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ABSTRACT

Protein insertional fusion and circular permutation are 2 promising protein engineering techniques
for creating integrated functionalities and sequence diversity of a protein, respectively. Finding
insertion locations for protein insertional fusion and new termini for circular permutation through a
rational approach is not always straightforward, especially, for proteins without detailed structural
knowledge. On the contrary, a combinatorial approach facilitates a comprehensive search to
evaluate all potential insertion sites and new termini locations. Conventional methods used to
create random insertional fusion libraries generate sub-optimal inter-domain linker length and
composition between fused proteins. There are also methods available for construction of random
circular permutation libraries. However, these methods too, impose many drawbacks, such as
significant sequence modification at the new termini of circular permutants and additionally,
require re-design of transposons for tailored expression of circular permutants. Furthermore, these
conventional methods employ relatively inefficient blunt-end ligation during library construction. In
this commentary, we present a concise overview and key findings of engineered Mu transposons,
which have recently been developed in our group as a facile and efficient tool to alleviate
limitations realized from conventional methods and to construct high quality libraries for random
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Introduction

Transposons (or transposable elements) are mobile
genetic elements that translocate from one genomic
location to another in a random fashion. Depending
on the intermediates formed during transposition,
transposable elements are classified into 2 main groups:
1) Class I or retrotransposon, and 2) Class II or DNA
transposon.’ Retrotransposons, which are mostly
found in eukaryotic organisms, employ the “copy”
mechanism: retrotransposons are reverse-transcribed
to DNA before insertion of a new copy to another
genome location.” On the contrary, DNA transposons
can be found in both prokaryotes and eukaryotes, and
employ the “cut and paste” mechanism: DNA transpo-
sons use DNA directly as a transposition intermediate
without forming RNA intermediates.’

DNA transposons can serve as in vitro molecular
tools for various protein engineering applications due

to their ability to integrate into various DNA sequen-
ces and thus generate extensive mutant libraries.* In
vitro transposition reactions have primarily been
mediated by (1) bacterial transposons, such as Tn7,’
Tn3,° Tn5,” Tn552,% Tn10 ° and 1S911,'° (2) bacterio-
phage transposons, such as Mu,'! and (3) yeast trans-
posons, such as Tyl."> Transposons in the most
simplistic form, called mini-transposons, have also
been developed to facilitate in vitro transposition reac-
tions.">'* The minimal elements required for in vitro
transposition include the terminal inverted repeat
nucleotides within transposons (i.e. transposase recog-
nition site), transposase (i.e., enzyme), the target host
DNA, and a reaction buffer.

A bacteriophage Mu transposon is one of the most
useful transposable elements in nature due to its high
integration efficiency and non-specific target site selec-
tion.'* Accordingly, the in vitro Mu transposition
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reaction has been studied extensively.'> The Mu transpo-
son has 22 bp-long terminal inverted repeats, which is a
recognition sequence for MuA transposase.'> Random
integration of Mu transposon into target DNA occurs
through the following 3 steps; 1) the MuA transposase
binds to the symmetrical sequence of the Mu transposon
and forms a transposome assembly'”; 2) the transpo-
some assembly assists in Mu transposon’s self-cleavage
at cleavage site (i.e. TA/CA)'S; 3) the Mu transposon is
integrated into the target DNA with precise 5 bp
duplication."

Most protein engineering approaches involve muta-
tions in the primary sequence of proteins for the
improvement of desired properties.'”'® However, intro-
ducing mutations often compromised intrinsic properties
of proteins, such as enzyme activity.19 In contrast, protein
insertional fusion and circular permutation are among
other protein engineering approaches, which involve no
change in the primary sequence except for its arrange-
ment and linear order, respectively.”>*' When a rational
design is not available, especially for the protein without
detailed structural knowledge, a combinatorial protein
engineering tools is extremely beneficial. This commen-
tary presents our recent development on combinatorial
approaches for the construction of insertional fusion
libraries and circular permutation libraries using engi-

22,2
neered Mu transposons.”**’

Transposons for random insertional fusion of
protein domains

Insertional protein fusion is an advanced engineering
approach to generate novel proteins with integrated
functions. Three critical parameters that can deter-
mine the success of functional integration between
fused proteins are the insertion location within the
%23 the inter-domain linker length***’

and the inter-domain linker composition.”**® Inter-

host protein,

domain linker length and composition should be care-
fully designed to avoid a steric hindrance between the
2 fused domains and to facilitate maximum inter-
domain interactions.” Among various methods for
generating protein insertional fusions, a combinatorial
approach is especially beneficial because robust guide-
lines for selection of insertion sites are unavailable.
Construction of a random insertional fusion library
covering all possible insertion sites within the host
protein  domain,

followed by high-throughput

screening of the resulting variants is an effective strat-
egy for identifying insertional fusions with desired
functional outcomes.

The conventional methods for constructing a combi-
natorial protein fusion library are based-on random
DNA cut by endonucleases.®' Unfortunately, these
methods generate uncontrollable tandem duplication
and deletion around insertion sites within the host DNA.
Upon translation, the tandem duplication of the host
DNA generates uncontrollable linker length between
fused proteins. In addition, uncontrolled truncation dete-
riorates the integrity of the primary sequence of a host
protein, affecting its other intrinsic properties. Also, this
method involves the final step of blunt-end ligation
between guest and host genes, which is less efficient than
sticky-end ligation, lowering library construction effi-
ciency.”> Alternatively, exploiting the inherent nature
of transposon for its random insertion into host DNA
sequences has gained interest for the construction of
domain insertion library. In these alternative methods,
transposons are designed to include flanking guest DNA
sequences along with other genetic components required
for transposition. However, no mechanism is imple-
mented for removal of transposon elements (including
22-bp recognition sequence) after transposition, and the
remaining nucleotides encode suboptimal inter-domain
linkers upon translation.”* > In another method, control
of inter-domain linker length and composition is made
possible by the removal of an inserted transposon from a
host DNA sequence after transposition.”® However, simi-
lar to the endonuclease-based methods, this transposon-
based method depends on the blunt-end ligation between
host and guest DNAs.

To alleviate all limitations imposed by the conven-
tional endonuclease- and transposon-based methods,
we developed an engineered Mu transposon, MuST,
for the construction of random insertion library,
which employ (1) the sticky-end ligation between
guest and host DNAs and (2) provide optimal control
over inter-domain linker length and composition.**

A schematic of the construction of random domain
insertion libraries using the MuST transposon is shown
in Fig. 1A. Here, the method is illustrated with model
systems bex (Bacillus circulans Xylanase) and PUC19
containing lacZo as guest and host genes, respectively.
The library was constructed in 3 phases; (1) the MuST
transposon was randomly inserted into the host plasmid
by transposition; 2) the entire MuST transposon was
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Figure 1. (A) A schematic of random protein domain insertion is
illustrated with bcx and PUC19 containing lacZo as model guest
and host genes, respectively. Random transposition of the MuST
transposon into the host plasmid PUC19 is mediated by MuA
transposase. After random transposition, the MuST transposon is
removed by double digestion using Bcll and Agel restriction
enzymes. The double-digested PUC19 is then sticky-end ligated
with a guest DNA. Additional 5" adenine is contained upstream
of the bex for in-frame connection between BCX and the desired
inter-domain linker residues. (B) A sequence schematic of bcx
randomly inserted into PUC19. The Bcll (TGATCA) site is shown in
green. The Agel (ACCGGT) + TCA site is shown in red. Numbers
(i.e., 12345) represent nucleotide sequences derived from the
host DNA. Nucleotide sequences encoding linkers (i.e., 45TGAT-
CAA and ACCGGTTCA) are shown in italic. The first and last
codons of BCX (i.e., GCC and TGG, respectively) are shown in plain
font. X represents one of 15 amino acids (i.e., Ala, Arg, Asn, Asp,
Cys, Gly, His, lle, Leu, Phe, Pro, Ser (twice), Thr, Tyr, and Val)
encoded by a codon containing 3’ thymine. Colored blocks
shown at the bottom indicate the following: gray for nucleotide
sequences derived from PUC19, green for the Bcll site, dark blue
for additional 5" adenine + bcx, and red for the Agel + TCA site.
(Reproduced with permission from Fig 1 in Shah V. (2013), Ran-
dom domain insertion using an engineered transposon. Anal Bio-
chem.,, 432, 97-102).

then removed from the plasmid, producing random sin-
gle-cut plasmids; 3) the random single-cut host DNA
was subsequently sticky-end ligated with guest DNA.
The engineered MuST transposon was derived
from the commercially available Mu transposon -
with a built-in chloramphenicol resistance gene as a
selection marker — by appendages of Bcll (TGATCA)
and Agel+TCA (ACCGGTTCA) at the 5 and 3’
ends, respectively. Four criteria were considered for
the selection of these restriction sites. First, the
included Bcll and Agel sites encode inter-domain
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linkers with optimal linker length and composition:
that is, Asp-Gln (second reading frame) and Thr-
Gly-Ser (first reading frame) at the N- and C-termini
of a guest protein, respectively (Fig. 1B).** Second,
placement of the restriction sites at the ends required
minimal mutations outside or on the near ends of
the MuA transposase recognition binding sites. The
minimal sequence change was desired to maintain
the transposition efficiency as compared to the wild-
type Mu transposon.”” Note that the cleavage sites
(TG/CA) within the transposon must be conserved
as it is critical for transposition.'® Third, the restric-
tion enzyme sites facilitated sticky-end ligation
between the host and the guest DNAs. Fourth, the
restriction enzyme sites were absent in the selected
host and guest DNA fragments (e.g. PUC19 and bex,
respectively).

In some cases, other restriction enzyme sites than
Bcll and Agel need to be included in engineered trans-
posons to fulfill the first and fourth criteria For exam-
ple, Bcll and Agel might not be unique with respect to
other host and guest DNAs. Also, the inter-domain
linker composition derived from Bcll and Agel might
not be preferable for certain fusions. A number of
MuST transposon variants containing different

Table 1. Different options of restriction enzyme sites for design-
ing MuST transposon variants.

Restriction  Restriction Inter-domain
enzyme site enzyme site Nucleotides encoding linker
atthe 5’end at the 3’end Inter-domain linker composition
T+TAil 45TGAATCN X-Glu-Ser
45ACTTAGN
BsrGl 45TGTACAN X-VaL-His/GIn
45ACATGTN
TG+Hind Ill 45TGAAGCTTNN X-Glu-Ala-Y
45ACTTCGAANN
TGAAG 45TGAAGCGGCCGNN  X-Glu-Ala-
+Eagl 45ACTTCGCCGGCNN Ala-Z
BssHII NGCGCGCCTTCA Gly/Ser/Arg/
+CTTCA NCGCGCGGAAGT Cys-Ala-
T Pro-Ser
BtsI+TCA GCAGTGTCA Ala-VaL-Ser
CGTCACAGT
NgoMIV GCCGGCTCA Ala-Gly-Ser
+TCA CGGCCGAGT

Note. The numbers represent nucleotide sequences derived from a host DNA.
N represents an additional nucleotide placed either upstream of the 5" end
or downstream of the 3’end of the guest DNA to ensure inter-domain linker
in second and first reading frames, at the N and C terminus of the guest
protein, respectively. The mutated nucleotides introduced in the MuST
transposon variants compared to the wild-type Mu transposon are shown
with underlines. X represents one of 15 amino acids (i.e., Ala, Arg, Asn, Asp,
Cys, Gly, His, lle, Leu, Phe, Pro, Ser (twice), Thr, Tyr, and Val) encoded by
codons containing 3’ thymine. Y represents one of 6 possible amino acids
(i.e. Phe, Leu, Ser, Tyr, Cys, Trp) encoded by codons containing 5" thymine.
Z represents one of 5 possible amino acids (i.e., Val, Ala, Asp, Glu, Gly)
encoded by codons containing 5’ guanine.
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restriction sites in place of Bcll and/or Agel can be
realized (Table 1). Inclusion of a certain restriction
enzyme site (e.g., Tfil) requires even fewer mutations
than Bcll on the near ends of the Mu transposon rec-
ognition sites. While transposition efficiencies of the
MuST transposon variants have yet to be examined,
these options would help to generate different inter-
domain linker compositions. It is important to note
that regardless of selected restriction sites, our method
has a feature that allows change in reading frames of
an inserted protein with respect to a host protein. For
example, the Bcll site was placed in the second reading
frame by placing an additional adenine at the
upstream of the 5" end of bex (Fig. 1B). It should also
be noted that inter-domain linker length can readily
be increased by addition of nucleotides/codons at the
termini of guest DNA, before ligation to a random sin-
gle-cut host DNA fragment.

The MuST transposon was constructed by PCR.
Due to the presence of the 22 bp symmetrical recogni-
tion sequence at the termini of Mu transposon, both
forward and reverse primers can anneal at either ends
during the annealing step. The mixed annealing can
consequently result in a mixture of 4 different con-
structs in the final PCR product. From the sequencing
results the desired construct (i.e., Bcll at the 5 and
Agel+TCA at the 3’ end) was identified and used as a
template for the subsequent PCR for amplification of
the MuST transposon.

Although this method of constructing the MuST
transposon is quite straightforward, its success is
heavily dependent on obtaining the desired construct
from the mixture of the 4 possible constructs. A better
method is proposed to construct the MuST transpo-
son. Briefly, the Mu transposon can be split into 2
fragments of unequal size by single digestion of a
natively present unique restriction site (e.g. Ncol:
CCATTQG). Splitting the Mu transposon in this man-
ner separates the inverted repeats into both ends of
the transposon. Bcll and Agel restriction sites can
then be attached at the 5" end of the first fragment and
the 3" end of the second fragment, respectively, during
2 separate PCR. In the last step, both fragments can be
annealed by overlap extension PCR. This technique
can be utilized with much higher efficiency to place
any restriction site at the 5" and 3’ ends of the MuST
transposon.

Sequencing of library members suggested that a
guest gene was randomly inserted with 5 bp precise

duplication into a host gene. Also, the ratio of having
correctly oriented to inversely oriented insertions of a
guest DNA was about 1:1, though slight variation was

also observed from run to run.?>*

Transposons for random circular permutation of
proteins

Circular permutation is a protein engineering
approach that connects the original N- and C- termini
of proteins through a linker and, instead, introduces
new termini elsewhere in the sequence.’® As more
than 50% of single domain proteins have their N- and
C- termini proximal,” circular permutation could be
an effective tool to generate diversity in the linear
order of amino acid sequences. Proteins with distant
N- and C- termini could also be linked with a rela-
tively long linker, further highlighting the wide appli-
cability of circular permutation. Circular permutation
has proven effective for improving proteolytic resis-
tance,* enzyme activity*' and stability of proteins. **

As insertion location is an important factor for
the functional outcome of insertional protein fusion,
the success of circular permutation is dependent on
the location of new termini. The new termini should
be carefully selected to avoid structural disturbance
of protein’s key domains (e.g.,, active sites) upon
generation of new open ends. A combinatorial strat-
egy is often advantageous when it is difficult to
rationally locate the new termini.

Similar to protein insertional fusion, the conven-
tional methods for constructing random circular per-
mutation of proteins rely on endonucleases and thus
suffer from limitations associated with tandem dupli-
cation and deletion, and blunt-end ligation. As an
alternative, a transposon-based method was devel-
oped.*’ Although this method alleviates the limitation
of uncontrolled duplication and deletion, and provides
controlled, precise 5 bp duplication, it however creates
other significant drawbacks due to the lack of a trans-
poson removal mechanism. For example, a 20 amino
acid-long fragment, which was derived from the rec-
ognition site of the transposon, became attached to
the new termini of circularly permuted proteins. This
20 amino acid appendage may exert a negative impact
on protein properties, such as stability.***> In this
method, the expression level of a random circular per-
mutation library was determined by a part of the
transposon  (i.e,

built-in components for the



expression of protein), which remained intact during
circular permutation. As such, the expression level of
random circular permutants can only be changed by
redesigning the whole transposon and reconstructing
the library. This limited tunability may be a critical
obstacle in library construction and screening.

In order to mitigates limitations imposed by the
conventional methods, we engineered a variation of
the Mu transposon, MuRCP (Mu transposon for ran-
dom circular permutation), for random circular per-
> The design of MuRCP transposon
involves attachment of 2 restriction sites at the 5" and

mutation.?

3’ ends of the Mu transposon, respectively, which not
only facilitate sticky-end ligation in library construc-
tion, but also reduces modifications at the new termini
of random circular permutants. Additionally, the
MuRCP transposon requires no permanent built-in
elements for expression; instead, expression can be
externally modulated by the selection of an appropri-
ate cloning vector.

A schematic for construction of a random circular
permutation library using bcx as a model gene and the
MuRCP transposon is shown in Fig. 2. The method
consists of 5 steps; (1) the transposition of the MuRCP
transposon into the host vector was carried out in the
presence of MuA transposase; (2) MuRCP inserted
itself randomly throughout the host vector; (3) the
library DNA was digested with Spel restriction
enzyme, followed by isolation of randomly inserted
MuRCP into the target gene; 4) the target gene with
randomly inserted MuRCP was then circularized by
self-ligation via the Spel site; and 5) the inserted
MuRCP transposon was removed to create randomly
circularly permuted target genes, which were subse-
quently, sticky-end ligated to the expression vector.
The sequencing results confirmed the randomness
and singular insertion of MuRCP transposon into a
target gene. Contrary to the MuST transposon,
inversely oriented insertion of the MuRCP transposon
into a target gene represents the desired insertion.

Selection criteria for the MuRCP restriction enzyme
sites remain similar to the MuST transposon, specifically;
(1) the restriction sites were unique to the host vector
and the target gene; (2) the number of mutations made
outside or on the near ends of the MuA transposase rec-
ognition binding sites were kept at minimum to maintain
the transposition efficiency; (3) the restriction sites facili-
tated sticky-end ligation between an expression vector
and randomly circularly permutated genes; (4) upon
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Figure 2. Schematic of random circular permutation of bcx as a
model target gene using the MuRCP transposon. The MuRCP
transposon was produced from double digestion of pDIMC8-
MUuRCP using Bglll and Spel restriction enzymes. (i) The MuRCP
transposon was mixed with MuA transposase and a host vector
containing the target gene (e.g. pDMIN2-BCX). (i) The MuRCP
transposon was randomly inserted into the pDIMN2-BCX. (iii) The
target gene into which the MuRCP transposon was randomly
inserted was isolated by a single digestion using an Spel restric-
tion site. (iv) The bcx gene with the randomly inserted MuRCP
transposon was circularized. (v) The circularized bcx gene with
the randomly inserted MuRCP transposon was double digested
by Ndel and Agel restriction enzymes to remove the MuRCP
transposon and to prepare randomly circularly permuted bcx
genes (referred to as "Pbcx) with sticky-ends for ligation to a host
vector, pDIMN2. (Reproduced with permission from Fig 1 in
Pierre B. (2015), Random circular permutation using a transposon.
Anal. Biochem., 474, 16-24).

translation, the minimal number of amino acids were
derived from the restriction enzyme sites at the new N-
and C- termini of circular permutants. Consistent with
these 4 criteria, the TG+Ndel (TGCATATG) restriction
site at the 5’ end of the MuRCP transposon was selected
due to the built-in start codon (i.e. shown with under-
line), reducing the number of attached amino acids to 2,
Met-His or Met-Gln, at the N-terminus of the random
circular permutants (Fig. 3A,B). For the 3’ end, the suit-
able restriction enzyme site was Agel+TCA
(ACCGGTTCA), which upon translation resulted in 3
amino acid attachment, Leu-Asn-Arg or Met-Asn-Arg
or VaL-Asn-Arg at the C-terminus of the random circular
permutants (Fig 3A). A stop codon, immediately after
Arg, was derived from genetically attached nucleotides
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Figure 3. Comparison of the terminal amino acids of random cir-
cular permutants of a target protein (e.g., BCX) created using the
MURCP transposon containing (A) Agel (ACCGGT)+TCA and (B)
Aflll (CTTAAG)+TCA sites. Complements of the TG + Ndel (CAT-
ATG), Agel + TCA, Aflll + TCA sites are shown in brown, red and
blue, respectively, and the 3 restriction enzyme sites are shown
in italic font. Nucleotides derived from a cloning vector, pDIMN2,
are shown in plain black uppercase letters (i.e., AA). Numbers
(i.e., 12345) represent nucleotide sequences derived from bcx.
The "Pbcx represents randomly circularly permuted bcx gene.
The original N- and C- termini of BCX are represented as ®'N- and
°iC., respectively. (Reproduced with permission from Fig S3 in
Pierre B. (2015), Random circular permutation using a transposon.
Anal. Biochem.,, 474, 16-24).

on the host vector. The alternative restriction enzyme site
at the 3’ end was AflII+TCA (CTTAAGTCA), which has
a built-in stop codon (shown in bold), further reducing
the number of attached amino acids to 2, Leu-Thr or
Met-Thr or Var-Thr (Fig. 3B). It should, however, be
noted that the transposition efficiency of the MuRCP
transposons was lower by >~6-fold than the MuST
‘[ransposon.23
might be due to the difference in the number of necessary
nucleotide mutations in order to incorporate the restric-
tion sites at the ends of transposons. For the MuRCP
transposon, inclusion of the Ndel site at the 5 end
requires 4 nucleotide mutations as compared to 2 nucleo-
tide mutations for the Bcll site included in the MuST
trasnsposon. The alternative design of the MuRCP trans-
poson with AfIII site at the 3’ end requires 6 additional
mutations, making the transposition efficiency even
lower. This result supports the importance of conserving
the near ends of transposon recognition sites for transpo-
sition efficiency.”” Overall, enzyme restriction sites need
to be selected based on the trade-off between the transpo-
sition efficiency and the reduced number of attached
amino acids at the termini.

The MuRCP was constructed by replacing the Bcll
with TG+Ndel restriction site from the MuST transpo-
son by PCR. Also, to avoid sequence uncertainty from
PCR due to the presence of symmetrical ends, 2 cloning

This differential transposon efficiency

sites, BglII and Spel, were genetically appended upstream
of TG+Ndel and downstream of Agel+TCA, respec-
tively, and sticky-end ligated to a cloning vector,
pDIMCS, to construct pDIMC8-MuRCP. Whenever
necessary, the MuRCP transposon was produced by rep-
licating pDIMC8-MuRCP in E. coli., followed by DNA
extraction and double digestion with BglII and Spel.

The host plasmid (e.g. pDIMN2) containing the
insert target gene (e.g., bcx) for transposition was pre-
pared using Ndel and EcoRI as cloning sites. The Spel
restriction site (ACTAGT) was attached between the
cloning sites and the 2 ends of the bcx to separate the
bex containing MuRCP transposon after transposition
(Fig. 2(iii)), and subsequently, to circularize the isolated
DNA fragment through self-ligation (Fig. 2(iv)). The
Spel site would encode a backbone linker, Thr-Ser,
upon translation of circularly permuted bcx (Fig. 3A,
B). A longer linker can readily be introduced by includ-
ing additional codons between the Spel sites and the
target gene. Any restriction site other than Spel may be
selected and incorporated at both ends of the target
gene, which would code a different peptidyl linker.*”

Conclusion

We developed engineered transposons, MuST and
MuRCP, as combinatorial tools for protein domain
insertion and circular permutation, respectively. Col-
lective features of these transposons address many
limitations realized from conventional endonucleases-
and transposon-based methods. However, design of
engineered transposons should be carefully done due
to possible compromise of transposition efficiency.
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