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ABSTRACT

The phage Mu DNA transposition system provides
a versatile species non-specific tool for molecular
biology, genetic engineering and genome modifica-
tion applications. Mu transposition is catalyzed by
MuA transposase, with DNA cleavage and integra-
tion reactions ultimately attaching the transposon
DNA to target DNA. To improve the activity of the
Mu DNA transposition machinery, we mutagenized
MuA protein and screened for hyperactivity-causing
substitutions using an in vivo assay. The individ-
ual activity-enhancing substitutions were mapped
onto the MuA–DNA complex structure, containing
a tetramer of MuA transposase, two Mu end seg-
ments and a target DNA. This analysis, combined
with the varying effect of the mutations in different
assays, implied that the mutations exert their effects
in several ways, including optimizing protein–protein
and protein–DNA contacts. Based on these insights,
we engineered highly hyperactive versions of MuA,
by combining several synergistically acting substitu-
tions located in different subdomains of the protein.
Purified hyperactive MuA variants are now ready for
use as second-generation tools in a variety of Mu-
based DNA transposition applications. These vari-
ants will also widen the scope of Mu-based gene
transfer technologies toward medical applications
such as human gene therapy. Moreover, the work pro-

vides a platform for further design of custom trans-
posases.

INTRODUCTION

DNA transposons are genetic elements that are capable of
moving within and between genomes, and are widespread
both in prokaryotes and eukaryotes (1). They are mobi-
lized by a transposon-encoded transposase protein that ex-
cises the transposon from its original DNA context and
reintegrates it into a new genomic locus. Profound under-
standing of DNA transposition mechanisms has enabled
the use of transposons as ef�cient tools inmolecular biology
and biomedical research, ranging from versatile in vitro ge-
netic engineering and random mutagenesis applications to
forward genetic screens and ef�cient genome manipulation
methods in a broad range of organisms (2�5). Importantly,
the possibility to introduce new geneticmaterial into the hu-
man genome underlies the emerging �eld of transposition-
based gene therapies (6). In contrast to genome engineer-
ing tools that are nuclease-activity dependent, such as zinc-
�nger nucleases, TALENs and the CRISPR/Cas9 system
(7), transposons enable the direct insertion of a genetic
cargo. This is a desirable feature in applications, where the
mutagenic potential of off-targeted nuclease-in�icted DNA
double strand breaks would represent a concern (8).
During evolution, intracellularly moving DNA trans-

posons have not been selected for the highest potential ac-
tivity, because the excessive spread of such elements would
be detrimental to the host cell and jeopardize the genome
integrity. As a low transposition frequency can compli-
cate the use of transposons in applications, enhancing the
transpositional activity has been one of the main targets in

*To whom correspondence should be addressed. Tel: +358 2 333 5586; Fax: +358 29 450 5040; Email: harri.savilahti@utu.�

C� The Author(s) 2017. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Downloaded from https://academic.oup.com/nar/article-abstract/46/9/4649/4780159
by National Library of Health Sciences user
on 28 May 2018



4650 Nucleic Acids Research, 2018, Vol. 46, No. 9

DNA transposition technology development. Accordingly,
enhanced transposase variants have been reported e.g. for
Tn5 (9), Sleeping Beauty (10), PiggyBac (11), Himar1 (12)
and Mos1 (13). Conversely, transposons that can escape
cells as viruses, such as phage Mu, do not depend on the
survival of their host and naturally may encode a highly ac-
tive transposase. However, to how much further can such
transposases be enhanced by mutagenesis is yet to be scru-
tinized experimentally.
Phage Mu is the �rst DNA transposition system, for

which an in vitro transposition reactionwas established (14).
The original in vitro system and versions thereof have been
instrumental in deciphering themechanistic details ofDNA
transposition in general, and have formed a basis for the
development of advanced Mu-based genetic tools (15,16).
Any DNA sandwiched between Mu transposon ends con-
stitutes a mini-Mu transposon mobilizable by the catalytic
action of MuA transposase (17), a member of retroviral
integrase superfamily (RISF) proteins, having a common
RNase H-like fold with a conserved DDE motif (18). The
�rst step in transposition is the formation of a protein�
DNA complex called a transpososome, which contains a
tetramer of MuA sequence speci�cally bound to two trans-
poson ends (Figure 1A). Within this structure, MuA cat-
alyzes two chemical reactions on each transposon end (Sup-
plementary Figure S1): hydrolysis of the transposon�donor
DNA junction and subsequent attack of the 3� end of the
transposon on a target DNA, attaching the transposon
DNA to target DNA (16).
In its natural context in vivo, the Mu transposition reac-

tion steps also involve the phage-encoded MuB targeting
protein, host-encodedDNAarchitectural proteins (HUand
IHF), additional DNA sites (two more MuA binding sites
and a transpositional enhancer), as well as the host-encoded
ClpX protein, which remodels the product transpososome
for disassembly (15,16, Supplementary Figure S1). How-
ever, in a minimal in vitro set-up, fully active transposo-
somes can be assembled ef�ciently with only MuA and two
50-bp right end segments, each containing two MuA bind-
ing sites (termed R1 and R2) (19). The crystal structure of a
Mu transpososome at the post-integration stage resembles a
pair of scissors where the Mu DNA ends form the handles
and the sharply bent target DNA the blades (20). Within
the MuA tetramer, the individual domains of the R1- and
R2-bound subunits play different roles and make differ-
ent protein�protein interactions (Figure 1A). This structure
provides a useful platform for structure-function studies
of DNA transposition and comparisons to similar polynu-
cleotidyl transferase reactions such as HIV integration (21)
and V(D)J recombination (22).
The minimal in vitro DNA transposition system of Mu

is highly ef�cient and displays very low target site selec-
tivity (17,23), ideal features for many applications. Mu in
vitro transposition technology has been utilized in numer-
ous molecular biology, protein engineering and genomics
applications (24�31). In addition, pre-assembled Mu trans-
pososomes can be electroporated into a variety of cell types
for ef�cient gene delivery. This methodology provides a �ex-
ible species-non-speci�c means to modify genomes of bac-
teria, yeast and even mammalian cells (32�34). Advanta-
geously, it obviates the need to use a plasmid vector for ex-

Figure 1. Mu transpososome structure. (A) Two views of the transposo-
some with individual protein domains as smoothed surfaces (top). The
proteins removed and the scissile phosphates depicted as yellow spheres
(bottom). (B) Structural organization of MuA (663 amino acids). The
numbers correspond to the amino terminus of each domain. Domain I�
is not required in vitro, but aids transpososome assembly by binding to
a transpositional enhancer. Domains I� and I� recognize bipartite sites
within the Mu ends. Domain II� contains the DDE motif, which coordi-
nates the catalytic metal ions. Domains II� and III� participate in target
DNA binding and transpososome assembly. Domain III� interacts with
MuB. This Mu-encoded protein delivers target DNA to the transposo-
some but is not needed under all conditions. Domain III� also interacts
with ClpX, an ATPase responsible for transpososome disassembly.

pressing a potentially toxic transposase within cells, thus
also eliminating the risk of such plasmids integrating into
the genome. Importantly, host factors are not required,
broadly potentiating gene delivery among organisms. In ad-
dition, the standard conditions with in vitro pre-assembled
transpososomes primarily yield single integrations, a desir-
able outcome not easily obtained with systems utilizing in
vivo transposase expression, such as PiggyBac and Sleeping
Beauty (10,11). As all Mu-based transposon applications
would bene�t from the enhanced activity of MuA, muta-
genesis of the protein for better performance is warranted.
Here, we used an in vivo screen to identify hyperactive

MuA transposase variants within a large library of random
mutations. Mapping of the causative substitutions onto the
Mu transpososome structure suggests multiple mechanisms
inducing hyperactivity. We show that highly active MuA
variants can be produced by combining several additively
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