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Inteins catalyze self-excision from host precursor proteins while concomi-
tantly ligating the flanking substrates (exteins) with a peptide bond. Noncat-
alytic extein residues near the splice junctions, such as the residues at the —1
and +2 positions, often strongly influence the protein-splicing efficiency. The
substrate specificities of inteins have not been studied for many inteins. We
developed a convenient mutagenesis platform termed “QuickDrop”-cassette
mutagenesis for investigating the influences of 20 amino acid types at the —1
and +2 positions of different inteins. We elucidated 17 different profiles of
the 20 amino acid dependencies across different inteins. The substrate speci-
ficities will accelerate our understanding of the structure—function relationship
at the splicing junctions for broader applications of inteins in biotechnology
and molecular biosciences.

Keywords: intein; mutagenesis; protein ligation; protein splicing; substrate
specificity

Enzymes are protein catalysts that accurately recognize
the substrates and convert the chemical structure with
high accuracy. Intervening protein sequences termed
inteins are unique single-turnover enzymes that cat-
alyze their self-excision and concomitant peptide liga-
tion of flanking protein sequences termed exteins
(Fig. 1) [1]. This process is called protein splicing.
Inteins catalyzing protein splicing have their substrates
covalently connected with peptide bonds at the flank-
ing N and C termini. Since the discovery of the pro-
tein-splicing phenomenon, the concerted chemical
reaction catalyzed by inteins has stimulated broad
biotechnological applications such as protein ligation
tools by split inteins in biotechnology, biosensors, pro-
tein purification, synthetic biology, chemical biology,

Abbreviations

and protein engineering [2-7]. However, the use of
inteins has been relatively limited, despite the original
high expectations [8—11]. Inteins seemingly adapted to
the specific insertion sites within their host proteins,
where they are inserted [12]. Thus, protein-splicing effi-
ciency, a critical consideration when using inteins, is
often affected by the splicing junction sequences as
well as extein sequences in the foreign contexts [13,14].
In some cases, mutations of these junction positions
may considerably reduce or even entirely abolish the
splicing activity, resulting in side reactions of cleavages
or inactivity. The junction dependence of inteins has
been limiting the potential of inteins when used with
artificial exteins [14,15]. The situation is even more
complicated when split inteins are used for protein

AA, amino acid; GB1, the B1 domain of IgG-binding protein G; HEN, homing endonuclease; IMAC, immobilized metal affinity chromatogra-
phy; PTS, protein trans-splicing; TCA, trichloroacetic acid; TCEP, tris(2-carboxyethyl)phosphine.
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trans-splicing (PTS) to ligate separate foreign polypep-
tides (Fig. 1B). This complication arises due to the
limited solubility of precursors, extein dependency,
and association of the two split intein fragments [16].
Consequently, engineering of inteins is not always
straightforward for various biotechnological applica-
tions in non-native contexts, thereby restricting more
extensive uses of various inteins.

In addition to the protein-splicing catalysis, many
canonical inteins are bifunctional enzymes containing
homing endonuclease (HEN) domains that cleave the
DNA sequence near the intein insertion site and are

[¢] c
A s s
X A TY
N-extein Intein
. 11 . . +1 -}2
N-junction C-junction

Protein splicing
in cis 4 N-, C-cleavages

C
S
XTY

14142
Spliced product
+

1

Excised intein

Cc

Canonical intein (Class 1)

(1) N-S(O) Acyl shift

HX
H
[Extein® [N

(¢}
HX

cys'(x=s)(ser", x=0)

o
cys*1 (x=s) (Ser/Thr*1, X=0)

o
X
(4)S(0)-N Acyl Shift y
oHX:
T NN =

Intein specificities by QuickDrop mutagenesis

involved in horizontal gene transfer of intein genes
[1,17]. While some inteins are proficient of protein
splicing and can splice without the HEN, other inteins
have developed a mutualism between the protein-splic-
ing domain and the nested endonuclease domain. The
requirement of the HEN domain for protein splicing
intricates the engineering of inteins and split inteins
[18].

The number of identified inteins and intein-related
proteins is continuously growing as genomic and
metagenomic sequence data are increasingly becoming
available at a rapid rate. However, the splicing
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Fig. 1. Protein splicing and canonical protein-splicing reaction steps. (A) Protein splicing in cis. The intein is flanked by N- and C-terminal
exteins. The intein is autocatalytically excised during protein cis-splicing, thereby covalently ligating the flanking exteins. The —1, +1, and +2
positions of exteins are indicated together with the first residue of inteins (indicated by ‘1'). Positions subjected to QuickDrop mutagenesis
are depicted in bold and indicated with an X for the —1 position and Y for the +2 position. The +1 residue is shown with C, S, and T for
Cys, Ser, and Thr, respectively. A red arrow indicates nonproductive N and C cleavages (A, B). (B) PTS by a split intein. Two precursor
fragments split within the intein ligate two exteins sequences with a peptide bond by PTS. Mutations at the splicing junction (e.g., X and Y)
might increase the by-products caused by N and/or C cleavage (red arrows). (C) Generally accepted protein-splicing steps of canonical class
1 inteins: (1) N-S(O) acy! shift by the first intein residue (Cys or Ser), (2) trans-esterification from Cys, Ser, or Thr at the +1 position of the
first C-extein residue, (3) Asn cyclization by the last inteins residue, releasing the branched intermediate consisting of an N-extein and
C-extein ester, (4) S(O)-N acyl shift forming an energetically favorable peptide bond.

FEBS Letters 594 (2020) 3338-3355 © 2020 The Authors. FEBS Letters published by John Wiley & Sons Ltd 3339

on behalf of Federation of European Biochemical Societies



Intein specificities by QuickDrop mutagenesis

activity, the splicing junction dependence, and the
extein dependence of the majority of identified inteins
are mostly unknown, hindering various potential
biotechnological applications of many naturally occur-
ring inteins [12,14,15,19,20]. Due to a limited under-
standing of the substrate specificities (junction
sequence dependencies), inteins have often been used
with the assumption that the native N- and C-extein
sequences were the best sequences at the junctions for
optimal protein-splicing activity [12]. Therefore, one to
five natural flanking extein sequences were often kept
at both junctions [12,19,21,22]. These flanking
sequences remain in the primary structure as a ‘scar’
of flanking extein residues after protein splicing, which
could potentially lower the usefulness of protein splic-
ing in many applications (Fig. 1B).

To overcome the bottleneck imposed by the junction
problem of inteins, several groups attempted to engi-
neer more promiscuous inteins by directed evolution
or to identify more robust and promiscuous inteins
from natural sources [14,21-26]. However, the sub-
strate specificities of various inteins, namely the junc-
tion sequence dependencies, have not been thoroughly
investigated except for only a very few inteins
[8,14,20]. Thus, limited information about the sub-
strate specificity for inteins is currently available, pre-
sumably because the analysis of a complete set of 20
amino acids (AA) variants at the so-called —1 and/or
+2 position even for a limited set of inteins can be
time-consuming and tedious (Fig. 1A). Such quantita-
tive analysis of the substrate specificity at both the —1
and +2 positions of one intein would require a com-
plete set of 20 x 20 (400) vectors to cover all combi-
nations for the two junction positions for each intein.
Thus, a limited quantitative analysis of the substrate
specificity exists only for a few inteins [8,14,20]. As a
consequence, for each new intein or target sequence
one must empirically test whether the intein could tol-
erate artificial exteins with the desired junction
sequences.

In this work, we elucidated the substrate specificities of
different inteins using the newly developed QuickDrop
mutagenesis. The QuickDrop mutagenesis is a cost-
and labor-effective mutagenesis platform to introduce
20 amino acid (AA) types at one residue in the sequence
by taking advantage of the conserved sequence among
the family members for the comparison. We used this
approach to introduce 20 different AA-types at the —1
and +2 positions of class 1 inteins by making use of
the conserved first residue of class 1 inteins and also
the highly conserved first residue of the C-terminal
extein. As little is hitherto known for the structural
basis of the substrate specificity of individual inteins,
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we elucidated the AA-type dependency of different
inteins at the splicing junctions. We demonstrated that
the junction sequence specificity of many different
inteins could not only potentially guide the application
of different inteins, but also assist in understanding the
structure—function relationship of different inteins.

Materials and methods

Construction of the QuickDrop —1 libraries

First, to create a set of standard vector libraries with 20
AA-variants at the —1 position, we used the NpuDnaE
intein. A BseRI restriction site was introduced at the
N-terminal splicing junction of the plasmid pSKDuetl6
containing the cis-splicing NpuDnaE intein gene with two
Bl domains of IgG-binding protein G (GB1) as N- and
C-exteins [21]. The BseRI site was introduced by amplifying
the N-terminal GB1 by PCR with the oligonucleotides
HK683 and HK894 (Table S1). The PCR product bearing
the BseRI site at the 3'-terminus was digested with Ncol
and BamHI and ligated into predigested pSKDuetl6 to
replace the N-terminal His-tagged GBI, resulting in
pLLSDuetl with Ser at the —1 position. The other 19
plasmids were constructed following the QuickChange™
(Stratagene, San Diego, CA, USA) protocol using pairs of
oligonucleotides listed in Table S2 [27]. These plasmids
bearing 20 AA-types at the —1 position and a BseRI
site upstream of the N-splicing junction constitute the
QuickDrop —1 library with Cysl.

To cover all class 1 inteins, we constructed another set
of the QuickDrop —1 library with Ser at the 1 position
for inteins containing Ser as the first intein residue, by
mutating the first residue of NpuDnaE intein in
pLLSDuetl to Ser. We introduced the Cysl to Serl muta-
tion and simultaneously a Ndel site within the NpuDnaE
intein gene by PCR using the oligonucleotides 1212 and
1213, resulting in pJMDuet20. The remaining 19 muta-
tions were introduced by amplifying the N-terminal GBI
gene from pJMDuet20 using the oligonucleotide Duet-
MCSI1-fw (Table S1) and a corresponding oligonucleotide
as listed in Table S2. These PCR products were cloned
into pJMDuet20 using Ncol and Ndel, resulting in the
QuickDrop —1 library with Serl.

Construction of the QuickDrop +2 libraries

A set of 20 AA-variants bearing 20 different AA-types at
+2 the position of inteins was first derived from a plasmid
encoding the PhoRadA intein with Thr at the +1 position
(Fig. 1A). The PhoRadA intein gene was amplified from
pCADuet99 using the oligonucleotides 1101 and SZ015 and
inserted into pSKDuetl16 using BamHI and Kpnl, resulting
in pSCFDuet64 bearing Kpnl and BseRI sites downstream
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of the +2 position (Fig. 2C) [20,21]. The entire set of 20
AA-variants at the +2 position was constructed by PCR
amplification of the PhoRadA intein gene from pCADuet99
using the oligonucleotides HK375 and an oligonucleotide
encoding one of the 20 AA-types substituting the +2 posi-
tion as listed in Table S3. The 20 PCR products were
digested with Kpnl and BamHI and subsequently cloned
into pSCFDuet64, resulting in the QuickDrop +2 library
with Thr/Ser+1. This QuickDrop +2 library is compatible
with both Ser and Thr at the +1 position (Fig. 4).

To completely cover Cys, Ser, and Thr at the +1 position
of inteins, we created another set of 20 AA-variants at the
+2 position of the NpuDnaE intein. The NpuDnaE intein
gene with an AA mutation at the +2 position and Cys at
the +1 position was amplified from pSKDuetl6 using the
oligonucleotide SK092 and an oligonucleotide encoding

Intein specificities by QuickDrop mutagenesis

one of 20 AA-types at the +2 position as listed in Table S3.
The PCR product was cloned into pSCFDuet64 using
BamHI and Kpnl, resulting in the QuickDrop +2 library
with Cys+1, which is also compatible with Ser+1. There-
fore, we call it the QuickDrop +2 library with Cys/Ser+1.

Cloning of different inteins using the QuickDrop
libraries

During constructing the 20 AA-type variants at the —1 and
+2 positions of NpuDnaE and PhoRadA inteins, in total, we
developed four sets of the QuickDrop libraries, namely,
QuickDrop —1 library with Serl, QuickDrop —1 library with
Cysl, QuickDrop +2 library with Thr/Ser+1, and QuickDrop
+2 library with Cys/Ser+1. These libraries should suffice to
cover all class 1 inteins for the 20-AA mutagenesis by the
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cassette-mutagenesis approach. We applied the QuickDrop
strategy for the analysis of the substrate specificities of
the NpuDnaB**°, PhoRadA, PhoRadA(E71T), gp4l-1,
HwarPolA", and HutMCM2 inteins.

PhoRadA intein

The RadA intein from Pyrococcus furiosus (PhoRadA) was
amplified from pHYDuetl83 by PCR with the oligonu-
cleotides HK979 and HK376 and inserted into pLLSDuetl,
resulting in pSCFDuet2 [20]. Two internal BseRI sites
within the PhoRadA intein gene were deleted by two cycles
of inverse PCR mutagenesis using oligonucleotides 138, 139,
140, and 141, resulting in pCADuet99 as donor vector. The
PhoRadA intein gene was excised by digestion of 1.5—
2.0 png pCADuet99 with 10 U of Hindlll (Fermentas, Wal-
tham, MA, USA) at 37 °C for 3 h followed by the addition
of BseRI and incubation for additional 60 min at 37 °C in
20 uL (NEB, Ipswich, MA, USA) buffer 2. The gene frag-
ment was subsequently purified on a 1.2% agarose gel and
extracted using the GeneJET™ Gel Extraction Kit (Fer-
mentas). The purified gene fragment was ligated into the
remaining 19 plasmids of the QuickDrop —1 library with
Cysl. The 19 acceptor vectors were predigested with
BseRI/HindIIl and treated with alkaline phosphatase (Fas-
tAP; Fermentas) before separation on a 1.2% agarose gel
and gel extraction. 30-50 ng of the digested plasmid was
ligated with 10-15 ng of the excised intein gene in the total
volume of 5 puL in the presence of 2.5 U of T4 DNA ligase
in T4 DNA ligation buffer (Fermentas). The reaction mix-
ture was incubated at 20 °C for 1 h before transformation
of 2 uL of the ligation reaction into Escherichia coli DHS5a.
1-2 colonies were typically selected for the plasmid isola-
tion and screened for positive clones using BamHI prior to
DNA sequencing. For PhoRadA(E71T) at the —1 position,
the PhoRadA intein carrying an E71T mutation was cre-
ated by inverse PCR using the plasmid encoding Asp at the
—1 position (pSCFDuet22), resulting in pJODuet27 [20].
The remaining plasmids encoding the additional 19 AA-
variants at the —1 position were created by digesting pJO-
Duet27 with BseRI and HindlIl and ligating the excised
gene cassette into the 19 predigested plasmids as prepared
above.

NpuDnaB**** intein

The 20 AA-variants at the —1 position of the DnaB mini-
intein from Nostoc punctiforme (NpuDnaB2?*°) were cre-
ated in the same way as for the PhoRadA intein. The intein
was amplified from the template plasmid pALBDuet28
using the oligonucleotides HK978 and HK212 [16]. The
amplified gene was inserted into pLLSDuetl between Kpnl
and BamHI, resulting in pLLSDuet4. The QuickDrop
intein cassette was excised from pLLSDuet4 with BseRI

J. S. Oeemig et al.

and HindIII and cloned into the predigested 19 plasmids of
the QuickDrop —1 library with Cysl using BseRI and
Hindl11. For the +2 position of the NpuDnaB***° intein,
the gene was PCR-amplified from pALBDuet28 with the
oligonucleotides HK151 and HK212. We cloned the PCR
product into pSCFDuet80 using Kpnl and BamHI, result-
ing in pJMDuet21 with Ile at the +2 position [16]. The
resulting donor plasmid (pJMDuet21) was digested with
Ncol and BseRI to make the QuickDrop cassette of the
NpuDnaB** intein and cloned into the remaining predi-
gested 19 plasmids of the QuickDrop +2 library with
Ser+1. Two variants of Met and His at the +2 position
were cloned using BamHI and BseRI sites instead of using
the Ncol site due to the presence of an additional Ncol site.

gp41-1 intein

The gene of the gp4l-1 intein was amplified from
pBHDuet37 by PCR with two oligonucleotides 1785 and
1786 [28]. The gp41-1 gene was digested with BamHI and
Kpnl and cloned into pLLSDuetl, resulting in the donor
plasmid pLKDuet7. The QuickDrop cassette was purified
after digesting with BseRI and Hindlll and ligated into the
predigested QuickDrop —1 library with Cysl. The ampli-
fied gene was also cloned into pLVDuet9, resulting in the
donor plasmid pLKDuet9. The QuickDrop cassette was
prepared by digestion with BseRI and BamHI and ligated
into the QuickDrop +2 library with Ser+1.

HutMCM?2 intein

For the —1 position, the gene was amplified from pSA-
Duet616 with two primers SZ015 and 1142 [29]. The PCR
product was ligated into pLLSDuetl with BamHI and
Kpnl, resulting in the donor plasmid pSADuet646. The
QuickDrop cassette was isolated from pSADuet646 by
digestion with BseRI and HindIIl and ligated into the
predigested QuickDrop —1 library with Cysl. For the +2
position, the gene was amplified from pSADuet616 by PCR
with two oligonucleotides 1119 and 1360. The PCR product
was ligated into pLVDuet19, resulting in the donor vector
pSADuet794. The donor plasmid was digested with BamHI
and BseRI and ligated into the QuickDrop +2 library with
Ser+1.

HwarPolA" intein

The gene was amplified from pSADuet685 with two pri-
mers 1527 and 1179 and ligated into pLLSDuetl with
BamHI and Kpnl, resulting in the donor plasmid pJO-
Duet143 [29]. The QuickDrop cassette was isolated from
pJODuet143 by digestion with BseRI and Hindlll and
ligated into the predigested QuickDrop —1 library with
Cysl for analysis at the —1 position. For the +2 position
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with the wild-type Thr at the +1 position, the gene was
PCR-amplified with two primers 1386 and 1178 and ligated
into pSCRDuet76, resulting in the donor vector
pIMDuet106. The digested QuickDrop cassette created by
digesting pJMDuet106 with BamHI and BseRI was ligated
into QuickDrop +2 library with Thr+1. The gene was also
amplified with 1178 and 1548 by PCR and ligated into
pSCRDuet76, resulting in the donor vector pJODuetl63
with Ser+1. The QuickDrop cassette from pJODuetl163
digested with BamHI and BseRI was ligated into the
QuickDrop +2 library with Ser+1. The list of all the plas-
mids used in this study is summarized in Tables S4-S6.

Protein expression and purification for
comparison of the 20 AA-variants

Protein-splicing efficiencies were assayed by transforma-
tion of each plasmid into E. coli T7 Express (NEB
#C2566H) and protein expression in 5 mL LB medium
supplemented with 25 pg-mL~' kanamycin. The cells har-
boring the corresponding plasmid were grown at 37 °C
and induced at ODgyy = 0.4-0.6 with 1 mm IPTG. After a
4-h induction, the cells were harvested by centrifugation
at 4500 g at 4 °C for 10 min. The cell pellets were lysed
using B-PER® Bacterial Protein Extraction Reagent
(Thermo Scientific, Waltham, MA, USA). After centrifu-
gation, the soluble fraction was purified with Ni-NTA
spin columns (Qiagen, Hilden, NRW, Germany) or His
MultiTrapTM HP 96-well plate (GE Healthcare, Chicago,
IL, USA) according to the manufacturer’s purification
protocol with a Whatman® UniVac3 vacuum manifold
collection device (Whatman, Little Chalfont, UK). The
samples from the elution fractions were analyzed on
home-made 18% SDS-PAGE gels or precast gels (10-20%
Criterion TGX with 26 wells 1.0 mm #5671115; Bio-Rad,
Hercules, CA, USA) using Coomassie blue staining. For
the protein splicing of halophilic inteins, the elution frac-
tion was incubated with a final concentration of 3 m
NaCl, 0.5 mm TCEP at 37 °C overnight [29]. The reaction
mixture was precipitated by trichloroacetic acid (TCA) to
remove the salt before the SDS-PAGE analysis. IMAGEJ
(NIH, Bethesda, MD, USA) was used for the quantifica-
tion of bands [30]. The error bars are the standard devia-
tion estimated from the intensity quantifications from at
least three independent experiments analyzed on more
than three SDS-PAGE gels.

Results
Strategy for constructing 20 AA-type variants at
the —1 and +2 positions for many inteins

One of the widely used methods to introduce a muta-
tion at one residue in a protein is oligonucleotide-

Intein specificities by QuickDrop mutagenesis

directed mutagenesis, in which the synthetic oligonu-
cleotides encode an amino acid mutation for the con-
ventional PCR method or Kunkel method [27,31].
Oligonucleotide-directed mutagenesis requires the
same number of oligonucleotides and DNA sequenc-
ing reactions as the required mutations. To cover the
20 amino acid (AA) types for N inteins, one needs
20 x N x 2 oligonucleotides for both the —1 and +2
positions of inteins. The procedure of performing site-
directed mutagenesis by PCR is not challenging but
rather cumbersome. It gets quickly too labor-intensive
to evaluate many substrate specificities at the —1 and
+2 positions for many different inteins and many vari-
ants of an intein. The other commonly used method
for introducing 20 AA-types at one position is site-di-
rected saturation mutagenesis using a degenerated
oligonucleotide with the sequence ‘NNS’, ‘NNK’, or
‘NNN’ encoding the amino acid mutation [32]. The
saturation mutagenesis method involves only two
oligonucleotides for the —1 and +2 positions to con-
struct a library of plasmids by PCR covering all 20
AA-types at one residue. However, saturation mutage-
nesis entails much higher screening efforts of the
library to isolate 20 individual plasmids with all 20
AA-types. It was estimated that this screening might
require more than 300 clones for DNA sequencing to
cover all 20 AA-types with > 99% probability [33,34].
Relying on saturation mutagenesis, one might have to
screen > 300 x N x 2 clones for N inteins in the
worst-case scenario. However, trinucleotide cassettes
offer an alternative to oligonucleotide randomization
and facilitate the 20-AA selection by avoiding stop
codons and codon bias [35]. Thus, the saturation
mutagenesis has significant advantages when the
mutation is directly coupled to a phenotype for direc-
ted evolution or screening to identify active clones
without isolating all 20 AA-type variants from the
library for individual characterization [31]. Therefore,
we thought of developing a more straightforward
method for the investigation of the —1 and +2 posi-
tions of inteins. Class | inteins share semi-conserved
residues (Cys or Ser at the first residue and Cys, Ser,
or Thr at the +1 position) that can be used to develop
a general mutagenesis strategy. We devised a novel
cassette mutagenesis strategy, termed QuickDrop, by
making use of the conserved positions and a type IIS
restriction endonuclease (Fig. 2A) [36]. Canonical
inteins catalyze protein splicing with the four con-
certed steps: (1) N-S(O) acyl shift; (2) rrans-esterifica-
tion step; (3) Asn cyclization; (4) S(O)-N acyl shift
(Fig. 2B) [2]. The first step of the N-S(O) acyl shift is
induced by the first residue of inteins that is typically
a Cys or Ser residue at the N terminus of inteins.
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Therefore, Cys or Ser of the first residue of inteins is
a highly conserved position, particularly for class 1
inteins [36]. The trans-esterification step (2) requires a
thiol or hydroxyl group in Cys, Ser, or Thr as a
nucleophile. Thus, Cys, Ser, or Thr at the so-called +1
position is indispensable for protein splicing [2]. As
the wunderlying core principle of the QuickDrop
method, we use these conserved residues of inteins as
a shared DNA cleavage site by a restriction enzyme
among different inteins.

QuickDrop plasmid libraries designed for the —1
position

Type IIS restriction enzymes comprise a group of
restriction enzymes that recognize asymmetric DNA
sequences and cleave at a defined distance outside of
their recognition sequence [36]. These enzymes lately
became highly popular in a DNA multifragment
assembly method called ‘Golden Gate Assembly’, as
type IIS restriction enzymes allow the simultaneous
utilization with DNA ligases in one pot because the
ligation product is protected from digestion [37]. We
selected BseRI, which recognizes the 6-base DNA
sequence and cleaves 8-base pairs downstream of the
recognition sequence with a 2-base 3’-overhang [38].
The 8-base pairs are sufficient to accommodate
another 6-base pair recognition site of a commonly
used restriction enzyme such as BamHI and Kpnl or
a codon encoding the 20 amino acid types. We
located the DNA cleavage site after the —1 position
of an intein so that the 2-base 3’-overhang is located
within the highly conserved first residue of the intein
(Fig. 3). Additionally, we utilized the 8-base pair
space to introduce another restriction site (BamHI),
facilitating the insertion of an intein of choice for cre-
ating the —1-donor vector (Fig. 3, Step I). QuickDrop
mutagenesis can be performed in a single step by
simultaneously transferring the QuickDrop cassette
from the donor vector into the QuickDrop library of
predigested acceptor vectors using BseRI and Kpnl
(or HindIll) to obtain the remaining 19 plasmids
encoding different AA at the —1 position. We thus
obtained the entire set of 20AA-variants at the —1
position, flanked by two Bl domains of the IgG-
binding protein G (GBI1) as model exteins. We used
the GBls for flanking N- and C-extein because we
previously used them for analyzing the protein-splic-
ing efficiency by SDS-PAGE from samples produced
in E. coli [14,21]. Moreover, we constructed another
set of the 20 vectors for inteins starting with Ser
instead of Cys at the first residue (Fig. 3).
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The QuickDrop plasmid library designed for the
+2 position

Not only the —1 position preceding inteins but also
the second residue following inteins (called the +2
position) has been shown to largely influence protein-
splicing efficiency [14] (Fig. 1A). The amino acid
dependency at the +2 position is also critical for pro-
tein splicing in foreign contexts. Thus, we constructed
the QuickDrop +2 library in a similar way as the
QuickDrop —1 library. Unlike the —1 position, we
used the +1 residue of the C-extein, which is usually
Ser, Cys, or Thr, and used the BseRI recognition site
on the complementary strand. A Kpnl site was intro-
duced between the recognition and cleavage sites of
BseRI to facilitate the +2 mutations as well as creating
a donor vector (Fig. 4).

QuickDrop mutagenesis workflow

QuickDrop mutagenesis can conveniently generate vec-
tor libraries encoding all 20 possible amino acid vari-
ants at the —1 or +2 position around the splice
junctions of inteins. Utilizing the QuickDrop platform
(available from www.addgene.org/Hideo Iwai) allows
generating the target library in three simple and
straightforward steps (Figs 3 and 4):

I. Cloning of the target intein into the —I-donor
vector using PCR and BamHI/HindlIl (or Kpnl)
restriction sites. This donor vector has Ser at the
—1 position due to the BamHI site.

II. Excision of the target intein (QuickDrop) cassette
from the —1 donor vector by digestion with the
two restriction enzymes BseRI and Hindlll (or
Kpnl).

III. Parallel ligation of the QuickDrop cassette into
the —1 QuickDrop library digested by BseRI and
HindlIl (or Kpnl), resulting in the remaining 19
vectors bearing the 19 different amino acid types
at the —1 position. The QuickDrop library can be
stored as a predigested library, facilitating rapid
construction for other intein libraries. Isolated
clones can be subjected to screening by BamHI
digestion, followed by DNA sequencing.

Similarly, the target intein can be cloned into the
+2-donor vector using BamHI/Kpnl, resulting in the
+2-donor vector. The donor vector could have any
amino acid at the +2 position. The QuickDrop cassette
is excised from the donor vector using BseRI and Ncol
(or BamHI) followed by ligation into the predigested
+2 QuickDrop library by using BseRI and Ncol (or
BamHI), resulting in the remaining 19 vectors. All the
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(I) Donor vector (the -1 position)

Fig. 3. Design of the QuickDrop —1
libraries. The QuickDrop mutagenesis
procedure is depicted by steps (), (ll), and
(. () Cloning of the donor vector for the
QuickDrop —1 libraries. The DNA
sequences at the N-junction of the donor
vector are shown, including the BamH|
and BseRI cloning sites. (ll) Excision of the
QuickDrop cassette from the donor vector
from Step | by BseRI and Hindlll (or Kpnl).
(I Ligation into the predigested remaining
19 acceptor vectors of the QuickDrop —1
libraries to cover all 20 AA-types. The DNA
sequences of the cloning site near the —1
position are shown, representing the 20
AA-types as ‘NNN’, which are mutated
from the donor vector by oligonucleotide-
directed mutagenesis to create the
QuickDrop —1 libraries. The DNA
sequence for the part of the intein and N-
extein are highlighted in gray and light red
shadows, respectively. The recognition
sequences of BamHI and BseRl are
indicated by dark gray and underlines,
respectively. The two DNA sequences for
both inteins with Cys1 and Ser1 are
designed separately, namely, the
QuickDrop —1 library with Cys1 and the
QuickDrop —1 library with Ser1.

predigested vectors can be reused with different inteins
so that the initial library preparation must only be per-
formed once. Thus, QuickDrop cassette mutagenesis
does not require any additional oligonucleotides except
those for cloning the intein into the donor vector.
However, it requires the first library with the 20 plas-
mids bearing the 20 different AA-types at the —1 or
+2 position, which will be available at addgene.org
(Tables S4 and S5).

QuickDrop mutagenesis reveals the substrate-
specificity profiles of different inteins

We applied QuickDrop mutagenesis to profile the sub-
strate specificity (or junction sequence dependency) at
the —1 and +2 positions of selected inteins. In total,
we investigated 17 profiles of different inteins, includ-
ing their variants at the first residue and the +1 posi-
tion (Table 1, Figs5, 6, and 8). Whereas
oligonucleotide-directed mutagenesis requires 20 x N
oligonucleotides and PCR reactions for N different
inteins, the QuickDrop approach requires 20 + 2 x N
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(I1) QuickDrop cassette

(1) Ligation to digested
19 acceptor vectors

Intein X
A

=

A library of 20 acceptor vectors

N-Extein 8-z -1t 2
T E R S G S © L
ACG GAG AGG AGT |GGA TCCET TTA |ntein
C.

PCR TGC CTC TCC TCA [CCT AGG [ACA AAT
2
(BamHI and Kpnl ) ' BseRI .
Al ’
— ' ‘
1 BseRI s ‘ Kpnl
Hindlll
-1 Donor vector
Digestion by
BseRI and Kpnl or Hindlll
Moo~ 2 o
— Intein X Intein Y Intein Z
N-Extein -1 -1
E R S G X © L G X S

GAG AGG AGT GGA NNN TGT TTA

CTC TCC TCA CCT NNN ACA AAT

S+ BseRI '
~

Ol GGA NNN Al
CCT NNN [TCA

BseRl

Hindll or Kpnl

Digestion by
BseRlI and Hindlll

N

Intein Z
—

-

oligonucleotides and PCRs in theory, reducing the
effort and cost to (I/N + 1/10) of the conventional
oligonucleotide-directed mutagenesis. For example,
QuickDrop requires approximately 1/5 of the PCRs
and oligonucleotides for one position to investigate ten
inteins, compared with oligonucleotide-directed muta-
genesis.

Inteins are self- and auto-catalytic enzymes. Thus,
efficient inteins usually start protein splicing during
the precursor expression in E. coli. To quantify the
splicing efficiency, we introduced a His-tag at the N
terminus of the precursor containing two GBIs as
the N- and C-exteins flanking the inserted intein.
Efficient protein splicing should result in only He-
GB1-GBI and an intein after cis-splicing with 100%
efficiency. We purified His-tagged proteins from
E. coli after the 3-hour precursor expression by
immobilized metal affinity chromatography (IMAC).
When cis-splicing had 100% efficiency, we would
expect only the spliced product of Hg-GBI1-GBI1 in
the IMAC elution fraction. Side products of protein
splicing could originate from N-cleavage at the

Ligation /

Intein Y

Intein X

20
plasmids
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(I) Donor vector (the +2 position)
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Intein +1 +2 43
CII_{\T AgT Agc CZ%G GgT A(T:c T(S:c T(S:A Fig. 4. Design of the QuickDrop +2
Intein X PCR GTA TTA 1@' GTC 'CCA TGG AGG AGT libraries. The QuickDrop mutagenesis
Intein Y (BamHi and Kpnl ) BseRL - procedure for the +2 position is indicated
’ L’ by steps (I), (Il), and (). (I) Cloning of the
L’ ‘ donor vector of the QuickDrop +2 libraries.
The DNA sequences at the +2 position of
the donor vector are shown, including the
i +2 donor vector Kpnl and BseRlI sites. The recognition
() QuickDrop cassette sequences of Kpnl and BseRl are
indicated by dark gray and underlines,
respectively. (Il) Excision of the QuickDrop
o InteinX [ Inteiniy (e 72 cassette from the donor vector of Step |
(In) Ligation to digested with BseRl and Ncol (or BamHiI). (Ill)
19 acceptor vectors Ligation to the predigested remaining
Intein +1 42 43 C-extein (GB1) 19 acceptor vectors of the QuickDrop +2
H N c/s X G T IS I 0 libraries to cover 20 AA-types. The DNA
C/S CAT AAT WGT| NNN GGT ACC TCC TCA CAG sequence at the C-junction is depicted,
or GTA TTA WCA NNN CCA TGG AGG AGT GIC representing the 20 AA-types as ‘NNN’,
H N T/S X G T s s 0 which are mutated from the donor vector
T/S CAT AAT WCC|NNN GGT ACC TCC TCA CAG by oligonucleotide-directed mutagenesis to

GTA TTA

S .
- 1
S~
~ 1

- -
- BseRI 1

Ncol or BamHI

Digestion by

G NNN CCA TGG AGG AGT GTC
—— |

A set of +2 acceptor vectors

Alibrary of 20 digested acceptor vectors

junction between N-extein and the intein and C-
cleavage at the junction between the intein and C-ex-
tein. We quantified the spliced product with respect
to the total proteins purified, which might include
the His-tagged precursor, N- and C-cleaved products,
and the spliced product. We assumed that Coomas-
sie blue dye binds equally to each protein according
to their molecular weight for the quantification
(Fig. 5). Figure 6 presents seven profiles of the —1
position for different inteins and five profiles of the
+2 position for different inteins from the SDS-PAGE
analysis.

The effect of the conserved residues of NpuDnaE
intein on protein splicing

NpuDnaE intein has been widely used as one of the
most efficient split inteins because of its broad toler-
ance for various AA-types at the +2 position and its
fast splicing activity [14,39]. As both Cys and Ser as
the first residue of inteins are common among class 1
inteins, we tested the Cysl to Serl mutation at the first
residue of NpuDnaE intein [2,36]. NpuDnaE(CI1S) did
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create the QuickDrop +2 libraries. The
DNA sequences for inteins with Cys+1,
Ser+1, and Thr+1(Ser+1) are designed,
namely, the QuickDrop +2 library with
Cys/Ser+1 and the QuickDrop +2 library
with Thr/Ser+1. The DNA sequences for
the part of the intein and C-extein are
highlighted in gray and light red shadow,
respectively. The BseRl recognition
sequence is underlined.

not splice any more with all types of amino acids at
the —1 position (Fig. 6B). In the case of NpuDnaE, the
nucleophilicity of Ser does not seem to be high enough
to induce the first step of the N-O acyl shift (Fig. 1B).
Whereas Cys to Ser mutation at the —1 position
abolished protein splicing completely, NpuDnaE bear-
ing the Cys+1Ser mutation at the first residue of the
C-extein is still capable of splicing with a reduced
efficiency for many amino acid types (Fig. 6C) [40].
While the splicing efficiency of NpuDnaE was largely
affected at the —1 position by the Cys+1Ser muta-
tion, the same Cys+1Ser mutation reduced the effi-
ciency for only a few amino acid types at the +2
position such as Phe, Tyr, His, and Trp showing high
splicing efficiency with Cys+1. Some residues did not
show a reduced efficiency by the C+1S mutation. For
applications such as segmental isotopic labeling by
PTS, we think that cis-splicing efficiency should prefer-
ably reach at least >80-90% to be of practical use
(pink lines in Fig. 6) [41]. Thus, NpuDnaE(C+1S)
probably requires further improvement for the practi-
cal use, for example by directed evolution or rational
design [22,23,25].
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Table 1. List of inteins and their wild-type and tested junction sequences. A mutation at the catalytic residues is colored in red. The position

for 20-AA mutations is indicated by "X" in bold.

WT N-extein/the 1°' residue WT C-extein N-junction C-junction

Intein name of intein (-3, =2, —1/1) (/+1,+2,43) at the —1 position at the +2 position
NpuDnaE AEY/C /CFN SGX/C—N/CFN EGS/C—N/CXG
NpuDnaE(C1S) AEY/C /CFN SGX/S—N/CFN -
NpuDnaE(C+1S) AEY/C /CFN SGX/C—N/SFG EGS/C—N/SXG
NpuDnaB42%° ESG/C /SIE SGX/C—N/SIG GSG/C—N/SXG
PhoRadA SGK/C /TQL SGX/C—N/TQL SGK/C—N/TXG
PhoRadA(E71T) SGK/C /TQL SGX/C—N/TQL -

gp41-1 SGY/C /SSS SGX/C—N/SGG EGS/C—N/SXG
HutMCM2 KMR/C /SED SGX/C—N/SED SMR/C—N/SXG
HwarPolA” TQM/S /TMN SGX/S—N/TMN GSM/S—N/TXG
HwarPolA"(T+1S) TQM/S /TMN - GSM/S—N/SXG

Structure-based engineering of the specificity of
PhoRadA intein

Understanding the structure—function relationship of
inteins at the splicing junctions might enable us to
rationally design inteins with designed features, thereby
widening potential applications. The crystal structure
of the PhoRadA intein previously revealed the interac-
tion between Met at the —1 position and Glu71 of
PhoRadA intein [20]. We previously found that Glu at
the —1 position (E-1) lowered the splicing activity by
analyzing the substrate specificity of PhoRadA intein
[20]. We hypothesized that the negative charge of
Glu at the —1 position might have unfavorable interac-
tions with E71 of PhoRadA. Therefore, we introduced
E71T mutation in PhoRadA to remove the negative
charge. Indeed, the E71T mutation improved the splic-
ing efficiency of the E-1 variant and also retained the
splicing efficiency of the wild-type Lys residue at the
—1 position (K-1) [20]. Here, we characterized the full
AA-type dependency profile at the —1 position of
PhoRadA(E71T) for the comparison with the wild-type
PhoRadA and evaluated the impact of a point muta-
tion on the dependency profile at the —1 position
(Fig. 6D,E). While the splicing efficiency of the E-1
variant has improved due to the E7IT mutation, sev-
eral AA-types such as Trp, Leu, Met, and Asn lowered
the cis-splicing efficiency by 30-50%. The other AA-
types did not change the splicing efficiency of PhoRadA
severely. It would be of particular interest to analyze
how other point mutations would influence the sub-
strate specificity or junction dependency to understand
the structure—function relationships of inteins. We also
obtained the junction residue profile for the —1 position
of NpuDnaB**°, which allowed us to compare it with
PhoRadA (Fig. 6F). NpuDnaB**° could also tolerate
Glu at the —1 position without a significant reduction
of the splicing activity. When we compared the

structures of NpuDnaB***° and PhoRadA, we found
that E71 of PhoRadA locates at the position of T51 in
the structure of NpuDnaB**° (Fig. 7) [16,20].
Although the wild-type Gly at the —1 position of
NpuDnaB??*° does not show any interaction with T51
in the structure, T51 in NpuDnaB***° might be respon-
sible for accepting E-1 similar to PhoRadA.

Furthermore, gp41-1 intein found by metagenomic
sequencing could also tolerate many amino acid types
with our model system, including E-1 (Fig. 6G) [42,43].
The comparison between PhoRadA and gp4l-1 indi-
cated that E71 in PhoRadA could correspond to S42 in
the structure of gp4l-1 (Fig. 7) [20,28]. The inspection
of the substrate-specificity profiles and three-dimen-
sional structures implies that it might be feasible to iden-
tify the common structure—function relationship among
different inteins, even though the junction sequence
dependency profile seems to be unique to individual
inteins.

The junction dependencies of obligate halophilic
inteins

Saturation mutagenesis with degenerated oligonu-
cleotides is a very convenient way to create a library of
plasmids with various mutations at desired positions. It
has been used for monitoring the phenotypes without
isolating individual mutants for directed evolution
[23,24,32,33]. In the case of obligate halophilic inteins,
the selection of mutants based on the phenotype is not
feasible with nonhalophilic organisms such as E. coli.
Obligate halophilic inteins require a high salinity condi-
tion for protein splicing, such as 34 m NaCl [29].
Therefore, the QuickDrop mutagenesis is a more suit-
able method of choice for the specificity analysis of
obligate halophilic inteins. The vectors with 20 variants
at the —1 and +2 positions were constructed by
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Fig. 5. Example of SDS-PAGE analysis of protein-splicing efficiencies for 20 AA-variants for selected inteins obtained by QuickDrop
mutagenesis. Examples of SDS gels are shown, which were used for the cis-splicing analysis for NpuDnaE intein (top), NpuDnaBA?%°
(middle), and PhoRadA(E71T) and PhoRadA (bottom row). Precursor proteins with the 20 AA-variants at the —1 and +2 positions were
expressed in Escherichia coli. His-tagged proteins were purified by IMAC and analyzed by SDS-PAGE (18%). Arrowheads indicate bands

corresponding to unspliced precursors (Hg-G-1-G), C-cleaved products (Hg-G-1), and cis-spliced products (Hg-G-G).

QuickDrop mutagenesis and expressed and purified by
IMAC for analysis. The 20 purified precursors were
incubated in the presence of 3 M NaCl at room temper-
ature overnight. The salts in the reaction mixture were
removed by precipitating the proteins using TCA. The
precipitated proteins were then analyzed by SDS-
PAGE and quantified (Fig. 8A and Figs S1 and S2).
The residue type at the —1 position of MCM2 intein
from Halorhabdus utahensis (HutMCM?2) affected the
splicing activity of HutMCM2 as previously reported

and the best residue type was Arg at the —1 position
[29,44]. Whereas the —1 position of HutMCM2 does
not generally tolerate any other amino acid type other
than the wild-type Arg, the +2 position widely accepts
any AA-types, including Pro, which does not splice
with most inteins.

We also analyzed the junction sequence dependencies
of the DNA-directed RNA polymerase subunit A"
intein from in Haloquadratum walsbyi (HwarPolA”
intein). HwarPolA” intein was selected as one of the

Fig. 6. Summary of the substrate specificities of different inteins presented as cis-splicing efficiencies. Bar graphs present quantified cis-
splicing efficiencies in % from SDS gels versus 20-AA-types at the —1 and +2 positions for tested nonhalophilic inteins. The data for (A)
NpuDnaE, (B) NpuDnaE(S1), (C) NpuDnaE(S+1), (D) PhoRadA, (E) PhoRadA(E71T), (F) NpuDnaB*?%, and (G) gp41-1 are presented. Black
circles indicate the wild-type residue types. Three-residue N- and C-extein sequences and the first and last residues of each intein are
shown next to the graph with X presenting 20 AA-types. A red circle indicates E-1 in PhoRadA(E71T) used for improving efficiency. Pink
lines indicate 80%-efficiency lines. The graphs for NpuDnaE and NpuDnaB*?%° are the reproduction of the data in ref. [51]. The data for
PhoRadA at the —1 position was the reproduction of the data from ref. [20]. Error bars indicate standard deviations derived from at least
three independent experiments and quantifications.
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most robust inteins among all tested inteins from Halo-
quadratum walsbyi (data not shown). HwarPolA” intein
seems to accept many AA-types at both the —1 and +2
positions except for Pro. Interestingly, the HwarPolA"
(T+1S) variant also tolerates many AA-types at the +2
position, although with a generally reduced splicing effi-
ciency. Only a few examples of junction dependencies
are available for obligate halophilic inteins. There is cur-
rently no three-dimensional structure of halophilic
inteins, which makes it difficult to extrapolate any ten-
dency from the current data. Characterization of obli-
gate halophilic inteins remains to be further investigated
for salt-dependent protein splicing [29].

Discussion

Elucidation of the substrate specificities of the single-
turnover intein enzymes is the first step to understand
the molecular and structural basis of the protein-splic-
ing reaction. Profiling the AA-type dependency at the
splicing junctions is essential, particularly for the
rational design of inteins as well as for the selection of
inteins for biotechnological applications. We described
the QuickDrop mutagenesis approach using a type IIS
restriction enzyme and conserved residues among
inteins for studying the junction dependency at the —1
and +2 positions. This method could be useful for the
20 AA-type mutageneses with many enzymes possess-
ing conserved residues because it could reduce the
required number of oligonucleotides and PCR steps
down to on-tenth in comparison with conventional
oligonucleotide-directed mutagenesis. The QuickDrop

J. S. Oeemig et al.

20 AA-types among homologs with conserved residues
[45,46]. However, one of the limitations of this strategy
are possible internal restriction sites for cloning, that
are, BseRI, BamHI, and Kpnl sites, requiring removal
or a change of the restriction site. This problem could
also be easily solved by synthetic genes for small
inteins together with codon optimizations. Another
limiting factor is that the linker sequences connecting
the intein and exteins are defined by the recognition
sequence of the type IIS restriction enzyme, like BseRI
[38]. However, the recognition sequence from BseRI
does not particularly disturb the comparison between
the 20 AA-variants at the critical —1 and +2 positions
of inteins as it is used as an artificial amino acid linker
in the model system (Table 1). The full investigation
on the —1 and +2 positions of an intein requires the
analysis of all the 20 x 20 (400) combinations. How-
ever, we tested only the 20 + 20 (40) combinations by
fixing the AA-type at one of the two junctions, assum-
ing multiplicative effects from both N- and C-junction
residues (Table 1). We believe that the characterized
substrate specificities of inteins by the 20 + 20 (40)
combination approach still guides a choice of AA-
types for each junction for various applications, yet
keeps the experimental number relatively small. Fur-
ther similar analysis of many more inteins having effi-
cient cis-splicing and frans-splicing activities could
help our understanding of the structure—function rela-
tionships of each intein for broader applications.
These constructed 20 + 20 (40) vectors could also be
easily converted into a dual vector system by splitting
within the intein for testing trans-splicing using two

mutagenesis is also not limited to inteins as the target compatible inducible vectors as previously used
but could also be used with other proteins for testing [7,13,14].

PhoRadA NpuDnaB290 gp41-1

(172 AA) (125 AA)

(139 AA)

Fig. 7. Three-dimensional structures of PhoRadA, NpuDnaB2%*°, and gp41-1. E71 of PhoRadA is shown in the stick model on the cartoon

representation of the PhoRadA structure (PDB: 4E2U) [20]. T51 of NpuDnaB“?%° is presented in a stick model on the cartoon of the
NpuDnaB2%%° structure (PDB: 401R) [16], which corresponds to E71 in the structure of PhoRadA intein. Similarly, S42 of gp41-1 intein
structurally corresponds to E71 in the structure of PhoRadA intein, presented in a stick model (PDB: 6QAZ) [28]. These three residues are
colored in green. N and C indicate the N and C termini, respectively. The M-1 residue interacting with E71 of PhoRadA is also shown in the
stick model. The corresponding residues of G-1 for NpuDnaB2?%° and gp41-1 inteins are illustrated with green stick models.
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NpuDnaE(C +1S)
NpuDnaE(C1S)
PhoRadA
PhoRadA(E71T)
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gp41-1
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HwarPol A"(T +18)

0 50 100 (%)
- ——
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Fig. 8. Substrate-specificity profiles of halophilic inteins and the combined summary. (A) Summary of the substrate-specificity profiles for
three halophilic HutMCM2 (top), HwarPolA” (middle), and HwarPolA”(T+1S) inteins. The left and right panels are cis-splicing efficiencies in
% versus 20 AA-types at the —1 and +2 positions, respectively. Black circles indicate the wild-type residue types. Three-residue N- and C-
extein sequences and the first and last residues of each intein are shown next to the graph with X for 20 AA-types. Pink lines indicate
80%-efficiency lines. Error bars indicate standard deviations derived from at least three independent experiments and quantifications. (B)
Summary of the combined substrate-specificity profiles by the heatmap presentation for the ten inteins, including their variants. The color
scale is represented with 0%, 50%, and 100% for red, white, and blue, respectively. Rectangles highlight the wild-type amino acid types.

Generally, we could detect some trends from the such as Ile, Val, and Thr are generally unfavorable at
substrate profiles from the tested inteins and their vari- the —1 position, comprising a group of the lower splic-
ants in this study. For example, branched amino acids ing efficiency in many inteins in line with previous
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reports [14]. A similar trend for branched amino acids
observed with native chemical ligation might suggest
that these amino acid types slow down the trans-esteri-
fication step [47]. Negatively charged residues like Asp
tend to have lower efficiencies, presumably because the
side-chain carboxyl group of Asp could react with the
backbone peptide, resulting in cleavages [48]. Pro resi-
due seems to be the worst AA-type for both the —1
and +2 positions for most inteins, suggesting that the
cyclic imino acid restricts the backbone conformation
or/and dynamics, which are required for protein splic-
ing. However, these observations are only tendencies
with several exceptions like in the case of HurMCM?2
intein. Therefore, these trends cannot be generalized
for all inteins. Indeed, inteins with Pro at the —1 or +2
position or Asp at the —1 position are prevalent
[49,50]. Such naturally occurring inteins suggest that
some inteins adapted to the unfavorable AA-types at
the —1 or +2 position in their host proteins. Therefore,
it is safe to assume that the junction dependency (sub-
strate specificity) is unique to individual inteins like
conventional enzymes with multiple turnovers. It is
still unknown how some inteins have adapted to the
junction sequences by mutations at the atomic level.
The primary structures of inteins alone do not indicate
strong correlations with the small number of available
substrate-specificity profiles. However, the combination
with the three-dimensional structures might provide
some insights into the structure—function relationship
of inteins. We previously found that Glu71(E71) of
PhoRadA can be mutated to Thr to improve the splic-
ing efficiency of the E-1 variant based on the interac-
tions found in the structure of PhoRadA [20]. We
examined the structures of NpuDnaB**** and gp4l-1,
showing better efficiency with Glu at the —1 position
[16,28]. Both NpuDnaB and gp4l-1 structures have
Thr (T51) and Ser (S42), respectively, at the corre-
sponding residue of E71 in PhoRadA. This observa-
tion might indicate that the negative charge at the
position corresponding to E71 in PhoRadA could be
unfavorable for the splicing efficiency in many inteins.
It is also noteworthy that not only the —1 and +2
positions but also the —2 and +3 positions could
synergistically influence protein-splicing efficiency, pre-
sumably by defining the local conformation due to the
interactions between them [28,40]. We also observed
the same effect from other residues than at the —1 and
+2 positions on protein splicing by the gp41-1 intein,
pointing out that the —1 and +2 positions are not the
only determinants for the splicing efficiency [28]. Not
only the AA-type but also local structures in the pres-
ence of exteins and conformational dynamics such as
flexibility could play essential roles in protein splicing

J. S. Oeemig et al.

[9,40]. The splicing efficiencies derived in this experi-
ment using model exteins are mere reference values.
The amino acid type dependency of cis-splicing studied
with the model proteins should not be generalized for
all contexts.

Nevertheless, an increasing number of intein struc-
tures, along with their quantitative substrate-specificity
analysis, would disclose further valuable and detailed
structure—function relationships of the junction depen-
dencies. Such information would directly assist in the
design of various applications utilizing different inteins.
It has become evident in the past that not all naturally
occurring inteins could be easily engineered for their
applications, such as protein ligation requiring splitting
of the inteins [7,16,18]. A selection of an optimal intein
from naturally occurring inteins for a specific junction
sequence might not always be feasible, with the
assumption that a natural junction sequence is an opti-
mal sequence for protein splicing. Directed evolution of
an intein for adapting a particular junction sequence
can be laborious and time-consuming and cannot gen-
erally be used for each application [7,20,21,23,24]. The
newly developed QuickDrop mutagenesis approach
could facilitate the quantitative analysis of the substrate
specificities of many different inteins for overcoming
one of the bottlenecks in their broader applications
without optimizations, for example, by directed evolu-
tion. We anticipate that further biochemical and struc-
tural studies on many different inteins will improve our
understanding of critical aspects of the protein-splicing
mechanism, including the substrate specificities at the
atomic resolution. A better understanding of the struc-
ture—function relationship of many different inteins
would not only facilitate the rational design of promis-
cuous and robust inteins with desired features for wider
applications as protein ligases but also shed light on the
evolutionary origins of different inteins.
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Table S1. Summary of oligonucleotides used for clon-
ing genes and modifications of plasmids.
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introduction of 20-AA types at the —1 position of the
NpuDnaE intein with C1/S1 at the first residue (Quick-
Drop —1 libraries with Cysl and Serl).

Table S3. Summary of oligonucleotides used for the
introduction of 20-AA types at the +2 position for the
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construction of the QuickDrop +2 libraries with
Thr/Ser+1 or Cys/Ser+1.

Table S4. Summary of plasmids for non-halophilic
inteins with 20 AA mutations at the —1 position.
Table S5. Summary of plasmids for non-halophilic
inteins with 20 AA mutations at the +2 position.

Table S6. Summary of plasmids for halophilic inteins
with 20 AA mutations at the —1 and +2 positions.
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