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(Bacl(ground: Hypothetical natural split inteins from environmental metagenomic sources were evaluated experimentally
Results: Four inteins showed the highest known reaction rates and efficiencies for protein trans-splicing and could be used
Conclusion: These inteins pushed the catalytic limit of protein trans-splicing, although this was unpredictable from their

Significance: These inteins hold great potential as versatile protein engineering tools.
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Inteins excise themselves out of precursor proteins by the
protein splicing reaction and have emerged as valuable protein
engineering tools in numerous and diverse biotechnological
applications. Split inteins have recently attracted particular
interest because of the opportunities associated with generating
a protein from two separate polypeptides and with trans-cleav-
age applications made possible by split intein mutants. How-
ever, natural split inteins are rare and differ greatly in their use-
fulness with regard to the achievable rates and yields. Here we
report the first functional characterization of new split inteins
previously identified by bioinformatics from metagenomic
sources. The N- and C-terminal fragments of the four inteins
gp41-1, gp41-8, NrdJ-1, and IMPDH-1 were prepared as fusion
constructs with model proteins. Upon incubation of comple-
mentary pairs, we observed trans-splicing reactions with
unprecedented rates and yields for all four inteins. Furthermore,
no side reactions were detectable, and the precursor constructs
were consumed virtually quantitatively. The rate for the gp41-1
intein, the most active intein on all accounts, was k= 1.8 £ 0.5 X
10~ 's™*, which is ~10-fold faster than the rate reported for the
Npu DnaE intein and gives rise to completed reactions within
20-30 s. No cross-reactivity in exogenous combinations was
observed. Using C1A mutants, all inteins were efficient in the
C-terminal cleavage reaction, albeit at lower rates. C-terminal
cleavage could be performed under a wide range of reaction con-
ditions and also in the absence of native extein residues flanking
the intein. Thus, these inteins hold great potential for splicing
and cleavage applications.

Inteins, a combination of the words “internal protein” (1),
were first discovered in 1990 when it was observed that the

* This work was supported by ERA BIOTECH®,

' To whom correspondence may be addressed: ERA BIOTECH®, Baldiri i Reixac
15-21, 08028 Barcelona, Spain. Tel.: 34-934-034-771; Fax: 34-934-034-772;
E-mail: pcarvajal@erabiotech.com.

2To whom correspondence may be addressed: Institute of Biochemistry,
University of Muenster, Wilhelm-Klemm-Str. 2, 48149 Minster, Germany.
Tel.: 49-251-83-33-005; Fax: 49-251-83-33-007; E-mail: henning.mootz@
uni-muenster.de.

28686 JOURNAL OF BIOLOGICAL CHEMISTRY

translation of the VMAI gene of Saccharomyces cerevisiae did
not result in the predicted 120-kDa protein, but a much shorter
polypeptide chain of 69 kDa (2). To obtain the mature 69-kDa
protein, an internal part of the larger precursor had to be
excised and the flanking regions, called N- and C-extein,
rejoined in an autocatalytic post-translational process termed
protein splicing. Furthermore, the excised intein fragment con-
tained a nonessential part exhibiting homing endonuclease
activity that could be deleted without affecting the overall abil-
ity of the mini-intein to cleave and splice (3). More recently,
inteins without the endonuclease domain have also been found
(4). Since that time, almost 500 other inteins have been identi-
fied in the three kingdoms of organisms (archaea, bacteria, and
eukaryotes), and their sequences have been collected in a ded-
icated database (5). Overall, four short conserved regions on the
amino terminus and two conserved domains on the carboxyl
terminus could be identified that can be used to search for novel
inteins (1, 6). Besides the inteins that are encoded in a single
gene, a few split inteins were also discovered and characterized
biochemically that are transcribed and translated from two sep-
arate genes and lack the endonuclease domain. These include a
number of alleles inserted in the cyanobacterial DnaE gene
encoding the « subunit of DNA polymerase (7), such as Npu
DnaE (8), Ssp DnaE (9), and Anabaena sp. DnaE inteins (10) as
well as the archaeon Neq polymerase intein (11). As shown in
Fig. 14, the translation of both fragments reconstitutes the cat-
alytic activity of protein trans-splicing to form the mature pro-
tein (12). Split inteins can also be generated artificially by divid-
ing inteins into two or three fragments (13). In the case of the
Ssp DnaB intein, the N-terminal intein fragment (Int")* could
be as short as 11 amino acids (14), whereas 6 amino acids were
sufficient for the Int fragment of the Ssp GyrB intein (15).
Because inteins are in principle tolerant with regard to het-
erologous sequences at their flanking extein regions, they can
be inserted into other proteins. This opens the door for many

3The abbreviations used are: Int", intein-N; IntS, intein-C; 5aa", native
extein-N; 5aa“, native extein-C; ST, Strep-tag II; gpD, bacteriophage A head
protein D; Trx, thioredoxin; H, His tag; SP, splice product; IMPDH, inosine-
5’-monophosphate dehydrogenase; Bis-Tris, 2-(bis(2-hydroxyethyl)amino)-
2-(hydroxymethyl)propane-1,3-diol.
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applications, for instance, to generate cyclic peptides (16), to
generate protein thioesters (17), to label proteins (18, 19), and
probably most frequently, to cleave off affinity tags for protein
purification (20). Particularly to optimize cleavage efficiency,
inteins have been mutagenized to become inducible by pH (21),
reducing agents (22), or temperature (23) and to separate cleav-
age activity from splicing. Interestingly, inteins can be engi-
neered to cut either at the amino terminus (22) or at the car-
boxyl terminus (24).

Many of the artificial split inteins require refolding or show
low solubility in fusion constructs, which limits their applica-
tion. However, split inteins are especially attractive for biotech-
nological applications because they have no premature activity
when expressed separately and they are much smaller than nor-
mal inteins and thus potentially have less negative impact on
the expression level of the fused target protein (25). The ideal
intein for some biotechnical applications would therefore be a
split intein that is highly active without the need of refolding.
Currently, the Npu DnaE intein appears to be the most advan-
tageous split intein as it displays superior splicing kinetics and
high efficiency (8, 26).

After the first isolation of naturally occurring split inteins,
efforts were undertaken to find more native split inteins. Most
recently, a search in Global Ocean Sampling (GOS) environ-
mental metagenomic sequence data was performed to find
fractured genes that contain novel split inteins (27). These frac-
tured genes code for potentially essential cellular proteins, and
in the case of four insertion sites (gp41 DNA helicase, inosine-
5’-monophosphate dehydrogenase (IMPDH), ribonucleotide
reductase catalytic subunit Nrd], and DnaE polymerase II sub-
unit «), the complete loci including the split inteins could be
assembled. However, it remained unclear whether the inteins
were active in protein trans-splicing.

The purpose of this study was to functionally characterize
four representatives of these novel hypothetical split inteins
(gp41-1, gp41-8, NrdJ-1, and IMPDH-1) in the protein trans-
splicing reaction and to perform mutagenesis to evaluate their
efficiency and applicability for trans-cleavage. We found that
these inteins exhibit an unprecedented activity in terms of reac-
tion speed and efficiency.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Gene sequences and specific details
of novel split inteins gp41-1, gp41-8, NrdJ-1, and IMPDH-1 are
already described elsewhere (27). Gene synthesis of split intein
fragments was performed by Biomatik (Cambridge, Canada),
including flanking restriction sites for easy subcloning into the
previously described pAUO8 and pVS01 plasmids (26). Con-
struction of the expression plasmids encoding the Int" frag-
ments of gp41-1, gp41-8, NrdJ-1, and IMPDH-1 together with
their 5 native extein residues (5aa") was accomplished by
BamHI and HindIII restriction digestion (Fermentas, St. Leon-
Rot, Germany) and by their subcloning into pAUOS to replace
the Npu DnaE™; an ST-gpD sequence is encoded upstream of
the Int" fragments. The four generated expression plasmids
were named as follows: gp41-1%, gp41-8Y, NrdJ-1V, and
IMPDH-1". Plasmids encoding the Int® split intein fragments
of gp41-1, gp41-8, NrdJ-1, and IMPDH-1 together with their 5
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FIGURE 1. Schemes of the protein trans-splicing pathway and of the con-
structs used in this study. A, following intein fragment association, an N-S or
N-O acyl shift forms a thioester or oxoester bond at the N-extein/intein junc-
tion. This reactive intermediate is attacked in a trans(thio)esterification by the
side chain sulfhydryl or hydroxyl group of the first residue in the C-extein, which
can be Cys, Ser, or Thr, to give a branched intermediate. The cyclization of the
conserved Asn residue at the C terminus of the intein releases the intein. Finally,
the (thio)ester bond between the exteins rearranges to a peptide bond by a
spontaneous S-N or O-N acyl shift. In general, X can be sulfur or oxygen. Note
that all four new inteins characterized here employ a Cys-1 and a Ser+1 as cata-
lytic residues at the splice junctions. B, shown are the intein fusion proteins used
in this study and the products of the protein trans-splicing (left panel) and the
trans-cleavage reactions (right panel). ST-gpD-5aa is the Extein™ and 5aa“-Trx-Hg
is the Extein®. 5aa™© represent the 5 native extein amino acids of the respective
intein flanking the intein domain N- or C-terminally.

native extein residues (5aa“) were obtained by KpnI and Ndel
(Fermentas, St. Leon-Rot, Germany) restriction digestion and
by their subcloning into pVS01 to replace the Npu DnaES; a
Trx-His tag sequence is downstream of the Int fragments. The
four generated expression plasmids were named as follows:
gp41-1€, gp41-8<, NrdJ-1<, and IMPDH-1€.

Single-point mutation to allow C-terminal cleavage was per-
formed in constructs containing the Int" fragments. A C1A
mutation for each split intein was performed by PCR using spe-
cific primers to give gp41-1N“*"), gpd1-8NY NrdJ-1NC!4), and
IMPDH-1N“'", Synthetic oligonucleotides were obtained from
Thermo Scientific (Ulm, Germany).
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TABLE 1
Protein constructs used in this study
Molecular
Protein Abbreviation Protein sequence” mass
kDa
1 gp41-1V MASWSHPQFEKAS-gpD-GS[TRSGY]-gp41-1N-GGHHHHHH 24.2
2 gp41-8™ MASWSHPQFEKAS-gpD-GS[SQLNR]-gp41-8~-GGHHHHHH 24.2
3 NrdJ-1N MASWSHPQFEKAS-gpD-GS[GTNPC]-NrdJ-1N-GGHHHHHH 26.2
4 IMPDH-1M MASWSHPQFEKAS-gpD-GS[GIGGG]-IMPDH-1N-GGHHHHHH 25.8
5° Npu DnaEN MASWSHPQFEKAS-gpD-GS-Npu DnaEN 24.7
6 gp4l-1¢ gp41-1<-[SSSDV]GT-Trx-EFRSHHHHHH 18.8
7 gp41-8¢ gp41-8°-[SAVEE]GT-Trx-EFRSHHHHHH 19.1
8 NrdJ-1¢ NrdJ-1-[SEIVL]GT-Trx-EFRSHHHHHH 18.6
9 IMPDH-1¢ IMPDH-1¢-[SICST|GT-Trx-EFRSHHHHHH 18.6
10° Npu DnaE“ Npu DnaE“-[CFN]GT-Trx-EFRSHHHHHH 17.9
11 gp41-1N MASWSHPQFEKAS-gpD-GS[TRSGY]-gp41-1N ©'Y.GGHHHHHH 24.2
12 gp4a1-gN €1 MASWSHPQFEKAS-gpD-GS[SQLNR]-gp41-8" “’~_GGHHHHHH 24.2
13 NrdJ-1N <& MASWSHPQFEKAS-gpD-GS[GTNPC]-NrdJ-1N “'Y-GGHHHHHH 26.2
14 IMPDH-1N (€14 MASWSHPQFEKAS-gpD-GS[GIGGG]-IMPDH-1N “'Y.GGHHHHHH 25.8
15 gp41-1€ Bext) gp41-1°-GT-Trx-EFRSHHHHHH 18.3
16 gp41-8€ (dexv gp41-8©-GT-Trx-EFRSHHHHHH 18.6
17 NrdJ-1€ (4e® NrdJ-1¢-GT-Trx-EFRSHHHHHH 18.2
18 IMPDH-1€ 4xt) IMPDH-1“-GT-Trx-EFRSHHHHHH 18.1

“ Native extein sequences are in brackets, Streptagll- and His-tag are underlined.
? These constructs were reported in Ref. 26.

To permit a clean C-terminal cleavage, 5aa residues placed
between the Int® and the thioredoxin (Trx) encoding gene
sequence were removed by PCR using specific primers to give
gp41_1C(Aext), gp41_8C(Aext), Nrd]-lC(AeXt), and IMPDH-IC(AeXt). All
plasmids were verified by DNA sequencing (Macrogen). Table
1 gives an overview of all constructs used in this study and their
numbering.

Expression of the Recombinant Intein Fusion Proteins—All
generated plasmids were used for transformation of Escherichia
coli BL21 (DE3) cells (Stratagene). Cells were grown at 37 °C
and 250 rpm in shake flasks containing 600 ml of LB medium
supplemented with the corresponding plasmid maintenance
antibiotics (50 wg/ml kanamycin or 100 ug/ml ampicillin), until
Asoo nm reached ~0.6. Induction of gene expression was then
triggered by the addition of 0.4 mm isopropyl-B-p-thiogalacto-
pyranoside for the Int™ constructs or by the addition of 0.02%
L-arabinose for the Int© constructs; in both cases, the tempera-
ture was lowered to 28 °C. After a 5-h induction, cells were
harvested by centrifugation for 15 min at 5000 rpm, and the cell
pellet was stored at —80 °C.

Split Intein Fusion Protein Purification—Protein purification
was always performed under native conditions. For the Int™
constructs, the cell pellet was resuspended in buffer containing
100 mm Tris/HCI (pH 8.0), 150 mm NaCl, 1 mm EDTA. For the
Int© constructs, cells were resuspended in buffer containing 50
mM Tris/HCl (pH 8.0), 300 mm NaCl, and 20 mMm imidazole.
Cells were sonicated on ice for 20 min with a 30% pulsed activity
cycle (Branson 250 Sonifier) and centrifuged for 30 min at
34,500 X gat 4 °C. The soluble fraction of Int™ fusion proteins
was purified on Strep-Tactin columns (IBA, Goéttingen, Ger-
many), whereas soluble Int® constructs were purified on Ni**-
nitrilotriacetic acid (IBA) columns following the manufactur-
er’s instructions.

Eluted fractions containing the purified fusion proteins were
pooled, dialyzed against splicing buffer (50 mm Tris/HCl at pH
7.0, 300 mm NaCl, 1 mm EDTA, 10% (v/v) glycerol) in the pres-
ence of 2 mM DTT, and stored in aliquots at —80 °C. Protein
concentration was determined using the calculated absorbance
at 280 nm.
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trans-Splicing and C-terminal trans-Cleavage Assays—In
vitro reactions were performed basically as previously
described (12, 26). In brief, purified N- and C-fusion proteins
were shortly preincubated separately in the corresponding test-
ing conditions. Protein splicing and C-terminal cleavage reac-
tions were started by mixing complementary N- and C-fusion
proteins in splicing buffer or different buffer conditions as indi-
cated at equimolar concentrations of 5 uM and incubating at
different temperatures. Aliquots were removed at specific
time intervals, and the reaction was stopped by the addition
of SDS-PAGE sample buffer containing 8% SDS (w/v) and
20% B-mercaptoethanol (v/v) followed by boiling. For reac-
tions carried out in the presence of different urea concentra-
tions or at different pH values, proteins were first dialyzed
against the corresponding buffer. All reactions were monitored by
SDS-PAGE (4-12% Bis-Tris gels from Novex, Invitrogen) fol-
lowed by Coomassie Brilliant Blue (Sigma) staining.

Kinetic Analysis of trans-Splicing and C-terminal trans-
Cleavage—Relative intensities of protein bands were deter-
mined densitometrically using the Quantity One (Bio-Rad)
program. The different splicing/cleavage products were nor-
malized according to their corresponding molecular weight.
The percentage of protein splicing was calculated from the ratio
of the splice product and the most consumed precursor. Con-
stant rates (k,,,) were determined using the GraFit software
(Erithacus, Surrey, UK), by fitting the data to the equation P =
P,(1 — e *), where Pis the percentage of splice product forma-
tion at time £, P, is the maximum percentage of spliced product
obtained (yield), and k is the observed rate (12). All reactions
were treated as irreversible, presteady-state first-order pro-
cesses under the assumption that after a fast association of the
two complementary fragments, protein trans-splicing or self-
cleavage proceeded like a monomolecular reaction.

RESULTS

Generation and Purification of Split Intein Fusion Constructs—
The four split inteins gp41-1, gp41-8, NrdJ-1, and IMPDH-1
were prepared as Int™ and Int“ fusion partners for the in vitro
analysis. As shown in Fig. 1B, all the fusion proteins contained
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the sequence of bacteriophage A head protein D (gpD) and thi-
oredoxin (Trx) as N- and C-exteins, respectively. Strep-tag II
(ST) and/or His tag (H,) were added for purification purposes.
Five native extein amino acids (5aa) were kept upstream and
downstream of the Int™ and Int“ fragments. Additionally, the
non-native amino acid sequence GS upstream of the native
Extein™ residues and GT downstream of the native Extein®
residues were added due to cloning reasons (Table 1). All pro-
teins were expressed in soluble form in E. coli and purified
under native conditions. The Npu DnaE intein, considered to
have the highest splicing rate yet described, was used as a con-
trol in this study with previously described constructs (26) that
exhibit equivalent fusion protein design (Fig. 1B and Table 1).

Time-dependent in Vitro trans-Splicing Analysis—Protein
splicing is a self-processing pathway mediated by the intein
domain. In the most common class I inteins (28), four succes-
sive nucleophilic displacement reactions that directly involve
the side chain functional groups of three of the four splice junc-
tion residues lead to intein excision with concomitant ligation
of the N- and C-terminal exteins. In protein trans-splicing, this
pathway is preceded by intein fragment association, as depicted
in Fig. 1A. Purified Int" fusions (proteins 1-5 in Table 1) and
Int fusions (proteins 6 —10 in Table 1) were mixed in pairwise
combinations in a 1:1 stoichiometry. For each intein, the spon-
taneous trans-splicing reaction was monitored at different tem-
peratures for the formation of the splice product (SP) ST-gpD-
Trx-H, and the consumption of the Int™ and Int“ precursors in
SDS-PAGE gels. Also, the formation of the excised IntY and
Int fragments could be observed (compare Fig. 1B). The iden-
tity of the expected SP sequence was confirmed in each case by
immunoblotting with anti-Strep-tag II and anti-Trx (data not
shown). Moreover, the SP and also the trypsin fragment cover-
ing the new peptide bond linking the exteins were identified by
LC-MS/MS (data not shown).

To determine the kinetics of the reactions, aliquots were
removed at the specified time points and immediately
quenched by mixing with SDS sample buffer and boiling. Sur-
prisingly, the four new split inteins showed extremely fast
trans-splicing reactions. In particular, the gp41-1 intein exhib-
ited outstanding splice kinetics and yields with optimal per-
formance at 45 °C. As shown in Fig. 24, already within the first
seconds of the reaction, the two precursor proteins disappeared
almost completely (bands 1 and 6), whereas the SP and the
Int™ and Int“ halves were formed. The other inteins gp41-8,
NrdJ-1, and IMPDH-1 also spliced exceptionally fast and effi-
ciently. After 1 min of incubation at their optimal temperature
(37 °C), the respective precursors (Fig. 2B, bands 2 and 7, 3 and
8, and 4 and 9) were nearly depleted, and the SP as well as the
Int™ and Int© halves were detected as the predominant bands in
the SDS-PAGE gels. For comparison, the previously described
Npu DnaE intein was examined at its optimal temperature of
37 °C (26). Fig. 2C shows that SP formation occurred at a lower
rate than seen for the new split inteins. For instance, after 1 min,
the precursors are converted to the products to only about 50%.

For a more quantitative analysis, rates (k) and yields (in per-
centage) from the time course experiments were determined
under different temperatures (Fig. 3). Rates were fitted to an
exponential first-order equation with the assumption that
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FIGURE 2. Analyses of protein trans-splicing reactions. Shown are Coomas-
sie Brilliant Blue-stained SDS-gels (4-12% acrylamide). In all cases, the precur-
sor proteins (indicated by numbers) were converted into the SP and the
excised intein fragments IntN and Int®. Samples at t = 0 min are precursor
proteins that were boiled before mixing. A, time-dependent analysis of the
gp41-1 intein reaction performed at 45°C. M denotes molecular marker.
B, analyses of the reactions involving the gp41-8, NrdJ-Tm and IMPDH-1
inteins performed at 37 °C. The band marked with an asterisk is a protein
contamination. C, time-dependent analysis of the Npu DnaE intein reaction
performed at 37 °C. The band marked with an asterisk denotes a protein
impurity, whereas the band marked with a number sign corresponds to the
N-terminal cleavage product (ST-gpD) resulting from cleavage of the linear
thioester by B-mercaptoethanol in the SDS-sample buffer used to quench the
reaction (as observed previously in Ref. 26).

intein fragment association is fast when compared with protein
trans-splicing (29). All results of this comprehensive analysis
are listed in Table 2. For the Npu DnaE intein, the rate of splice
product formation k = (1.4 = 0.3) X 10~ %5~ ! corresponded to
at, = 50 satits optimal temperature of 37 °C (Fig. 34), whereas
80-90% yield was observed under these conditions. These find-
ings are in good agreement with the previous study (26). Fig. 34
shows that the gp41-1 intein was active over a wide range of
temperatures and exhibited its highest rate and yield at 45 °C,
with an unprecedented k = (1.8 = 0.5) X 10~ ' s, correspond-
ing to a ty, = 3.8 s. Yields of 85-95% were reached with no
apparent formation of side products by N- or C-terminal cleav-
age (see also Fig. 2A). Fig. 3B depicts detailed time courses of
gp41-1 SP formation at different temperatures. This intein is
thus ~13-fold times faster than the Npu DnaE intein at its opti-
mal temperature and ~10-fold faster at 37 °C.
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FIGURE 3. Time courses and temperature dependence of protein trans-splicing reactions. A, shown are constant rates as a function of temperature. Data
for the Npu DnaE intein are included for comparison. B, time courses of SP formation catalyzed by the gp41-1 intein at different temperatures. C, time courses
of splice product formation for the gp41-1 as well as gp41-8, NrdJ-1,and IMPDH-1 inteins at their optimal temperature as indicated and pH 7. Error bars in panels

A-Cindicate S.D.

The optimal temperature for the other three inteins was
37 °C (Fig. 3, A and C, right panel), at which the gp41-8 intein
displayed a k = (4.5 = 0.6) X 10~ % s~ " with a calculated #, =
15 s (85-95% yield). The NrdJ-1 intein had a k = (9.8 £ 2.3) X
10~ %s™ " with t1, = 7 s (85-95% yield), and the IMPDH-1 intein
hadak = (8.7 = 3.2) X 10~ 25~ " with £, = 8 5 (90-95% yield)
(Table 2). These inteins are thus ~3-, 7- and 6-fold faster than
the Npu DnaE. In Fig. 3C, the left panel shows the gp41-1 intein

28690 JOURNAL OF BIOLOGICAL CHEMISTRY

at its optimal temperature for comparison. Considering their
highest rates, these inteins can be arranged in a descending
order as follows: gp41-1 > NrdJ-1 > IMPDH-1 > gp41-8 >
Npu DnaE.

Orthogonality of the Split Inteins—To determine the interac-
tion specificity, fusion constructs with the N- and C-terminal
halves of the four new split inteins were mixed in all possible 16
combinations, resulting in four endogenous (wild type) and 12
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Apparent first order rate constants and yields of trans-splicing reactions - temperature dependence

NA = Not Active; ND = not determined; k = constant rate; Y = yield. Observed rates and yields were calculated as described under “Experimental Procedures.” The
time-courses for protein trans-splicing were monitored for 2 h and were started upon the addition of the C-domain to the N-domain (each at 5 M concentration).

gp41-1(1 + 6) gp41-8(2 + 7) NrdJ-1(3 + 8) IMPDH-1(4 + 9) Npu DnaE (5 + 10)

Temperature (°C) k Y k Y k Y k Y k Y

s! % ! % st % ! % st %
0 (5.1 £0.8) X 1073 75-85 (35+0.7) X 10™* 75-85
12 (1.8 £0.7) X 1072 80-90 (1.8 +0.5) X 1072 75-85
25 (5.7 +0.6) X 1072 80-90 (1.7 +0.5) X 1072 85-95 (7.7 +15) X102 85-95 (3.6 +1.4)X10"2 90-95 (3.4+0.3)Xx 103 75-85
37 (14£02) X1071 90-95 (45=0.6) X 1072 85-95 (9.8+23)X10°2 85-95 (87+32)x 102 90-95 (1.4=0.3)X10"2 80-90
45 (1.8£05) X 10" 85-95 (3.5+0.7) X102 75-85 (53*=28)X10°2 50-60 (7.9*1.9) X102 90-95
50 (12%£02) X 107" 85-95 (1.1+0.6)x10"> 35-45 (3.2+ND)X 107> 30-40 (3.6 =ND)x 10 > 85-95
55 (83*1.3)X1072 65-75 (L.O=ND)x 1072 30-35 (9.0 ND)X 1072 30-35 (9.7=ND) X 1073 80-90
60 (1.0£0.2) X 1073 40-50 NA NA (8.8 = ND) X 10™* 20-30

TABLE 3 used C-terminal constructs 6 -9, containing Trx as the product

Effect of pH and urea on gp41-1 trans-splicing at 25 °C

ND = not determined; k = constant rate; Y’ = yield. ., half-life time. Observed rates
and yields were calculated as described under “Experimental Procedures.” The time-
courses for protein trans-splicing were monitored for 2 h, and were started upon the
addition of the C-domain to the N-domain (each at 5 uM concentration).

gp41-1 (1 +6)

pH Urea k ty, Y

M st %
6 0 (4.0 £ 0.2) X 1072 17s 80-90
8 0 (5.4 +02) X107 13s 80-90
9 0 (4.1+0.8) x 10> 17s 80-90
10 0 (4.5+12) x 1072 16's 80-90
7 4 (1.0 £ ND) X 1073 11 min 80—85¢
7 6 (20 =ND) X 10°° 577 min 30-35°

“ 24-h time course.

exogenous combinations. Protein splicing was only detected in
the endogenous combinations, showing that the inteins are
orthogonal (data not shown).

Effect of Urea and pH on gp41-1 trans-Splicing—We tested
the effect of a chaotropic salt and different pH conditions (pH
6—10) on trans-splicing of the gp41-1 intein (Table 3). Prior to
mixing of the complementary intein constructs, the samples
were equilibrated in the corresponding buffer conditions as
indicated. gp41-1 intein activity remained very high in the pres-
ence of 4 M urea (k = 1.0 X 1072 s ; yield = 80-85%), but
decayed 50-fold with 6 M urea. There was no activity detected at 8
Murea. The gp41-1 intein was robust toward the pH variation, and
the rates and yields remained similar from pH 6 —10 (Table 3).

C-cleavage Induction with Point Mutation of Conserved
Residues—Cleavage mediated by inteins is attractive for some
biotechnological applications, e.g. bioprocess operations to
release the protein of interest from a fusion partner. For this
application, the intein must be altered to avoid trans-splicing
and to effect a controllable cleavage. The mutation of the first
Cys residue of an intein typically abolishes step 1 (the N-S acyl
shift), step 2 (formation of the branched intermediate by attack
of the first residue in the C-extein), and step 4 (rearrangement
to a peptide bond by a spontaneous O—N acyl shift) of the splic-
ing reaction (Fig. 14). In such mutated inteins, step 3 (Asn
cyclization) may still occur, leading to C-terminal cleavage of
the C-extein from the N-extein/intein portion.

To assess the potential of the new split inteins as protein
cleavage tools, we mutated the Cys-1 to Ala at the N-terminal
splice junction of the four inteins, gp41-1, gp41-8, NrdJ-1, and
IMPDH-1 (proteins 11-14; Fig. 1B and Table 1). The purified
mutant fusion constructs were incubated with the previously
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of interest and the 5 native C-extein residues flanking the intein
(Fig. 1B and Table 1). C-cleavage activity at different tempera-
tures (0, 25, and 37 °C) was determined by quantifying the pro-
tein bands by SDS-PAGE as described before.

In all the cases, C-cleavage activity with good (about
40-50%) to excellent (about 85-95%) yield was detected (Table
4), albeit at lower rates than observed for the trans-splicing
reactions (Table 2). The corresponding SDS-PAGE gels are
shown in Fig. 4, A-D, left panels. In each case, the bands of the
precursor protein (bands 6, 7, 8, and 9 respectively) were
cleaved into two products: the 5aa“-Trx protein and the respec-
tive Int© fragment. At 37 °C, the gp41-1 intein exhibited the
highest C-cleavage rate among the new inteins k = (2.2 *
0.7) X 10~?s™', corresponding to a calculated £, ~5 min with
85-95% yield followed by the IMPDH-1 intein k = (7.7 = 1.6) X
10~*s™, t1, ~15 min (85-95% yield), the NrdJ-1 intein (2.4 +
0.1) X 10~ *s™ %, t, ~48 min (85-95% yield), and the gp41-8
intein (7.7 = 1.5) X 10~ ®s™ ', 1, ~150 min (40 —50% yield). The
precise C-cleavage was confirmed by Edman sequencing of the
liberated 5aa®-Trx (data not shown).

Table 4 also shows the effect of temperature on the C-cleav-
age reaction. Lower rates were associated with lower tempera-
tures, but the yields were only slightly compromised. For exam-
ple, at 0 °C, the gp41-1, NrdJ-1, and IMPDH-1 inteins showed
yields as high as at 37 °C (>80%), meaning that cleavage effi-
ciencies are robust over a wide temperature range. On the other
hand, the gp41-8 intein generally showed lower rates with lower
yields (<50%). In addition, analysis of the pH influence indi-
cated that pH values above 7 resulted in a decrease of C-cleav-
age efficiency (data not shown). The best C-cleavage yields and
constant rates under the evaluated conditions were obtained at
37 °C and pH 7 (see also Fig. 4E).

In summary, the four new inteins could be used for C-termi-
nal cleavage reactions by introducing a C1A mutation, although
the rates and in some cases the yields were markedly reduced
when compared with the trans-splicing reaction. This finding is
in contrast to the naturally split inteins Npu DnaE and Ssp DnaE
whose C-terminal cleavage reaction is completely blocked in
the context of a C1A mutation (12, 26).

C-cleavage without Any Extra Amino Acids and Effect of
Native Extein Sequence—For practical applications, it is often
highly desirable to have a clean cleavage without any additional
amino acid attached to the product of interest. We generated
four clones without the 5 residues corresponding to the native
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TABLE 4

Apparent first order rate constants and yields of the C-terminal cleavage with five native Ext amino acids (+5aa“)

ND = not determined; kK = constant rate; Y = yield. Observed rates and yields were calculated as described under “Experimental Procedures.” The time-courses for the
C-terminal cleavage reaction were monitored over 24 h and commenced upon the addition of the N-domain to the C-domain (each construct at 5 um).

gp4l-1 (11 + 6)

gp41-8 (12 + 7)

NrdJ-1 (13 + 8) IMPDH-1 (14 + 9)

Temperature k Y k Y k Y k(s™h) Y
C s % 5! % 5! % 5! %
0 (57+28)X107°  80-90  (1.0+ND) X 10~°  30-40 (50 =ND) X 1075  85-95 (20 +ND)X 1075  85-95
25 (5405 X10°*  85-95  (60*20)X10°°  30-40  (L7+08)X10°*  90-95 (31=1.1)X10*  85-95
37 (22+07)X107*  85-95  (77+15)X10°°  40-50  (24+0.1)X10"*  85-95 (7.7 +*16)X10°*  85-95

C-extein sequence (proteins 15—18) and tested for C-cleavage
activity when the purified proteins were mixed with the com-
plementary Int™ C1A fusions (proteins 11-14). In Fig. 4, the
right panels show these cleavage reactions for each intein. Fig.
4A, right panel, the complete time course of the C-cleavage
mediated by the gp41-1 intein is shown. The Int© precursor
(band 15) is almost completely cleaved, liberating the Trx
(without any extra amino acid) and Int“ fragment. For all the
inteins, the predicted N terminus of the Trx cleavage product
was confirmed by Edman sequencing (data not shown).

The optimal temperature for each intein was determined. As
can be seen in Table 5, in general, the four split inteins showed
high thermostability over a wide range of temperatures
(0-55°C), with the highest C-cleavage activities between 37
and 50 °C.

The deletion of the 5 native C-extein residues affected the
rates and yields of the four split inteins at varying degrees
(Tables 4 and 5, Fig. 4E). At 37 °C, the gp41-1 intein had a
10-fold rate reduction but maintained its excellent yields (85—
95%). The gp41-8 intein was again associated with lower
yields (20-30%), and it had a 1.5-fold rate reduction,
whereas the NrdJ-1 intein had a 5-fold rate reduction and a
drop to 60-70% yield. The IMPDH-1 intein was severely
affected, having a 38.5-fold rate reduction and a drop to
65-75% yield. Similar to the trans-splicing results (Table 2),
the gp41-1 and IMPDH-1 inteins were active even at 60 °C,
whereas the gp41-8 and NrdJ-1 intein were inactive at tem-
peratures higher than 50 °C.

In conclusion, under all evaluated conditions, the gp41-1
intein possessed the highest rates and yields among the four
inteins. It can be considered as the most robust split intein
for C-cleavage without adding extra native amino acids.

DISCUSSION

Split inteins hold a tremendous potential for a wide range of
protein engineering approaches (17, 19, 30). Recently, novel
biotechnological applications for split inteins were described.
They represent a combination of affinity binding and cleavage
for protein purification (31), the generation of antibody toxin
conjugates (32), or widespread use as tools in drug discovery
(33). In general, intein-tagged fusion protein systems enhance
the efficiency of protein affinity purification processes by way of
requiring only a single chromatographic step (34). Thus, there
is a great need for novel split inteins with beneficial biochemical
properties.

We characterized for the first time the functionality, in terms
of protein splicing and self-cleavage activities, of four novel
hypothetical split inteins, gp41-1, gp41-8, NrdJ-1, and
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IMPDH-1, previously predicted from metagenomic sequences
(27). All pairs of split intein protein fragments were assessed as
model fusion proteins under identical extein context to allow
their comparison with the previously reported extremely effi-
cient and fast-splicing split intein Npu DnaE (26). Splicing rates
of the gp41-1, gp41-8, NrdJ-1, and IMPDH-1 inteins were 10-,
3-, 7-, and 6-fold higher, respectively, than those reported for
the Npu DnaE at 37 °C, and all of them showed excellent (90—
95%) splicing yields (Table 2) with no apparent side-product
formation. It is also noteworthy that both precursor halves were
nearly quantitatively consumed in the reactions. Our results for
the Npu DnaE trans-splicing rates were similar to previous
studies (26), confirming that the observed rate differences can-
not be accounted for by different laboratory conditions of any
kind.

To further characterize the naturally split inteins, we tested
their splicing activity over a wide range of temperatures
(0—60°C). Interestingly, we found that the optimal tempera-
ture for the gp41-1 split intein was around 45 °C, whereas for
gp41-8, NrdJ-1, and IMPDH-1 inteins, it was 37 °C (Fig. 3). The
functional thermostability of these split inteins might be
explained by the environmental conditions of the sampling site.
The genes corresponding to all four novel split inteins were
identified from an environmental microbial source GOS met-
agenomic data sampled in Lake Gatun (Panama), near the trop-
ical Caribbean Sea, with water temperatures of 28.5 °C (35). The
gp41-1 intein was found to be most robust and gave excellent
yields at a wide range of conditions, including different alkali
pHs, high temperatures such as 60 °C, and the presence of chao-
tropic agents.

We observed an absence of promiscuity in different exoge-
nous intein fragment combinations, i.e. only the complemen-
tary pairs of inteins fragments were active. Such orthogonality
would hinder the functional complementation of different split
inteins inside the same host cell and therefore would not
exclude the possibility that some or all of these inteins are from
the same microbial origin. However, given their isolation from
large-scale metagenomic sequencing efforts, it appears more
likely that the four inteins are derived from different organisms.
For some biotechnological applications, this orthogonality
could be highly valuable as it allows their simultaneous use, for
example, for three-piece ligations (29, 36). In contrast, most
exogenous combinations of cyanobacterial DnaE intein alleles
exhibit efficient cross-splicing activity (7, 8) and are therefore
less suited for such purposes.

Another example of a potential application for the new split
inteins is protein labeling using the Cys tag approach, in which

VOLUME 287+NUMBER 34+-AUGUST 17,2012



Unprecedented Fast Split Inteins

A gp41-1¢-52aC-Trx gp41-1c-Trx (15)
0 2 th kba M 0 05 1 2 3 4 18 21 24 th
b | — 11 30| s 1
u} - S0 ot e e et
n<_6 15 ‘---—"’—‘ S €15
l€—5aaC-Trx 1 G —— — — — o [€—TTX
35 . . [€—IntC
L |€—IntC

B gp41-8°-5aaC-Trx gp41-86-Trx
kDa M 0 24 kDa M 0 24 th
30
B e—12 30
e e—12
20— <7 20
15 ] _- e <— 16
Sent -E:SaaC-Trx 15
10 ] 10 le—Trx
€—Int ¢
3.5 [o
3.5 €—Int
C NrdJ-1¢-5aaC-Trx NrdJ-1C-Trx
kba M 0 24 th
30—
- c—13
20— e [ — 17
15 e
e—Trx
10 e—
3.5 €—|ntC

IMPDH-1¢-Trx
kDaM 0 24 th

30—
_uuem
20

15— <—T
10— i
C
3.5—] je—Int
E gp41-1  gp41-8 NrdJ-1 IMPDH-1
1,E-02 4
4
1,E-03
[ ] 4 c
? ©25°C, IntC-5aa” -Trx
= A f W25°C, IntC-Trx
o 1E-04 - A37°C, IntC-5aa°-Trx
= " % 3 A37°C, IntC-Trx
A
1,E-05 T
n
1,E-06

FIGURE 4. C-cleavage with and without native extein amino acids. For these reactions at 37 °C, a C1A mutation was introduced into each Int™ fusion protein.
5 native C-extein amino acids (5aa“) were either included (left panels) or deleted (right panels). A-D, shown are Coomassie Brilliant Blue-stained SDS-gels. The
C-terminal precursor proteins (indicated by numbers) were either completely or partially converted into the Extein® (indicated as Trxin all cases) and the Intein©
fragment. The N-terminal precursor protein remained unchanged during the reaction. Proteins bands marked with an asterisk denote protein impurities.
M denotes molecular marker. E, C-cleavage constant rates of the four inteins determined at 25 and 37 °C. Error bars indicate S.D.
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TABLE 5

Apparent first order rate constants and yields of C-terminal cleavage without any native Ext amino acids

NA = Not Active; ND = not determined; k = constant rate; ¥ = yield. Observed rates and yields were calculated as described under “Experimental Procedures.” The
time-courses for the C-terminal cleavage reaction were monitored over 24 h and commenced upon the addition of the N-domain to the C-domain (each construct at 5 um).

gpal-1 (11 + 15) gpal-8 (12 + 16)

NrdJ-1 (13 + 17) IMPDH-1 (14 + 18)

Temperature k Y k Y k Y k Y
°C s! % s % st % s %
25 (6.7 +2.5) X 10°° 85-95 (1.0 = ND) X 10~° 10-15 (14 +0.8) X 10°° 30-40 (5.7 +0.2) X 10°° 15-25
37 (23=0.1)x10°* 90-95 (52 +25)xX10°° 20-30 (4.9 £2.0)x10°° 60-70 (20 *£0.0) X 107° 65-75
45 (44 +12) x107* 90-95 (6.7 £15)x10°° 20-30 (31+02)x10°° 70-80 (28+0.1)x10°° 70-80
50 (4.3 +0.5) X 107* 85-95 (6.1 +0.1) X 10°° 20-30 (6.0 = ND) X 10~° 10-15 (35+0.7) X 10°° 80-90
55 (1.9=1.0)x10°* 65-85 NA NA (8.0 = ND) X 10°° 60-70
60 (6.0 £ ND) X 10~° 40-50 NA NA (8.3 =ND) X 10~ ° <10

a prelabeled cysteine is added to the protein of interest by pro-
tein trans-splicing (37, 38). Because all four inteins character-
ized here operate with a Ser+1 instead of a Cys+1 residue and
are also free of Cys residues in the remainder of their Int®
sequences (except for a Cys-2 in the gp41-8 Int“ fragment), they
would be ideally suited for this technology without the need for
further mutagenesis.

Split inteins, like regular cis-inteins, can be genetically engi-
neered to allow controllable in vitro N- or C-cleavage (21),
which is useful for protein purification purposes, for example. A
specific advantage of split inteins in this respect is that uncon-
trolled in vivo cleavage is circumvented, which may have caused
poor yields of the target protein (39). We generated a C1A
mutant for each of the four novel split inteins to test whether
these proteins could be used for C-terminal cleavage applica-
tions. Previously reported naturally split inteins display very
slow or no self-cleavage activity at all when mutated at the same
position (26, 40). Ssp DnaE is the only reported natural split
intein rendering a C-terminal cleavage rate of 1.9 X 10~ *s™",
but only after N-terminal cleavage has occurred. This can be
induced by thiolysis, thus indicating a clear coordination of
steps (12). Intriguingly, although the unprecedented high rate
constants and efficiency of the four new inteins in the trans-
splicing reaction might have suggested a highly optimized
active site that is likewise resistant to aberrant side reactions
induced by single amino acid mutations, we find that this is not
the case. In contrast to the split DnaE alleles, our experimental
data indicate that the naturally split inteins gp41-1N“"), gp41-
8N, NrdJ-1N', and IMPDH-1M“' exhibited C-termi-
nal cleavage, although to different extents. Under conditions at
pH 7 and 37 °C, this reaction was about 60-, 580-, 410-, and
110-fold slower than the trans-splicing reaction of the corre-
sponding split inteins, respectively. Among the four inteins,
gp41-1 displayed the highest C-cleavage reaction rate (Table 4)
with a nearly complete conversion (85-90% yield). The NrdJ-1
and IMPDH-1 inteins exhibit similar constant rates and yields
of C-terminal self-cleavage under the same conditions, whereas
the gp41-8 intein shows the slowest rate and lowest yield of
C-cleavage (near 50%).

It is fairly well known that modifications of native extein
residues directly flanking the intein sequence can lead to inef-
ficient trans-splicing or self-cleavage reactions (41). However,
additional residues on the target protein are undesirable for
some recombinant protein production applications, therefore
making their removal essential. The current study shows that
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the four described new split inteins retain their C-cleavage
activity after deletion of their five C-terminal native extein res-
idues, although at 37 °C, the C-terminal cleavage rates of the
gp41-1, gp41-8, NrdJ-1, and IMPDH-1 inteins were decreased
by 10-, 1.5-, 5-, and 38.5-fold, respectively (Table 5 and Fig. 4E).
Removal of the native flanking residues also negatively affects,
to differing degrees, the C-cleavage reaction yields of all split
inteins except for the gp41-1 intein, which was still capable of
driving the cleavage reaction to almost 90% precursor
consumption.

The observed extraordinarily high constant rates of the novel
inteins are intriguing and could not have been predicted before
this study. The obvious prerequisites for this behavior are a
highly optimized recognition and folding of the split intein frag-
ments. For the association of natively split intein fragments,
complementary local charge distributions appear to be an
important parameter (7, 27, 29, 42, 43). The fragments of the
Ssp DnaE inteins are positively and negatively charged and form
a complex in solution with a rate approaching the diffusion
limit (29), whereas the rate-determining step appears to be an
intramolecular rearrangement within the complex. Thus,
although it was previously postulated that the gp41-1, gp41-8,
NrdJ-1,and IMPDH-1 inteins have 10, 7, 7, and 3 interfragment
salt-bridges, respectively, in the predicted interaction interface
between the two split parts (27), it appears unlikely that the
association could be faster than that observed for the Ssp DnaE
intein or at least that this could account for an increased overall
reaction rate. However, we propose that the high rates observed
here are a consequence of the rapid folding into the active intein
structure, the formation of highly optimized active sites at the
N- and C-terminal junctions, and an optimal coupling of the
individual steps during protein splicing.

We are currently unable to predict such a superior catalytic
behavior from the primary sequence of the intein. Recent stud-
ies on the directed evolution of inteins indicated that a few
amino acid substitutions can have a significant positive effect
on their performance (30, 44—47). As previously described
(27), the new split inteins are not closely related to other estab-
lished split and full-length inteins. In fact, their protein
sequences only share up to 40% similarity to other known cya-
nobacterial naturally split inteins (7, 35). Among them, the
gp41-1, gp41-8, NrdJ-1, and IMPDH-1 inteins also share low
identity (40-50%), denoting relevant sequence variations in
their intein halves.
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The sequences and gene organization of the reported split
inteins are closely related to those found in phages and viruses,
suggesting their viral origin (27). It is known that inteins and
split inteins contain six conserved protein splicing motifs of the
HINT (Hog/Intein) family: N1 to N4 present in the N-terminal
fragment of the split intein and C1 and C2 present in the C-ter-
minal split intein fragment (5-7, 48). Of the six conserved
motifs, N1, N3, C1, and C2 are the most conserved ones among
the naturally split inteins and have been described as block A, B,
F and G, respectively. All these sequence motifs can be identi-
fied in the gp41-1, gp41-8, NrdJ, and IMPDH-1 inteins. The
only apparent major difference to the Ssp and Npu DnaE inteins
is a histidine as the penultimate amino acid in the G box, which
in the well characterized natively split cyanobacterial inteins is
a serine (data not shown). However, in most other inteins, a His
residue is also found at this position, which is postulated to
assist in cyclization of the ultimate Asn residue to effect cleav-
age at the C-terminal splice junction (49). Thus, the new inteins
characterized here exhibit canonical key catalytic residues and
do not represent unusual features in their primary sequences.

Altogether these results show that the gp41-1 intein is supe-
rior on all accounts to those investigated in this study. It is very
tolerant to a broad range of reaction conditions and tolerates
changes in its splicing junction region for C-terminal cleavage
reactions. Most importantly, when compared with all other
split inteins reported so far, from natural, artificial, or engi-
neered origin, the four inteins characterized in this study show
the highest reaction rates and efficiencies in the trans-splicing
reaction. In particular, the gp41-1 intein increases the limits of
the fastest split intein ever described and holds great potential
as a protein ligation tool or in self-cleavage processes for pro-
tein purification.
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