found to
inhibit trans splicing in a reversible double-lock reaction. Our comparative analysis of naturally split
inteins in endogenous and exogenous combinations demonstrates the modularity of trans protein-splicing
elements and their robust activity. It suggests tight interactions between split-intein halves and conditions
for modifying the specificity of intein parts. These results promote the biotechnological use of split inteins
for controlled assembly of protein fragments eitherin ViVo or in Vitro and under moderate or extreme
conditions.

An intein is an autocatalytic protein domain that post-
translationally excises from its protein precursor and ligates
its flanking regions with a peptide bond, in a process called
protein splicing (1). An intein-containing gene can be split
in the intein domain into two separate functional genes. This
rare genetic event occurred in the ancestor of the DNA
polymerase IIIR subunit (DnaE) of diverse cyanobacteria
(2, 3) and in the B-type DNA polymerase (Pol) gene of the
archaeonNanoarchaeum equitans(4, 5). These cyanobac-
terial and nanoarchaeal split inteins are distinct from each
other and arose in independent events. The inteins are split
into separately inactive, short halves. The N-intein (98-123
amino acids) and C-intein (30-36 amino acids) parts have
a high affinity for each other and can rapidly self-associate
into a compact intein fold (6-10). The split-intein complex
has a protein-splicing activity in trans, autocatalytically
ligating its flanks into a functional protein (Figure 1A).

The best studied naturally occurring split intein is that of
Synechocystissp. PCC6803 cyanobacterium. Co-incubation
of its split-intein halves generates both splicing and cleavage
(N- or C-terminal) products, together with stable complexes
of noncovalently, tightly interacting intein intermediates (7).
Kinetic studies of self-association and splicing rates of split

inteins suggest that trans protein splicing is rapid [(6.6(
1.3)× 10-5 s-1] and occurs at a low nanomolar affinity (6-
8). Split inteins were found to interact with a very fast
association rate (2.8× 107 M-1 s-1) and a slow dissociation
rate (1.2 s-1) (9). The crystal structure of artificially joined
split-intein halves shows a high structural similarity to the
compact intein fold and its active site (10). Recently, trans-
splicing activity was shownin ViVo for split inteins from
the cyanobacteriaNostoc sp. PCC7120 (Nsp)1 (11) and
Nostoc punctiforme(12) and from the archaeonN. equitans
(5).

Inteins and naturally split inteins are utilized for various
applications of protein ligation, protein cyclization, and
protein-protein interactionsin ViVo and in Vitro (13). This
is due to the robustness, rapidness, and autocatalytic process-
ing of protein splicing.In Vitro protein splicing can be
inhibited by zinc ions and, to lesser extent, by cadmium ions
(14, 15). These are the only known protein-splicing inhibi-
tors, and their effect can be reversed by metal chelators, such
as ethylenediaminetetraacetic acid (EDTA). Another advan-
tage in using inteins is their modular activity, which is
maintained even when inteins are integrated in foreign
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contexts (nevertheless, this can require the addition of a few
native flanking residues, e.g., see ref16).

Trans protein splicing can be achieved by artificially
splitting full-length inteins into two trans-splicing fragments
(17-24). While naturally split inteins can protein-splice in
relatively moderate conditions, many artificial split inteins
function better under denaturing conditions (17, 23) or with
additional heterodimerization domains (22).

Naturally split-intein halves of each species are under a
selective pressure to co-evolve for an efficient interaction
with each other and for splicing their flanking host protein.
Split inteins in diverse cyanobacterial groups accumulated
natural sequence variations, which are hypothesized to be
either (i) neutral changes not affecting their binding and
splicing or (ii) changes possibly reflecting a functional
conservation. The latter may optimize the activity of split-
intein halves to best fit with each other under the specific
living conditions of their host species (e.g., high temperature)
or under a common sequence drift of both halves. The
autocatalytic and bipartite nature of trans splicing can be used
to test the hypotheses on the divergence of natural split
inteins. Trans-splicing activity can be tested in different
combinations of wild-type N- and C-intein halves. This
approach is distinguished from previous studies, which used
point mutations (6), deletions (15), or fusion (9, 10) of split
inteins.

In this work, we examined the trans-splicing activity of
naturally occurring split inteins from three diverse cyano-
bacteria. Nine possible pairs of N- and C-intein halves were
mixed in Vitro, forming three endogenous (wild-type)
combinations and six exogenous combinations of split inteins.
The protein-splicing activity of all split inteins was monitored
under diverse conditions, including high salt concentrations,
the presence of denaturing agents, different temperatures, and
the presence of divalent metal ions. Under the latter
condition, we identified copper ions as reversible inhibitors

of the trans-splicing reaction. Our comparative analysis of
splicing activity among all split-intein combinations under
different conditions found their activity to be modular and
thus potentially useful for engineering and manipulating
proteins.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Constructs. Oscillatoria limnetica
(Oli) strain “Solar Lake” genomic DNA was provided by E.
Padan (Hebrew University, Israel).Thermosynechococcus
Vulcanus (Tvu) genomic DNA was provided by N. Adir
(Technion, Israel). Nsp was provided by S. Boussiba (Ben-
Gurion University, Israel). Each N-terminal intein domain
(IN) was cloned downstream to the maltose-binding domain
(MBP) to enhance its soluble expression and flanked by five
native residues KFAEY (except for IN-Tvu, which was
flanked by a serine), and each C-terminal intein domain (IC)
was cloned downstream to the MBP and upstream to the
chitin-binding domain (CBD), together with five or six
C-terminal flanking residues (CFNKS or CFNKSH), which
enhance its activity (16). Both IN and IC domains were cloned
with linkers separating them from the protein tags, to allow
for their structural flexibility.

Protein Expression and Purification. Escherichia coliTB1
bacteria were transformed with either IN or IC clones and
grown at 30-37 °C as described in ref25. Overexpressed
proteins containing the MBP tag were extracted and affinity-
purified using amylose beads as described in ref25. The
protein extraction buffer contained 20 mM Tris-HCl at pH
7.4, 200 mM NaCl, 10 mM EDTA, and 1 mM Na-azide.
In some duplicate experiments, Tris-HCl was replaced with
20 mM Na-phosphate without any significant effect on the
results. The protein concentration was measured by the
Bradford method, following visualization of calibrated
samples on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

FIGURE 1: (A) Schematic presentation of split-intein constructs used in this work and their trans-splicing products. (I) The two precursors
of intein halves (MIN and MICC) associate into a complex and undergo bond rearrangements. (II) During the protein-splicing reaction, the
N-S acyl shift at the N-terminal intein yields a reactive thioester bond, which is attacked by a conserved cysteine at the C-terminal intein,
followed by cyclization of asparagine. (III) C-Terminal cleavage can result from the cyclization of asparagine at the IC intein half, and
N-terminal cleavage can result from thioester hydrolysis at the IN intein half. (B) Matrix of all tested combinations of cyanobacterial
split-intein halves in endogenous or exogenous mixtures. IN is the N-terminal intein half; IC is the C-terminal intein half; M is the maltose-
binding protein; and C is the chitin-binding domain. Cyanobacterial species used in this work are Oli, Tvu, and Nsp.
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Trans Protein-Splicing Assay.In the standard assay,
amylose-purified split inteins (IN or IC) were mixed in the
same molar concentrations (0.4 mg/mL) in the protein
extraction buffer and incubated at room temperature for the
tested time periods (0, 0.16, 0.5, 1, 3, 12, and 24 h). The
splicing activity of endogenous combinations was examined
in increasing ionic strength (0.2, 1, 2, and 3 M NaCl), at
different temperatures (4, 25, 55, and 90°C), in the presence
of glycerol (40%), urea (3, 4, and 6 M), GuHCl (1 and 4
M), dithiothreitol (DTT) (0.2 M), 2-(N-morpholino)ethane-
sulfonic acid (MES) buffer (pH 5.5), or Tween-20 (1%). In
the metal-ion inhibition experiments, EDTA was not added
to the extraction buffer but either CuSO4, CuCl2, ZnSO4, or
ZnCl2 (5 mM) were added and the reaction proceeded at
room temperature. For chelation of metal ions, 10 mM EDTA
was added and reduction was performed with 2.5 mM tris-
(2-carboxyethyl)phosphine hydrochloride (TCEP) or 0.25 M
DTT. The extent of the reactions was measured in different
time periods, ranging from 1 min to 24 h. The minimal time
at room temperature to clearly observe splicing products on
SDS-PAGE was 30 min. We thus chose these temperatures
and incubation times to test other reaction conditions.

Protein-Splicing Measurement.Amounts of protein-splic-
ing products were quantified by band densitometry (using
NIH image and ImageJ softwares) of Coomassie-stained gels.
Splicing efficiency was calculated as the fraction of the
splicing product (MBP-CBD) divided by half of the
precursors and partial cleavage products.

Creation of Structural Models for the Different Intein
Combinations. Backbone coordinates and side-chain coor-
dinates wherever the amino acid was conserved, from the
structure of the Ssp6803 split intein, Protein Data Bank
(PDB) code 1ZD7 (10), were used as a template, upon which
the split-intein sequences of the different species combina-
tions were modeled, using a simplified Rosetta protocol (36,
37). In brief, only side-chain atoms were remodeled, with
no attempt to model backbone conformational changes. The
C termini of the IN parts, which are not conserved and of
different lengths, were not included. This simple modeling
procedure created for each of the combinations a well-packed
structure that does not accumulate any steric clashes,
indicating that those sequences fit onto the fold. The models
were then analyzed for energy contributions across the
interface.

RESULTS

Sequence Features of Cyanobacterial Split Inteins.We
experimentally examined three cyanobacterial split-intein
pairs, formerly identified by Caspi et al., from Oli, Tvu, and
Nsp (3). These species belong to distinct cyanobacterial
phylogenetic groups (27) from different environments (sulfide-
rich, hypersaline lake, hot spring, or freshwater). To date,
13 naturally split inteins have been identified in different
cyanobacteria species (parts A and B of Figure 2). All known
cyanobacterial split inteins are integrated in the same highly
conserved position in the DnaE protein and are predicted to
be functional, because their catalytic residues are identical
to Synechocystissp. PCC6803 and Nsp split inteins, which
were previously demonstrated to be functional (2, 11). These
inteins also include the six conserved sequence motifs that
define the intein fold (29-31). However, the C-terminal

region of each N-terminal intein half is variable in sequence
and length and is not conserved among the cyanobacterial
split inteins (Figure 2A). Moreover, the selected split inteins
in this work share only 52-68% protein sequence identity
with each other, thus containing notable natural sequence
variations in both intein halves (Figure 2C).

Heterologous Expression and Purification of Three Split
Inteins.To demonstrate the protein-splicing activity of the
three examined split inteins, their N- or C-terminal halves
were each fused to protein tags, overexpressed inE. coli,
and purified using affinity columns (Figure 1A and the
Experimental Procedures). Each N-terminal intein domain
(IN) was cloned downstream to a MBP, and each C-terminal
intein domain (IC) was cloned between an upstream MBP,
to enhance its solubility (32), and a downstream CBD. It
was previously demonstrated that split inteins can splice in
non-native protein contexts and self-associate with only five
native flanking residues (16, 17). Specifically, the ability of
split-intein halves to fold, interact, and splice independently
of their foreign flanks was previously studied using MBP
or CBD tags and implies that these characteristics are due
to the intein fragments and not their extein flanking sequence.
Our overexpression of IC without the MBP tag resulted in
an insoluble protein (data not shown), as was previously
reported for several other inteins (17, 18). Overexpression
of all three IC domains with MBP resulted in small amounts
of this tag, which may result from a premature end of
transcription or translation (Figure 3A) (33).

Trans Protein Splicing of Endogenous Split Inteins.Pairs
of purified split-intein halves (IN and IC), each pair half from
one of the three examined species, were mixedin Vitro in
equal molar ratios (see the Experimental Procedures). These
three endogenous combinations of split inteins had a protein-
splicing activity (Figure 3). The expected protein-splicing
product (MBP-CBD, 50 kD) and partial N- or C-terminal
cleavage products (MBP, 43 kD; MBP-IC, 47 kD) appeared
on SDS-PAGE only when the two intein halves were mixed
together. The spliced product MBP-CBD migrated on gel
identically to a control fusion protein, which was previously
described and verified by mass spectrometry (25) (Figure
S2 in the Supporting Information). Product identities were
also verified by Western blots using antibodies against MBP
or CBD and by affinity purification using either amylose or
chitin beads (not shown).

Splicing products were observed within a few minutes of
incubation, and their amount increased with incubation time,
reaching a maximal level after 24 h. Splicing efficiencies
were estimated as 45% for Oli split intein, 36% for Tvu,
and 15% for Nsp. It is notable that the protein-splicing
activity of the Nsp split intein was 2-3-fold lower than those
of the Tvu and Oli inteins under all examined conditions
(Figure 4). The activity of the endogenous Nsp pair did not
increase upon overnight incubation, even when doubling or
tripling the relative amount of IC (not shown).

Protein-Splicing ActiVity of EndogenousVersus Exogenous
Split-Intein Combinations.To study the effect of natural
sequence variations on the trans protein-splicing activity of
different split inteins, each of the three IN domains (IN-Nsp,
IN-Oli, and IN-Tvu) was mixed with each of the IC domains
(IC-Nsp, IC-Oli, and IC-Tvu). This resulted in nine different
combinations of split-intein pairs (Figure 1B). Three of these
combinations are wild-type (endogenous) pairs, whose activ-
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FIGURE 2: Sequence conservation of N-terminal (A) and C-terminal (B) halves of cyanobacterial naturally split inteins. Identical residues
are in black, and similar residues are in gray. Proteins examined in this work are marked with an asterisk. The C-terminal regions of the
N-terminal intein halves, shown in lower case, are dissimilar and not aligned to each other. (C) Sequence identity and similarity between
the split inteins examined in this work, along the intein domains. Tvu,ThermosynechococcusVulcanus; Tel, Thermosynechococcus elongates
BP-1; Ava,AnabaenaVariabilis ATCC29413; Nsp,Nostocspecies PCC7120; Aov,Aphanizomenon oValisporum; Npu,Nostoc punctiforme
ATCC29133; Cwa,Crocosphaera watsoniiWH8501; Aha,Aphanothece halophytica; Ter, Trichodesmium erythraeumIMS101; Oli,
Oscillatoria limnetica; Ssp6803,Synechocystisspecies PCC6803; Sel,Synechococcus elongatusPCC7942 (Synechococcusspecies PCC6301
is a very similar strain of PCC7942 with almost identical DnaE genes that are thus not shown); Ssp7002,Synechococcusspecies PCC7002.
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ity was described above. Six combinations are exogenous
split-intein halves, which do not occur naturally together.
The protein-splicing activity of each combination was
quantified and compared among the nine combinations after
30 min (Figure 4A). In general, all pairs of split inteins had
protein-splicing activity, together with cleavage products.
Interestingly, the activity of endogenous split-intein combi-
nations was not significantly higher than that of exogenous
combinations. Additionally, it is notable that all three
combinations containing the IC-Nsp had the lowest amounts
of splicing products under all examined conditions (three
right lanes in Figure 4A) and all three combinations with
IC-Tvu resulted with a cleavage product, MIC, which migrated
differently on gel (three left lanes in Figure 4A). MIC

migrated as a doublet that was identified by Western blot
using anti-MBP antibodies (data not shown). These effects
were not observed in combinations sharing a common IN

intein half.
Protein Splicing in Extreme Conditions.Protein-splicing

activity was examined in extreme conditions to compare the
efficiency of all nine combinations (Figures 4B and 5). The
chosen conditions were derived from the natural environment
of the species hosting the tested split inteins and from
conditions affecting protein-protein interactions. Tvu is a
thermophile, growing optimally at 55°C; therefore, splicing
activity was tested in 4, 25, and 55°C. Oli is a moderate
halophile, growing optimally at 1-2.5 M NaCl, which
inspired us to test the splicing activity at high ionic strength
(2 M NaCl), although this does not reflect the salt concentra-
tion in the cyanobacterial cytoplasm. Additional effectors
of protein-protein interactions included the presence of
denaturing agents (up to 6 M urea or 1 M GuHCl), which
disrupt hydrogen bonds and hydrophobic interactions, el-
evated viscosity (40% glycerol or 1% Tween-20), and the
presence of a reducing agent (0.2 M DTT), which breaks
any disulphide bridges and induces N-terminal cleavage in
inteins. All of the above conditions were sampled from
preliminary experiments with the endogenous combinations,
which were tested in different concentrations or time courses
(see the Experimental Procedures).

Protein splicing proceeded under these extreme conditions,
although it was less efficient compared to splicing under
moderate conditions. Protein-splicing and cleavage reactions
were totally inhibited only upon incubation in extreme
denaturing conditions (4 M GuHCl) or in an acidic environ-

ment (pH 5.5) for all combinations. Additionally, incubation
at temperatures higher than 60°C resulted in aggregation of
the proteins, possibly because of denaturation of the fusion
proteins.

Significant differences in the protein-splicing activity of
several split-intein combinations were observed under spe-
cific conditions (Figure 5). In the presence of a high salt
concentration (2 M NaCl), the splicing activity of two
combinations, namely, an endogenous combination IN-Oli/
IC-Oli and an exogenous combination IN-Nsp/IC-Oli, was
barely affected by the addition of salt. Their splicing levels
were at least 2-fold larger than those of the other combina-
tions (Figure 5A). Differential accumulation of protein-
splicing products among the different combinations was
optimally observed on SDS-PAGE when limiting the
splicing reaction to 30 min.

Another significant difference in splicing activity was
observed between the endogenous combination of Nsp (IN-
Nsp/IC-Nsp) and two of its exogenous variations (IN-Tvu/
IC-Nsp and IN-Oli/IC-Nsp) in high urea concentrations (Figure
5B). The endogenous combination of Nsp underwent protein
splicing in the presence of up to 6 M urea, but its exogenous
combinations (which included the IC-Nsp half) did so to a
much lesser extent. For comparison, other exogenous com-
binations that included the IN-Nsp half (e.g., IN-Nsp/IC-Oli
and IN-Nsp/IC-Tvu) showed protein-splicing activity similar
to their endogenous combinations under the same conditions
(Figure 4B). Furthermore, the protein-splicing activity of the
Nsp endogenous combination was slightly improved in the
presence of urea.

ReVersible Inhibition of Protein Splicing by Copper Ions.
We found that the addition of divalent copper ions (CuSO4

or CuCl2) inhibited trans protein splicing and cleavage of
all split-inteins combinations (Figure 6) to the same extent
as zinc ion (ZnSO4 or ZnCl2) inhibition (not shown). While
the effect of zinc ions is known to be reversed by chelating
the ions with EDTA (14, 15), copper inhibition was not
reversible under the same conditions. Splicing activity was
restored only upon the addition of a reducing agent, TCEP,
together with EDTA. Use of DTT as a reducing agent
resulted in the aggregation of the proteins, possibly because
of the formation of metal-protein complexes.

DISCUSSION

We present an experimental system that compares the
cross-activity of three naturally split inteins mixed in
endogenous (wild-type) and exogenous combinations, ex-
amined under both moderate and extreme conditions. Protein
splicing of all nine split-intein combinations was robust to
their intrinsic sequence variations and to their diverse
phylogenetic origin. The comparable splicing efficiencies of
the endogenous and exogenous combinations under moderate
conditions indicate that a proper and active intein fold was
formed in all cases. The general approach in this study
compares the activity of different split inteins when flanked
with the same protein tags and uniformly expressed, thus
examining only natural sequence variations of the intein
domain itself, abolishing a possible bias of the heterologous
protein expression. The fact that exogenous combinations
had a splicing activity at all suggests that split-intein halves
did not accumulate functional changes and were under a

FIGURE 3: Purification and trans protein splicing of split-intein
halves. (A) Affinity-purified split-intein halves from Oli, Tvu, and
Nsp cyanobacterial species. (B) Trans protein splicing of endog-
enous split-intein halves. Protein precursors (MIN and MICC) were
purified using amylose beads and incubatedin Vitro in equal molar
ratios for 30 min at room temperature. Proteins were separated on
10% SDS-PAGE and visualized with Coomassie Blue staining.
IN is the N-terminal intein half; IC is the C-terminal intein half; M
is the maltose-binding protein; and C is the chitin-binding domain.
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similar evolutionary selection pressure to maintain their
splicing activity. Although exogenous combinations have no
biological relevance, they may be of use as biotechnological
tools, as was demonstrated in the recent finding that split
inteins fromN. punctiformeand Ssp6803 have an efficient
cross-splicing activity when coexpressed inE. coli (12).

A strong interaction between the two split-intein halves
is suggested from our demonstration that split inteins were
able to protein-splice under a wide range of conditions,
including 6 M urea or 2 M NaCl. This is consistent with
previous structural and biochemical observations that split-
intein halves form a tight fold (10) and stable complexes in
SDS-PAGE (7). Other split inteins were shown to be active
in extreme conditions, such as high temperatures, for
example, the naturally split intein fromN. equitans, which
can splice at 80°C (5), and an artificially split intein from
Pyrococcus furiosus, which splices efficiently at 70°C (23).
Additionally, the analysis of the recent structure of artificially
joined Ssp6803 split-intein halves shows a considerable
interaction surface between the N- and C-terminal intein
halves (10).

However, our observations show that the splicing activity
of several split-intein combinations (endogenous and exog-
enous) was significantly better than others in high concentra-
tions of salt or urea. It is possible that minor sequence
changes of different split inteins affect other characteristics
of trans protein splicing, such as the association and
dissociation rates of the split-intein halves or its structure
stability, which were not measured in the scope of this work.
The C-terminal region of each IN intein half is variable and
is not conserved among the cyanobacterial split inteins
(Figure 2A) (3). Previous mutational analysis of the assembly

of the Ssp6803 split intein showed that this variable region
is not necessary for the binding of IN to IC (15). It has yet to
be examined whether this variable region determines the
specificity of the split-intein interaction or contributes to the
splicing activity under certain conditions. Additionally, it is
proposed that sequence variations in the IC half alone can
contribute to the splicing activity based on our observations
that all combinations containing the same IC half shared
distinct characteristics, such as a reduced amount of splicing
products or appearance of additional cleavage products
(Figure 4).

It was previously noted that the association of split inteins
corresponds to the opposite charges of the intein halves, as
derived from their calculated overall isoelectric points (9).
However, in this work, all split-intein combinations showed
splicing activity, whether the split-intein halves had opposite
charges [i.e., splicing of IN-Oli (-10.2) with IC-Nsp (+2.7)]
or when both halves were negative [i.e., IN-Oli (-10.2) with
IC-Oli (-0.2)] (Table S1 in the Supporting Information).
Additionally, our finding that the splicing activity of several
split-intein combinations was significantly better than others
in high concentrations of salt or urea cannot be attributed to
the global charge differences of these combinations (Table
S1 in the Supporting Information). We suggest that local
(rather than global) charge distributions between split-intein
halves are important for their association or activity. Our
suggestion is based on the structural analysis of the Ssp6803
split intein [PDB codes 1ZDE and 1ZD7 (10)] and molecular
modeling of the cyanobacterial split-intein combinations.
Examining the intramolecular electrostatic interactions in the
Ssp6803 split-intein structure, we observed a cluster of
positively charged residues at the IC half (Lys126, Arg130,

FIGURE 4: Trans protein splicing of split-intein halves in endogenous or exogenous combinations. (A) Protein precursors (MIN and MICC)
of nine split-intein combinations were incubatedin Vitro in equal molar ratios for 24 h at room temperature in moderate conditions. Proteins
were separated on 10% SDS-PAGE and visualized with Coomassie Blue staining. (B) Relative splicing activity of all combinations (columns)
under different conditions (rows). Splicing efficiencies were normalized for each condition relative to the most efficient combination in that
condition and labeled as either relative high splicing (+++) for 70-100% efficiency rates, relative medium splicing (++) for 30-70%
efficiency rates, relative low splicing (+) for 5-30% efficiency rates, or no splicing (-). All experiments were done at room temperature,
unless otherwise indicated. Oli, Tvu, and Nsp cyanobacterial species. IN is the N-terminal half, and IC is the C-terminal half.
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Arg131, and Arg137) directly interacting with a cluster of
negatively charged residues at the IN half (Asp49, Glu52,
Glu57, Glu59, and Glu61) (Figure 7A). These electrostatic
interactions are distributed along the two longestâ strands
(and their immediate+1 position) of the structure. The
atomic contact area between these two strands is significant,
comprising half of the contact area between the IN and IC

intein parts (918.1/1865.9 Å2; Table S2 in the Supporting

Information). While some residues in these salt bridges are
naturally substituted in cyanobacterial split inteins (Figure
2), their long strands always remain oppositely charged. For
example, the longâ strand of the Tvu, Oli, and Nsp IC half
is positively charged (+3), and the longâ strand of their IN

half is negatively charged (-1, -3, or -2, respectively).
For comparison, the artificially split Sce VMA intein halves
have little or no affinity for each other (9) and their IN long
strand is neutral, while the IC long strand is negatively
charged. We therefore believe that local charge distributions
within each pair of split inteins are involved in their specific
interactions and may contribute to their activity under
different conditions.

Molecular modeling of all nine cyanobacterial split-intein
combinations support our experimental finding that all
combinations can protein-splice. The surface contact area
between the IN half and the IC half was similar in all
combinations, as well as their binding energy and number
of salt bridges (Figure 7B). No significant differences in the
main parameters of the energy function were observed
between endogenous and exogenous combinations. Finding
that all different combinations can be accommodated without
major clashes indicates a large degree of promiscuity for this
system: all N-terminal halves can bind to all C-terminal
halves. This promiscuity probably stems from the common
origin of all cyanobacterial split inteins from an intact
progenitor (3) and the necessity to keep the two intein parts
compatible within each species. Thus, all cyanobacterial split
inteins are closely inter-related, relative to other inteins, and

FIGURE 5: Trans protein splicing of different split-intein combinations in extreme conditions. (A) Splicing activity of all split-intein
combinations incubatedin Vitro in equal molar ratios with (black) or without (gray) 2 M NaCl, for 30 min at room temperature. Proteins
were separated on 10% SDS-PAGE and quantified by densitometry (NIH image). Splicing activity was calculated (n g 3, with error bars)
as the fraction of the splicing product MC divided by half of the precursors and partial cleavage products. (B) Splicing activity of three
split-intein combinations with or without 6 M Urea. Protein precursors were mixedin Vitro in equal molar ratios at room temperature
overnight, separated on 10% SDS-PAGE, and visualized by Coomassie Blue staining.

FIGURE 6: Reversible inhibition of trans protein splicing by copper
ions. Inhibition is demonstrated for Tvu protein precursors mixed
in Vitro in equal molar ratios at room temperature overnight, in the
presence of CuSO4. Reversion of inhibition was observed upon
additional incubation of the reaction with TCEP and EDTA at room
temperature overnight. Substituting DTT for TCEP did not reverse
the inhibition. Proteins were separated on 10% SDS-PAGE and
visualized by Coomassie Blue staining.
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the residues necessary for the successful interaction between
the intein parts are likely to be conserved because of (i) the
requirement for compensatory mutations in the two inde-
pendent loci coding for the intein parts and (ii) the absolute
necessity for the replicative DNA polymerase splicing
product of the split inteins at every cell generation.

We show that copper ions inhibit protein splicing. How-
ever, unlike previously discovered metal-ion inhibitors,
reversion of copper inhibition is obtained in a two-step
procedure. Divalent metal ions, such as zinc and, to less
extent, cadmium ions (5, 14, 15), block the splicing reaction
at low micromolar concentrations, while other previously
tested divalent ions, such as cobalt, nickel, and magnesium,
have a much weaker inhibitory effect. Since the initial
discovery of zinc in the crystal structure of theSaccharo-
myces cereVisiae VMA intein (35), additional structural
studies (10) and mutation analyses (6, 7) provide evidence
for the mechanism for metal-ion inhibition of protein
splicing. However, different zinc-coordinating residues are

proposed for different types of inteins [Cys455, Glu80, and
His453 for PI-SceI intein (35) and His48, Asp140, His110,
and Cys160 for the Ssp DnaE intein (10)]. All models share
the highly conserved C-terminal cysteine (Cys+1) as a zinc-
chelating residue. It is suggested that zinc interacts with the
catalytic Cys+1 residue and thereby affects the N-S acyl
rearrangement and transesterification reactions of protein
splicing. However, zinc-mediated inhibition is reported even
when substituting the Cys+1 to Ser (6, 7) and in the split
intein from N. equitans(5), which naturally contains a Thr
+1 residue, suggesting that the mechanism of metal-ion
inhibition is not yet fully understood and that additional
residues may play an important role.

We propose that copper ions interact with either the
catalytic N-terminal and/or the catalytic C-terminal cysteine
residues of the split intein, forming a protein-metal complex
that structurally modifies the active site and blocking the
splicing and cleavage reactions. The Cu+2 ion is a stronger
oxidizing agent than Zn+2 and thus may not only be chelated
by the cysteine sulfhydryl but also oxidize it. Indeed, the
recruitment of splicing activity was not regained by just
chelating the copper with EDTA but only upon additional
reduction of the protein. It is therefore likely that cysteines
are oxidized by copper, which inactivated the sulfhydryls
necessary for the catalytic nucleophilic attacks. This double-
lock mechanism of copper-mediated inhibition would be
biotechnologically advantageous for controlling protein-
ligation reactions in two steps (chelation and reduction).

The relatively moderate level of splicing activity of the
split inteins in this work can be attributed to the deviations
from the native split-intein expression and reaction conditions
and to the replacement of the natural DnaE protein flanks
with other domains. For example, overexpression and
purification of the split intein may affect its folding andin
Vitro activity. Previous studies of natural and artificial split
inteins reported similar or higher maximal splicing efficien-
cies. This could be the result ofin ViVo coexpression and
nonuniform definitions of splicing efficiency in different
studies. The splicing extent of the naturally split Ssp6803
intein was reported as 48-54% for in Vitro (6, 14) and as
80% for in ViVo coexpression (2). Artificial split inteins,
however, reconstitute their splicing activity only upon prior
unfolding, heating, or addition of fused affinity domains,
reaching levels of 74% for the splitPspPol-1 (17) and 64%
for the splitMtu RecA(14).

The experimental system reported in this work shows great
potential toward understanding the sequence-function rela-
tion of split inteins. Knowing the conditions in which split
inteins are active or inhibited allows for better control of
the splicing reactionin Vitro and perhaps alsoin ViVo. The
modularity of split inteins is useful when designing expres-
sion systems based on split inteins. The wide range of
conditions that allow protein splicing may be an advantage
under extreme conditions (of heat or denaturants) over other
systems of assembled protein fragments.
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FIGURE 7: Structural analysis of electrostatic interactions in the
Ssp6803 split-intein crystal structure (PDB code 1ZDE). (A)
Schematic two-dimensional representation of the Ssp6803 split-
intein structure, showing the secondary structure elements and the
interacting polar residues in the two long antiparallelâ strands of
the molecule. The N-terminal split-intein half is shown in dark gray,
and the C-terminal split-intein half is shown in light gray.â strands
are represented as arrows. Interacting residues were identified by
the CSU program (34). (B) Calculated parameters of split-intein
combinations modeled structures. The number of electrostatic
interactions and binding energy are calculated between each IN and
IC half. The surface area is the atomic contact area between the IN

and IC intein halves. The models were created on the basis of the
structure of the Ssp6803 split intein (PDB code 1ZDE) withRosetta
(see the Experimental Procedures) The models span the aligned
split-intein region, but no attempt was made to model the C-terminal
end of variable length in the IN intein sequences (Figure 2).
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SUPPORTING INFORMATION AVAILABLE

Calculated charge differences between split-intein halves
at pH 7.5 (Table S1); migration of the protein-splicing
product of Tvu split inteins, compared with a control fusion
construct MBP-CBD (Figure S2); and solvent accessible
surfaces of areas calculated for the listed structure regions
with the NACCESS program (Table S2). This material is
available free of charge via the Internet at http://pubs.acs.org.
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