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Abstract: Protein trans-splicing catalyzed by split inteins is
a powerful technique for assembling a polypeptide backbone
from two separate parts. However, split inteins with robust
efficiencies and short fragments suitable for peptide synthesis
are rare and have mostly been artificially created. The novel
split intein AceL-TerL was identified from metagenomic data
and characterized. It represents the first naturally occurring,
atypically split intein. The N-terminal fragment of only 25
amino acids is the shortest natural intein fragment to date and
was easily amenable to chemical synthesis with a fluorescent
label. Optimal protein trans-splicing activity was observed at
low temperatures. Further improved mutants were selected by
directed protein evolution. The engineered intein variants with
up to 50-fold increased rates showed unprecedented efficiency
in chemically labeling of a diverse set of proteins. These inteins
should prove valuable tools for protein semi-synthesis and
other intein-related biotechnological applications.

I nteins are self-excising protein segments that ligate their
flanking sequences in a process termed protein splicing. Split
inteins mediate protein trans-splicing as shown in Scheme 1.
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Scheme 1. Protein trans-splicing. Inteins ligate their flanking sequences
with a native peptide bond. These sequences can be either their native
exteins or unrelated peptides or proteins.
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The N- and C-terminal intein fragments (Int™ and Int®) first
associate and fold into the active intein domain and then link
the flanking sequences, also termed the N- and C-terminal
exteins (Ex" and Ex), with a peptide bond. This reaction has
found various applications in basic protein research and
biotechnology,!! for example, for the segmental isotope
labeling of proteins, the preparation of cyclic polypeptides,
and transgene expression, as well as more recently for the
chemical modification of proteins and protein semisynthesis.
However, split inteins are rare, and for the latter synthetic
applications, special properties are required.”’ Specifically,
one of the intein fragments should be as short as possible to
facilitate its efficient and inexpensive assembly by solid-phase
peptide synthesis. All naturally occurring split inteins
reported to date show the breakpoint at the position of the
homing-endonuclease domain in the related contiguous maxi-
inteins. This split site gives rise to an Int™ of about 100 amino
acids (aa) and an Int® of about 35 aa.’! Split inteins with
shorter Int™ or Int® fragments have been created artificially
from naturally contiguous inteins, but they generally show
poorer performance than the naturally occurring ones. While
the latter have evolved for stable expression of the individual
intein fragments, artificially split intein fragments are likely to
each contain internally unmatched hydrophobic patches that
might cause aggregation. Furthermore, artificially split intein
fragments tend to associate and fold less efficiently.””! Besides
lower splicing yields and rates, they also have a more limited
compatibility with diverse target proteins as a result of their
solubility and expression issues. We considered these points to
be the most significant obstacle for the further exploration of
semisynthetic split inteins as generally applicable tools for
protein labeling and protein semisynthesis.

We identified several closely related phage genes with
inteins in metagenomic data from the antarctic permanently
stratified saline lake, Ace Lake."! The genes were from a T4-
bacteriophage-type DNA-packaging terminase large subunit
and were termed AceL-TerL inteins (from Ace lake ferminase
large subunit). Some of the genes included contiguous (cis)
inteins, and some were fractured genes'® split 24-25 aa from
the N-terminal position of the intein (Figure S1 in the
Supporting Information). Phylogenetic trees of these genes
and closely related inteinless TerL genes suggest that they are
the result of multiple independent intein-acquisition and
gene-splitting events (Figure S2). A sequence alignment with
well-characterized inteins indicated the typical conserved
block motifs important for catalysis (Figure S3). Using this
information to map the sequence of the AceL-TerL inteins
onto the prototypical crystal structure of the Ssp DnaB
intein” revealed that these inteins have a novel split site
corresponding to a probable surface-loop region with no
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Figure 1. Localization of the AceL-TerL split site and mutations. The
split site (indicated by scissors) and the selected mutations were
mapped onto the crystal structure of the Ssp DnaB mini-intein (pdb-
code 1MI8)" based on a sequence alignment between the two inteins
(Figure S3). The active site is indicated by a dotted circle and the
unstructured loop representing the position of the removed homing-
endonuclease domain is shown by a dashed line.

defined secondary structure following [(-strand3 and o-
helix 1 (Figure 1). Reported split sites close to the N-terminal
splice junction were all created artificially and were located
following aall of the Ssp DnaB intein**¢! and aa36 of the
Npu DnaE intein."!

We chose intein Acel-TerL-11, hereafter termed the
AceL-TerL intein, for functional characterization (Figure 2).
To this end, the IntN of 25 aa was prepared by solid-phase
peptide synthesis with three native N-extein residues (EFE),
two lysine residues, and a 5(6)-carboxyfluoresceine moiety
(F1) to give pepWTN (FI-KKEFE-Int"; Figure 2a). The Int®
(aa 26-129), along with four native C-extein residues (CEFL),
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was recombinantly expressed in E. coli as a fusion with
hexahistidine-tagged thioredoxin as a model protein (con-
struct WTS-CEFL-Trx-Hy) and purified using Ni-NTA chro-
matography. Upon mixing of the two components, sponta-
neous protein trans-splicing was observed (Figure 2b). The
formation of the splice product (SP) FI-KKEFECEFL-Trx—
Hs and of the excised intein fragments as by-products
indicated that the intein was fully active.

A clear temperature dependence was observed from
splicing assays at 8 °C, 25 °C, and 37 °C, with the highest rate at
8°C (k=(1.7+£02)x107s™"; #,=(72+1.1) min) and an
approximately 50-fold slower rate at 37°C (Figure 2¢ and
Table S1 in the Supporting Information). The preference for
lower temperatures is consistent with the temperature of 0.4-
1.0°C at the sampling site of the environmental probe” and
may indicate that the intein-gene host species is psychrophilic.
Importantly, no C-terminal cleavage side product (Trx—Hg)
could be detected at 8°C, while up to 30% was observed at
37°C (Figure 2d and Figure S4). Such cleavage products are
often observed for engineered inteins, for example, 10-20%
side product was observed for the semisynthetic Ssp DnaB
intein and its engineered M86 mutant,** and this effect may
significantly limit the practical utility of these intein systems.
Together, these results indicate the excellent potential of the
naturally split AceL-TerL intein for protein trans-splicing
applications. An additional advantage is its total length of
only 129 aa, which makes it the shortest intein known to date.

The high splicing rate and yield of about 90% of the
AceL-TerL intein at 8 °C is already remarkable for a naturally
split intein and comparable to the highly evolved M86 mutant
of the artificially split Ssp DnaB intein,®! which represents the
current benchmark intein for the split-intein-mediated N-
terminal chemical modification of proteins. To develop an
even better ligation tool, we aimed to further improve the
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Figure 2. Reaction schemes and characterization of the wild-type AceL-TerL intein. a) Scheme of the reactions. C-terminal cleavage can occur as

a side reaction. The constructs used in this study are indicated. pepWT" = FI-KKEFE-CVYGDTMVETEDGKIKIEDLYKRLA-OH; Fl=5(6)-
carboxyfluorescein; Trx=thioredoxin, WT =wild-type). b) WT~Trx—His, (15 um) was incubated with pepWT" (45 um) at 25°C (pH 7.0, 2 mm DTT)
for 24 h and the reaction mixture was analyzed by SDS-PAGE by using UV illumination or Coomassie Brilliant Blue staining. Calculated molecular
masses: WT—Trx=26.4 kDa; SP=15.2 kDa; Int"=2.9 kDa; Int“=12.2 kDa; C-terminal cleavage product (Trx) =14.1 kDa. DTT = dithiothreitol.

c) Splice product (SP) formation investigated at 37°C, 25°C, and 8°C. The assays were performed as described in (b). d) Time courses of SP and
C-terminal cleavage product (C-cl.) formation at the indicated temperatures.
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intein by directed protein evolution. We reasoned that the
significantly lower activity of the intein at 37°C was likely due
to compromised folding and envisaged the selection of
mutants capable of efficient splicing at this temperature.
Although low temperatures such as 8°C appear ideal for
preserving potentially fragile proteins of interest during
in vitro protein-labeling experiments, the expression of the
intein fusion proteins in E. coli has to be performed at higher
temperatures. Furthermore, inteins with higher thermostabil-
ity should be beneficial for high activity in diverse sequence
contexts, potentially also at lower temperatures, and for
cellular applications.”)

To this end, the AcelL-TerL intein was converted into
a contiguous, cis-splicing intein by fragment fusion (Fig-
ure S5) and inserted at the DNA level into the KanR gene,
which confers resistance to the antibiotic kanamycin.®1%%
Active intein alleles capable of splicing out of the translated
gene product can be selected because they render the host
E. coli cells resistant to kanamycin.’*""! The nonmutated
intein gave rise to colony growth at 25°C under selective
conditions (50 pgmL~"' kanamycin), but not at 37°C (Fig-
ure S6). This finding correlated with protein splicing activity
determined by Western-blot analysis (Figure S7). These
results provided the basis for selection by temperature.

Next, a library encoding mutant inteins was created by
using error-prone PCR (epPCR) and used to transform E. coli
cells. Randomly picked kanamycin-resistant colonies that
were selected on plates at 37°C were then restreaked onto
plates with kanamycin concentrations of up to 150 ugmL™".
Plasmids isolated from the resistant clones were analyzed by
DNA sequencing. Five different mutant inteins, termed M1-
M5 (Table 1), were selected and confirmed by Western
blotting to have acquired splicing activity at this elevated

Table 1: The mutations in the improved AceL-TerL inteins.

Int" Int

M1 A25T N46D, L55Q

M2 - S$38G, N46I, N54D, L55Q
M3 Y3S S93G

M4 - N46l, L55Q

M5 - N46D

Mek! - L55Q

MX1®! - N46D, L55Q

M310! Y3S N46D, L55Q

[a] Produced by molecular cloning. [b] Produced by rational combination
of Int" and Int® fragments.

temperature (Figure S8). The mutant inteins contained
between one and four amino acid substitutions spread over
the Int™ and Int® parts (Table 1). To discern the effect of
individual mutations, an additional construct with only the
L55Q mutation, termed M6 (Table 1), was created by site-
directed mutagenesis.

The effect of the mutations in the context of the split
intein was then investigated. The Int® fragments of the M1-
M6 mutants, termed M1°-M6S, were expressed and purified
as Int“~Trx-H, fusion proteins, and the Int~ parts of the M1
and M3 mutants, termed M1~ and M3Y, were included in two
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synthetic peptides of the format FI-KKEFE-Int" (pepM1~
and pepM3Y, respectively). A clear improvement over the
protein trans-splicing reactions of the wild-type intein at 37°C
could be observed for all of the mutants. The splicing rates
were increased 2- to 14-fold (Figure 3a and Figure S9A), the
yields increased to 65-85% after 24 h compared to about
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Figure 3. Characterization of the improved AceL-TerL intein mutants.
The splice reaction time courses were monitored at 37°C and rate
constants were determined by fitting the product formation to pseudo-
first-order kinetics. Rate constants (a) and product yields (b) for the
wild-type (WT) intein and mutants M1-M6. In (b), splicing is shown
by the gray bars and C-cleavage by the striped bars. c) Rate constants
for the rationally combined Int" and Int® constructs. The new rationally
designed combinations are shown as white columns, as opposed to
gray columns for the genetically selected intein combinations. Combi-
nations selected for further work are indicated (MX1 and M31 intein
mutants).

60% for the wild-type intein, and there was a concomitant
decrease in the amount of C-cleavage product (Figure 3b).
Most of the mutations seemed to have additive effects, as
exemplified by the observation that the combined N46D and
L55Q mutations (pepWT" 4 M1°) resulted in higher splicing
rates than the individual mutations (pepWT™+MS5C and
pepWTN - M6, respectively; Figure 3c, left panel and Fig-
ure S9B). Importantly, we were also able to generate even
better split inteins by rationally combining mutations from
different Int™ and Int® constructs. The two split-intein systems
with the highest rates were obtained in this way, by combining
the IntY mutation of the M3 mutant (Y3S) with the Int®
mutations of the M1 (N46D, L55Q) or M2 (S38G, N461,
N54D, L55Q) mutants (pepM3~ + M1 and pepM3~ 4 M2°).
These combinations spliced approximately 29-fold and 56-
fold faster, respectively, than the wild-type intein at the
selection temperature of 37°C (Figure 3¢, right panel),
however, the combination pepM3~ + M1€ gave rise to lower
amounts of by-products from C-terminal cleavage (Fig-
ure S9). Another interesting intein with a beneficial ratio
between splicing and cleavage yields resulted from the
combination of pepWT™ 4+ M1€. For subsequent experiments,
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we therefore chose these two rational combinations and
termed them mutant MX1 (pepWT" +M1€) and mutant M31
(pepM3N +M1€; Table 1 and Figure 3c).

In an attempt to rationalize the effect of the mutations, we
aligned the sequence of the AceL-TerL intein with other well-
studied inteins and mapped the mutations onto the crystal
structure of the Ssp DnaB intein!”! (Figure 1 and Figure S3).
The Y3S mutation is in the conserved N1 (block A) motif('?
close to the N-terminal splice junction. This position is
generally found to be very variable between intein sequences
and in class 3 inteins, it is frequently Thr, Ala, or Ser.™ The
N46D/I, N54D, and L55Q mutations are in close proximity to
the active site residues from the C2 (block F) and N3
(block B) motifs, which are important for catalysis at the C-
terminal and N-terminal splice junctions, respectively. They
may thus contribute to better splicing through a fine-tuning
effect on the active-site configuration. The S38G and S93G
mutations are further away from the catalytic centers and are
therefore more difficult to rationalize. All of the mutations
may have structural roles or improve solubility.

With the evolved and characterized AceL-TerL split
inteins in hand, we returned to our initial goal; the explora-
tion of this intein for the N-terminal chemical modification of
proteins. Previously described split inteins useful for semi-
synthetic protein trans-splicing have mostly been reported in
conjunction with model proteins that are relatively small and
known to be highly soluble, such as thioredoxin, maltose-
binding protein (MBP), and GB1, and have only rarely been
tested with more difficult proteins. In our experience, the M86
mutant of the artificially split Ssp DnaB intein®® also failed for
several more demanding proteins of interest (data not
shown). A particular test case became the attempted N-
terminal modification of the 119 kDa TycB1 module of the
tyrocidine nonribosomal peptide synthetase.'¥ The Int“-
TycB1 fusion of the M86 mutant of the DnaB intein gave only
negligible amounts of soluble protein during expression and
was subject to partial degradation (data not shown). We then
included MBP as an N-terminal tag™ and could subsequently
express and purify the soluble protein in large quantities and
label it by protein trans-splicing (Figure S10), thus indicating
that a solubility tag like MBP at the N terminus of the Int®
fragment, which is removed with the intein during the splicing
reaction, can significantly increase protein expression and
solubility. Interestingly, the respective MBP-Int“~TycB1
construct with the AceL-TerL MX1 and M31 mutants
proved to be even better (Figure S11A,B). The MXI1
mutant in particular was efficiently expressed and well
soluble, and splicing at 8°C gave yields of 80-95% with
a 13-fold higher rate than that of the M86 mutant of the DnaB
intein and a 15-fold higher rate than that of the unevolved
wild-type AceL-TerL intein (Table S2). Similar results were
obtained in a detailed kinetic study when using Trx as the
protein of interest (Figure S11C,D, and Table S2).

Finally, we tested the applicability of the AceL-TerL
intein mutants for the chemical modification of a diverse
range of proteins of interest. To this end, the MX1 mutant was
fused with the green and red fluorescent proteins EGFP and
mRFP, and the Gaussia princeps luciferase Gluc, as well as the
murine E2 conjugating enzyme Ubc9 and the human protease
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SENP1 from the small ubiquitin-like modifier (SUMO)
pathway. As shown in Figure 4 and Figure S14, all the tested
proteins were efficiently modified with the synthetic fluoro-
phore at the N-terminus, with approximately 80 % yields of
the desired conjugates after 3h at 8°C. For biochemical

POI TycB1 eGFP mRFP Gluc Ubc9 SENP1cat
tth) 0 3 0o 3 0 3 0 3 0 3

w-Hem-RCNIRN -

R

-

a - '

) ) I I - <

Figure 4. General applicability of protein labeling using the evolved
AcelL-TerL mutant MX1. The indicated proteins of interest (POIs) were
expressed and purified as fusion constructs in the format MBP-M1%
POI-H¢ and incubated with pepWT" at 8°C. The reactions were
analyzed by SDS-PAGE by using UV illumination (bottom) and
Coomassie staining (top). The unspliced construct (0), fluorescently
labeled splice products (<), and MBP-M1€ by-products (o) are
indicated. Note that for each protein, the lanes were normalized to the
migration of the precursor protein.

characterization of the proteins, the fluorescently labeled
enzymes TycB1 and SENP1 were prepared and purified on
a preparative scale and were shown to be fully catalytically
active (Figures S12, S13, and S14). These labeled proteins
could prove useful in future biophysical studies.

In summary, a novel type of naturally split intein and
significantly improved mutants thereof are reported. We
believe that these mutants represent the next generation of
split inteins and are likely to serve as powerful and generally
applicable tools for the N-terminal chemical modification of
proteins by using semisynthetic protein trans-splicing, as
demonstrated for a diverse set of proteins. The advantages of
this approach over chemical ligation reactions include the
low reactant concentrations required, the absence of non-
proteinogenic functional groups to facilitate the reaction, and
orthogonality to the cellular chemical environment. The high
activity of the new split inteins at low temperatures such as
8°C is of particular advantage for in vitro labeling experi-
ments with fragile proteins. Furthermore, no cleavage reac-
tions leading to undesired side products could be detected
under these conditions. Importantly, this first discovery of
a natural split site other than the endonuclease position
suggests that more naturally split inteins with even shorter
fragments may be discovered.
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