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ABSTRACT Transposable phage Mu has played a major role in
elucidating the mechanism of movement of mobile DNA
elements. The high efficiency of Mu transposition has facilitated
a detailed biochemical dissection of the reaction mechanism,
as well as of protein and DNA elements that regulate
transpososome assembly and function. The deduced
phosphotransfer mechanism involves in-line orientation of
metal ion-activated hydroxyl groups for nucleophilic attack on
reactive diester bonds, a mechanism that appears to be used by
all transposable elements examined to date. A crystal structure
of the Mu transpososome is available. Mu differs from all other
transposable elements in encoding unique adaptations that
promote its viral lifestyle. These adaptations include multiple
DNA (enhancer, SGS) and protein (MuB, HU, IHF) elements that
enable efficient Mu end synapsis, efficient target capture,
low target specificity, immunity to transposition near or into
itself, and efficient mechanisms for recruiting host repair and
replication machineries to resolve transposition intermediates.
MuB has multiple functions, including target capture and
immunity. The SGS element promotes gyrase-mediated Mu end
synapsis, and the enhancer, aided by HU and IHF, participates in
directing a unique topological architecture of the Mu synapse.
The function of these DNA and protein elements is important
during both lysogenic and lytic phases. Enhancer properties have
been exploited in the design of mini-Mu vectors for genetic
engineering. Mu ends assembled into active transpososomes
have been delivered directly into bacterial, yeast, and human
genomes, where they integrate efficiently, and may prove useful
for gene therapy.

INTRODUCTION
Transposable phage Mu has played a historic role in
the development of the mobile DNA element field (1).
The very first paper that christened this phage after its
mutator properties (2) also drew attention to its ability
to suppress the phenotypic expression of genes, and sug-
gested that Mu resembled the “controlling elements”
postulated by Barbara McClintock to regulate the mo-
saic color patterns of maize seeds (3). This bold postulate

inspired equally insightful early experiments aimed at
investigating its mobile properties (4, 5), and led to
an influential model for transposition (6), which cor-
rectly predicted the cutting and joining steps of the
Mu transposition reaction and their attendant DNA
rearrangements. The high efficiency of the Mu reaction
was responsible for the development of the first in vitro
transposition system (7), which was critical for dissect-
ing reaction chemistry as well as the function of sev-
eral participating proteins (see references 8 and 9).
This article focuses on the major developments in
Mu transposition since this topic was last reviewed in
Mobile DNA II, providing background information as
necessary (9).

ONE TRANSPOSITION MECHANISM,
TWO PATHWAYS FOR
PRODUCT RESOLUTION
Mechanism
Themechanism ofMu transposition has been deciphered
in vitro on both supercoiled and oligonucleotide sub-
strates (10). Figure 1 shows transposition events in the
context of in vivo substrates. Mu transposition has two
distinct phases, which differ in donor substrate configu-
ration and in the fate of the transposition products (8).
During the infection phase, the Mu DNA injected into
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FIGURE 1 One transposition mechanism, two pathways for resolution of the ST inter-
mediate. The chemical steps of cleavage and ST are the same in both the infection and
lytic phases of transposition. (A) In the infection phase, the linear donor Mu genome is
converted into a noncovalently closed circle, joined by the MuN protein (purple ovals,
ends shown unjoined for clarity); E. coli genome is the target. The ST intermediate formed
during intermolecular transposition is resolved by removal of the FD, and repair of the
5-bp gaps in the target by limited replication at the host–Mu junction. (B) In the lytic phase,
Mu is part of the covalently closed circular E. coli genome. The ST intermediate formed
during intramolecular transposition is resolved by replication across Mu. doi:10.1128
/microbiolspec.MDNA3-0007-2014.f1
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cells has a peculiar structure. This DNA is linear in the
phage heads, and flanked by non-MuhostDNAacquired
during packaging of integrated Mu replicas during the
lytic cycle in a prior host. The number of base pairs
of the host sequences that flank the left, or L, end of Mu
is 60 to 150 kb, and 0.5 to 3 kb flank the right, or R,
end (8). An injected phage protein N binds to the tip of
the flanking DNA (FD), protecting the open ends from
degradation while also converting the linear genome
into a noncovalently closed supercoiled circle prior to
integration into the host chromosome (drawn linear for
clarity in Fig. 1A) (11, 12, 13). (Non-Mu flanking DNA
is referred to as FD herein, irrespective of whether the
donor substrate is phage, prophage, plasmid, or oligo-
nucleotide.) During the lytic phase, Mu is part of a
large covalently closed circular host genome (Fig. 1B).
Thus, the donor Mu DNA configuration in the infec-
tion phase is different from that during the lytic phase.
In both phases, the mechanism of Mu transposition is
the same.

The transposase MuA initially generates a pair of
water-mediated endonucleolytic cleavages on specific
Mu–host phosphodiester bonds, producing 3′-OH nicks
at Mu DNA ends (Fig. 1, Cleavage). In the subsequent
strand-transfer (ST) step, the 3′-OH ends directly attack
phosphodiester bonds in the target DNA spaced 5 bp
apart; this reaction is intermolecular in the infection
phase (Fig. 1A) and intramolecular in the lytic phase
(Fig. 1B). Mu ends join to 5′-Ps in the target, leaving
3′-OH nicks on the target. The MuB protein is essential
for the efficient capture of the target, but plays critical
roles at all stages of transposition by allosterically acti-
vating MuA (see below) (9). The cleavage and ST re-
actions, also called phosphoryl transfer reactions (14),
are common to other DNA transposition systems in-
cluding retroviral integration (15). These reactions take
place within the same active site of MuA, which con-
tains a structurally conserved “DDE” domain, so named
for the three Mg2+-binding carboxylate residues found
in other transposases and recombinases (16). Divalent
metal ions coordinated by the DDE residues are pro-
posed to activate hydroxyl groups for nucleophilic at-
tack on the reactive phosphodiester bonds in both steps
of transposition (10, 17). These reactions proceed via
bimolecular nucleophilic substitution (SN2), a mecha-
nism shared by metal-dependent nucleotidyl transferases
and some nucleases (18, 19, 20). Crystal structures of
the HIV-related prototype foamy virus (PFV) retroviral
integrase assemblies (intasomes), whose phosphotrans-
fer mechanism is similar to Mu, validate the SN2 mech-
anism (21, 22, 23).

Two pathways for product resolution
Post-transposition, the branched ST intermediate prod-
uct must be resolved (Fig. 1A and B). During the infec-
tion phase, the intermediate is resolved by FD removal/
degradation and repair of the 5-bp gaps in the target by
limited DNA replication, generating a simple insertion
of Mu in the Escherichia coli genome. During the lytic
phase, the intermediate is resolved by target-primed
replication across the entire Mu genome. These product
resolution pathways are referred to as repair or repli-
cation pathways herein. The replication pathway has
been reconstituted in vitro and studied in some detail.
The repair pathway has been studied only in vivo, and is
in the early stages of characterization. The known steps
in both pathways are described later.

DISINTEGRATION
A chemical reversal of the transposition/integration re-
action is called disintegration. In such a reaction, the 3′-
OHs created on the target DNA after ST would attack
the phosphodiester bonds formed at the transposon-
target junction during the forward reaction (Fig. 2A, red
arrows), restoring the original target configuration and
releasing the cleaved donor. Disintegration is normally
not observed, despite the fact that the forward and re-
verse reactions are isoenergetic. The reverse reaction
can, however, be demonstrated in vitro using altered
substrates and reaction conditions. Reversal of ST was
first described for HIV-1 integrase on oligonucleotide
ST substrates (24), and subsequently reproduced in other
systems (25, 26, 27, 28). The reported reaction is a
pseudo reversal, also called foldback reversal, because
the substrates employed resemble a ST joint that has been
unpaired and flipped (or folded back), so that the target
3′-OHs attack the transposon-target joint in an unnatu-
ral trans configuration rather than the normal cis con-
figuration, creating hairpin ends on the target (Fig. 2B).
The disintegration reaction was also observed for Mu,
on both oligonucleotide and plasmid substrates, and re-
quired high temperatures or altered metal ions (29, 30).
Both true as well as pseudo reversal were observed for
Mu (Fig. 2A and B), each showing distinct metal ion
specificities indicative of different configurations of the
reactive components within the active site. Ca2+ ions,
which support ST of precleaved ends, also supported true
reversal; these ions did not support pseudo reversal,
suggesting that the metal ion binding pocket is similar in
the forward and the true-reversal reactions, but different
in the foldback reaction. When the transpososome was
assembled on uncleaved Mu donor substrates, and the
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FIGURE 2 Disintegration: true and pseudo reversal. Ovals represent the transposase
active sites. (A) True reversal refers to restoration of the original target configuration by a
cis nucleophilic attack of the target 3′-OHs on the target–host junction generated during
ST. L and R refer to the left and right ends of Mu. (B) In pseudo reversal, the target is
rearranged (imagine unpairing the 5 bp in A, and flipping the DNA through 180°), so
that the target nucleophiles attack the host–target junction in trans, resulting in hairpin
products. (C) True reversal is more facile if the target carries a mismatch (left) indicated
by an unpaired base pair, or if only a single end undergoes ST within the transpososome
(right). See text for details. doi:10.1128/microbiolspec.MDNA3-0007-2014.f2
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reaction proceeded through the 3′ Mu end cleavage and
ST, true reversal required high temperatures (29, 30),
suggesting that, in the normal course of events, the re-
active groups are rearranged within the ST complex such
that reversal is proscribed; high temperatures likely cause
conformation changes that restore the pre-ST configu-
ration of the active site (29). The higher stability of the
ST complex compared to the cleaved complex (31) is
consistent with the notion of structural transitions in the
transpososomes (and hence the active sites) as the reac-
tion proceeds forward. True reversal was also observed
when mismatched bases were incorporated in the target
(Fig. 2C, left), likely because of increased target flexibility
around the mismatch, which allows the ST joint to ex-
plore normally disfavored spaces that promote reversal
(29). Support for the conjecture that the reversal of ST is
normally prevented because of misalignment of the re-
active groups after ST comes from crystal structures of
PFV intasomes captured at various stages of the reaction
(32). The viral DNA–target DNA joint was observed to
be ejected from the active site after ST, and thus no longer
available for reversal (21).

Disintegration has also been observed on plasmid sub-
strates at which only a single Mu end was allowed to
undergo cleavage and ST (Fig. 2C, right) (33). Vulner-
ability of the single-ended joint to reversal is favored in
the absence of the transposase-activator protein MuB,
revealing a role for MuB in coordinating the configu-
ration of both active sites so as to prevent reversal. On
plasmid substrates, where the STs of both Mu ends
are highly concerted, high-temperature disintegration
(either true or pseudo) was observed at only one of the
two ends (29), suggesting that both active sites cannot
simultaneously adopt a reversal configuration.

TRANSPOSOSOME ASSEMBLY,
ACTIVITY, AND STRUCTURE
Normal versus minimal
DNA-protein requirements
Mu transposition requires MuA binding to sites at the
left (L) and right (R) ends (also referred to as att ends), as
well as at an enhancer (E) DNA segment located ∼1 kb
away from the L end on the Mu genome (Fig. 3A) (9).
The L and R ends are asymmetric with respect to ori-
entation and spacing of the three MuA-binding sites at
each end (L1–L3 and R1–R3). There are three MuA-
binding sites at E as well (O1–O3). Separate regions
withinMuA bind to the end and enhancer sites (Fig. 3B).
Under physiological reaction conditions, transpososome
assembly requires that both sets of DNA sites in their

native configuration be present on supercoiled Mu do-
nor DNA, along with the E. coli protein HU, which
binds between L1 and L2 at the L end (Fig. 3A); the
E. coli IHF protein, which binds between O1 and O2 at
E, optimizes assembly. In the presence of the divalent
metal ion Mg2+, these components are sufficient for pro-
moting the DNA cleavage reaction. ST requires MuB
in addition (Fig. 3C). MuB is an AAA+ ATPase, which
binds DNA nonspecifically (9, 34). The ATPase activity
of MuB is stimulated by DNA and MuA. MuB not only
captures target DNA and delivers it to the transposo-
some, but also its interactions with MuA optimize all
stages of transpososome assembly (Fig. 4) (9, 34, 35, 36).

A minimal transposition system has been established
in vitro, in which addition of the solvent Me2SO (di-
methyl sulfoxide) allows oligonucleotide substrates en-
coding only the R1–R2 subsites to undergo efficient
pairing, cleavage, and ST by MuA alone, in the absence
of DNA supercoiling, the enhancer, the N-terminal
enhancer-binding MuA domain Iα, HU, MuB, and the
C-terminal MuB/ClpX-binding MuA domain IIIβ (37).
These permissive reaction conditions have greatly aided
the dissection of the transposition reaction (9).

Assembly, cleavage, strand transfer
The transposase MuA is a monomer in solution and
does not assemble into a multimeric form unless bound
to Mu ends (9). MuA subunits bound to all six L and R
binding sites interact with the enhancer (Fig. 3A), and
assemble into a transpososome. In a transpososome
built from six MuA subunits, two subunits are loosely
held; high salt treatment of the native transpososome
yields a stable tetrameric core that is catalytically profi-
cient. Within this tetrameric core, only two subunits,
those bound to L1 and R1, catalyze cleavage and ST in
trans, i.e., the subunit bound to L1 is responsible for
catalysis at the R1 end and vice versa. The disintegration
reaction also occurs in trans (33). Oligonucleotide sub-
strates (R1–R2) also assemble a tetrameric MuA, and
also catalyze the reaction in trans (9).

A variety of approaches have been used to dissect the
configuration of theMu ends within the twoMuA active
sites, the role of MuB in coordinating the reaction, and
the role of metal ions. The results are summarized below
([i]–[vii]), and can be followed using Fig. 4 as a guide.
Reaction chemistry occurs on the strands that end in CA
(see Fig. 1), called the transferred strands; the opposite
strands are the nontransferred strands. The terminal Mu
base pair is designated +1, while the base pair immedi-
ately outside on the FD is −1. The role of the enhancer is
discussed in a later section.
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(i) Initial engagement of Mu ends
and stable assembly
The rate-limiting step of Mu transposition is inferred to
be a DNA melting event around the cleavage sites, not
the subsequent reaction chemistry (37, 38, 39, 40). On
supercoiled substrates, the free energy of supercoiling in
the DNA outside theMu ends (FD), but not insideMu, is
used to lower the activation barrier of this rate-limiting
step, implying that the Mu ends pair and sequester the
supercoils into separate Mu and FD DNA domains,

before selectively using supercoiling energy stored in
the FD domain (Fig. 4A) (38). The terminal CA dinu-
cleotide, conserved in many transposable elements, in-
cluding retroviruses (41), appears to be chosen at this
position for its flexibility and ease of distortion (42, 43),
rather than for its reaction chemistry (40, 43, 44). Mu-
tant termini can assemble an unstable form of the left-
end, enhancer and right-end (LER) transpososome (see
“Enhancer and transpososome topology”), but fail to
promote stable assembly (45). However, mismatched

FIGURE 3 DNA and protein requirements for transposition. (A) Arrangement of MuA
binding sites at the L (L1–L3) and R (R1–R3) ends of the Mu genome, and within the
Mu enhancer E (O1–O3). E is positioned closer to the L end on the Mu genome, and is
also labeled O because of its dual function as an operator that regulates lysis/lysogeny
decision (8). HU and IHF bind within L and E as shown. FD on either side of the Mu genome
packaged into virions. (B) Domain and subdomain organization of MuA as assigned by
partial proteolysis (140). NMR and crystal structures for the individual (except IIIβ) are
available (9, 62, 141). The subdomain IIβ was observed in crystal structures (142), while IIIα
and IIIβ were delineated by mutagenesis and functional studies (9). BAN stands for DNA-
binding and nuclease function (122). See reference 143 for an insertion mutagenesis study
across the domains. (C) Domain organization of MuB, as assigned by partial proteolysis
(144). An NMR structure for the C-terminal domain is available (145). An AAA+ ATPase
function spanning residues in both domains was deduced by bioinformatics, and
supported by mutagenesis (34). Both domains also contribute to nonspecific DNA binding
(9, 34, 35). A patch of positively charged residues (KKK) on the C-terminal domain likely
interacts with MuA to trigger ATP hydrolysis (34, 35). The conformation of the hinge region
between the domains is exquisitely modulated by ATP, DNA, and A protein, as judged by its
sensitivity to proteolysis (146). doi:10.1128/microbiolspec.MDNA3-0007-2014.f3
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mutant termini assemble readily (40, 46), indicating
that engagement of the melted DNA strands within the
active site promotes larger conformational changes that
allow MuA subunits to oligomerize into a stable com-
plex (Fig. 4B). Assembly defects at +1 are more severe
than those at at +2 or +3, and Mn2+ ions suppress these
defects, suggesting a role for metal ions in modulating
active-site conformation (45). On the nontransferred
strand, the +1 T residue is essential for assembly even on
mismatched substrates, with the R group at position 5
important for the initial contact but dispensable after
cleavage of the transferred strand (Fig. 4B) (40, 46).
Fully base-paired substrates require divalent metal ions
for assembly (Mg2+,Mn2+, or Ca2+), but this requirement
is substantially reduced on substrates with mismatched
termini (46), or if the FD strands are not complementary,
or are very short, or the substrate is precleaved (37),
implying that on fully base-paired substrates metal ions
assist in the DNA opening observed around Mu ends
(Fig. 4A and B) (39, 45, 47). MuB stimulates assembly
on both plasmid and oligonucleotide substrates; the
stimulation is independent of the presence of the FD on
oligonucleotide substrates (36).

When concentrations of Mu DNA are limited, MuA
bound to its end-recognition sites can capture and as-
semble non-Mu DNA sequences that resemble the Mu
sequence; considerable variability in the placement of
the MuA binding site with respect to the cleavage site
appears to be tolerated by the transposition machinery
(48, 49).

(ii) DNA cleavage
As described above, the cleavage reaction is independent
of nucleotide sequence when the terminal bases are un-
paired. This reaction is also more efficient if the DNA
flanking the Mu ends is not base paired (37). The MuA
active sites accept hairpin substrates with different
“loop” lengths for cleavage (50). AlthoughMg2+ is likely
the biologically relevant cation, Mn2+ ions support both
cleavage and ST in all the transposition systems studied.
However, preassembledMu substrates can be cleaved by
Zn2+ and Co2+ (Fig. 4B and C) (39).

(iii) DNA ST
The wild-type nucleophile for ST is the 3′-OH of the
terminal adenosine. However, Mu termini ending in

FIGURE 4 DNA–protein transitions with the MuA active sites. (A) Terminal base pairs at
the Mu ends (L1 and R1 sites) and its adjoining FD are engaged within the MuA active sites
(squares). Catalysis is in trans, i.e., the MuA subunit bound at R1 engages the L1 terminus
and vice versa (9). This complex is not stable, and MuA has not tetramerized (indicated by a
separation of the squares). (B) After Mu end synapsis, the free energy of supercoiling in the
FD domain is used to melt several base pairs around the Mu–FD junction, concomitant
with tetramerization of MuA (indicated by contiguous squares) (9). Mismatched substrates
will tolerate any nucleotide at the terminal 2 bp, but require T at the +1 position on the
nontransferred strand for stable MuA assembly. (C) Mismatched termini can cleave ad-
jacent to any nucleotide at the +1 position on the transferred strand. The cleaved complex
is more stable, indicated by a shape change to hexagons. (D) ST can occur on precleaved
substrates even from an abasic site. This complex is the most stable, indicated by a shape
change to the ovals. Each stage of transition (A–D) exhibits specific metal ion require-
ments and is regulated by MuB. See text for details. doi:10.1128/microbiolspec.MDNA3
-0007-2014.f4
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a dideoxynucleotide allow target DNA hydrolysis by a
water nucleophile (44). Remarkably, substrates that ter-
minated with an abasic site, i.e., contained the terminal
ribose and its 3′-OH, but were missing the adenine base,
promoted efficient ST. Thus, it is not the terminal base,
but rather the ribose (and/or the attached 5′-phosphate)
that is the critical activating feature of the terminal nu-
cleotide (Fig. 4C). It appears that the presence of the
terminal nucleotide prevents the use of inappropriate
nucleophiles, and offers an advantage to the attached 3′-
OH to serve as the nucleophile.

Precleaved ends will perform ST in the presence of
Ca2+ (Fig. 4D) (37). A true reversal of ST can also use
Ca2+ (see “Disintegration”). Since a single active site
carries out both cleavage and ST, the differential metal
ion selectivity in cleavage (which is not supported by
Ca2+) versus ST must reflect either conformational dif-
ferences between the active sites during the two steps or
differences in the way the two distinct nucleophiles are
activated.

(iv) Coupling catalysis at the paired ends
The normal transposition reaction is highly concerted at
both ends. When only one end carries a mutation in the
terminal dinucleotide, stable assembly of both ends is
blocked (51). Metal ions and MuB protein influence this
tight coupling between the two active sites as judged by
situations in which the coupling is lost. For example,
both Mn2+ ions and MuB suppress the assembly and
catalysis defects of mutations at one Mu end (9, 51, 52).
So also, hairpin ends react in a concerted manner with
Mn2+ ions, but only produce single-end ST with Mg2+

(50). In the absence of MuB, the presence of FD in only
one active site slows the ST of precleaved substrates in
both active sites (36). MuB also suppresses mutations of
G residues at the +2 position on the bottom strand, in-
fluencing the degree of concerted ST activity (46). Thus,
MuB influences all steps of transpososome assembly and
catalysis. The allosteric effect of MuB is apparently not
effected through any specific MuA subunit (53).

(v) FD configuration
As described above, several nucleotides adjacent to the
Mu termini on the FD also undergo melting during as-
sembly, and this single-stranded feature of the FD is im-
portant for DNA cleavage (Fig. 4B). After cleavage, the
FD must be moved away to accommodate the target
DNA (Fig. 4D); this is evident in the finding that in the
absence of MuB, the presence of the FD in only one
active site slowed one or more steps between DNA
cleavage and joining in both sites, and that this slow

step was not due to a change in the affinity of the trans-
pososome for the target DNA (36). Thus, MuB inter-
action with MuA coordinates shifting the FD in both
active sites, coupling this movement to a conformational
change within the transpososome that positions the
target DNA for coordinated ST.

(vi) Target capture and DNA conformation
Transpososomes assembled on plasmid donor Mu sub-
strates can capture target DNA even prior to DNA
cleavage, i.e., at the stage shown in Fig. 4A (54). Inter-
estingly, on these substrates the terminal MuA binding
site L1, but not R1, is required for target capture (47).
Transpososomes assembled on R1–R2 oligonucleotide
substrates lacking the terminal 3 bp are capable of target
DNA capture, indicating that the target-interacting sur-
face of the transpososome can be organized without the
Mu-terminal nucleotides (Fig. 4D) (40). A single mis-
match in the center of the 5-bp target recognition se-
quence promotes preferential use of the mismatched
target, likely because it gives the target more flexibility
for adopting the severely bent target configuration seen
in the crystal structure (Fig. 5) (55), a feature found in
other transpososome structures as well (21, 56). Given
that transposition to nonmismatched sites is suppressed
when mismatched sites are available suggests that the
transposon–transposase complex samples a large num-
ber of potential target sites before ST.

(vii) Plasticity of the active site
As evidenced from the description above, the ability of
a variety of DNA end configurations (fully paired, un-
paired, hairpin) to be accommodated within the active
site, of a variety of metal ions to support different stages
of integration and disintegration, and of both half and
full target sites to permit disintegration speaks to the
remarkable plasticity of the active site (10).

Transpososome structure
Electron microscopy (EM)
The crystal structure of the dimeric Tn5 transposase in
complex with DNA provided the earliest glimpse of a
transposase active site (57). As first demonstrated for
MuA (9), the Tn5 transposase subunits were observed to
be arranged in trans for catalysis (57), a feature proving
to be widespread among mobile elements (22, 58, 59,
60). The structure of a six-subunit Mu transpososome
is expected to be more complex than that of a dimeric
one. Although the structures of nearly all the individual
domains of MuA were determined by nuclear magnetic
resonance (NMR) or X-ray methods (Fig. 3B) (9), the
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entire complex proved difficult to crystallize. The first
three-dimensional image of a tetrameric Mu transpos-
osome assembled on precleaved R1–R2 oligonucleotide
substrates was published by Yuan et al. who used

scanning transmission electron microscopy (Fig. 5A)
(61). Although the resolution of the reconstruction was
relatively low (34 Å), it satisfied several biochemical
observations, particularly the trans arrangement of the

Q1 FIGURE 5 Mu transpososome structures assembled on oligonucleotide substrates.
(A) Two views of the 3D reconstruction of images of a cleaved MuA tetramer bound to R1
and R2 ends, obtained by scanning transmission electron microscopy at cryotempera-
tures, combined with electron spectroscopic imaging of the DNA-phosphorus (61). Target
DNA is modeled into the structure. Location of Mu ends (black tubes) and FD (gray tubes)
is indicated. The image has been modified from the original in order to match the ori-
entation of the X-ray image in B. (B) X-ray crystal structure of the Mu transpososome
engaged with cleaved R1 and R2 Mu ends joined to target DNA (62). The MuA polypeptide
in the crystal structure includes residues 77 to 605; it is missing the regulatory N (Iα)- and
C (IIIβ)-terminal domains (see Fig. 3B). Left, schematic illustrating positions of the various
MuA domains and DNA segments. Catalytic sites are marked as tan/yellow stars. Right,
ribbon drawing, with the scissile phosphate groups shown as yellow spheres. The figure
is modified to indicate position of the FD. In the crystal structure, the BAN region in
domain IIIα (see Fig. 3B) of the R2-bound subunits (cyan and pink) makes contact with the
FD near the Mu–FD junction; this region is associated with a nonspecific endonuclease
activity (122). Adapted with permission from the Nature Publishing group. doi:10.1128
/microbiolspec.MDNA3-0007-2014.f5
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subunits for catalysis. A model of the complex resembled
a large V (shown inverted in Fig. 5A), with the only
significant protein–protein interactions occurring at the
bottom of the V where the catalytic subunits were lo-
cated, the rest of the complex apparently held together
only by DNA–protein interactions. The latter observa-
tion was proposed to provide flexibility to the overall
complex as it transitioned into increasingly stable states
with each step of the reaction. Target DNAwas modeled
to fit into the cleft of the V in the 3D structure (Fig. 5A).
The X-ray structure of the ST transpososome shows the
target DNA also accommodated at the bottom, but on
the other side of the V cleft (see below).

X-ray crystallography
The crystal structure of the Mu ST transpososome as-
sembled on R1–R2 subsites joined to target DNA is
shown in Fig. 5B (62). A truncated version of MuA
(residues 77 to 605) was used for assembly (Fig. 3B).
Efficient ST of precleaved substrates was achieved by
employing a target substrate with a single mismatch,
described under “Target capture and DNA confor-
mation” (above). The overall transpososome shape is
consistent with the V shape described by scanning EM
(Fig. 5A), where protein–protein interactions are mainly
between the catalytic subunits at the bottom of the V.
As expected, the DDE residues in domain IIα of subunits
bound to R1 sites engage the Mu termini in trans; do-
main IIβ residues of these catalytic subunits make ex-
tensive contact with the target DNA. Domain II of
subunits at the R2 sites also contact the opposite DNA
but in a slightly different manner, and interact with
DNA-binding domains of the R1 subunits. The IIIα do-
mains of the subunits at R2 are positioned to be proxi-
mal to the FD on the opposite Mu termini; domain IIIα
has an apparent role in repair of the ST intermediate in
the infection phase (53, 63), the significance of which is
discussed in Transition from Transposition to Repair.
The target DNA is bent through a total of ∼140°, a
feature also seen in the PFV intasome (21). It is hypoth-
esized that target bending may help render ST irrevers-
ible by straining the DNA conformation such that the
ends snap away from the active site after ST (62), as seen
in the PVF intasome (21).

ENHANCER AND
TRANSPOSOSOME TOPOLOGY
Mu is unique among transposable elements in employing
an enhancer (Fig. 3A). The E DNA segment is so named
because it enhances transposition over 100-fold in vivo

and is essential for the assembly of the transpososome
on native supercoiled Mu donor substrates in vitro (9).
All the end-binding sites (L1–L3 and R1–R3) participate
in interactions with E (64, 65); MuA subunits bound to
these L andR sites through their Iβγ domain are expected
to make cross-bridging interactions with E through
their Iα domain to form the three-segment LER complex
(Fig. 6). HU, which binds in the spacer region between
L1 and L2 and bends the DNA, and integration host
factor (IHF), which binds E and also bends DNA, both
play important roles in LER interactions (Fig. 3A) (9).
Although the position of the enhancer can be varied, its
orientation cannot, nor can it function when present
outside the Mu ends on the same DNA molecule (9);
however, it can function in trans when supplied in 50-
fold molar excess (66), from where it maintains its to-
pological specificity and crisscrossed R1–O1 and L1–O2
interactions (67).

The path of DNA through the LER complex was
mapped using a methodology called “difference topol-
ogy,” where the topologically well-characterized site-
specific recombinase Cre was used to seal the DNA
crossings within the Mu synapse (68). Using a variety
of approaches, including directed positioning of MuA
subunits missing the E-binding Iα domain at individual
end-binding sites, the following sequence of events and
topology of LER interactions was deduced: an initial
ER synapse (HU-independent) captures L (HU-depen-
dent) to form an LER complex that has five supercoils
trapped within it (Fig. 6A) (69, 70). The primacy of ER
interactions has been confirmed using a gel electropho-
resis assay, which shows, in addition, that at the L end
the L1 site is the last to join the complex (47). Of the five
DNA crossings held within the Mu synapse, two are
between R and E, one between L and E, and two be-
tween L and R (Fig. 6B). The E–L crossing is thought to
be trapped fortuitously, while the E–R crossings are
specific; except for the E–L crossing, MuA can recreate
the other four DNA crossings even on nicked circular
DNA in the presence ofMe2SO (71). At the R end, R1–E
interaction is essential for the initial steps in the assem-
bly, R2–E interaction is not required, and R3–E inter-
action contributes to the native topology (72). The data
on L2–E and L3–E interactions are not unequivocal.
If these interactions do occur, either one is sufficient
to support the assembly process. When stripped of the
loosely bound subunits, the tetrameric MuA complex
retains the two L–R crossings as well as the proximal
E–R crossing (Fig. 6B, black dots with white circles), but
loses the E–L and distal E–R crossings; the latter crossing
is formed by the MuA subunit bound at R3 (Fig. 6B,
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black dot) (71, 72). The structure of the tetrameric Mu
transpososome assembled without E and without the
native arrangement of the L and R end sites shows only
one L–R crossing (Fig. 5B) (62). A mathematical tangle
analysis of the difference topology experiments con-
cluded that the experimentally observed three-branched,

five-crossing topological architecture of the Mu trans-
pososome is the simplest solution, and thus biologically
most likely (73, 74).

Footprinting experiments show that the Mu termini
are not stably engaged in the active sites in the LER
complex (Fig. 6A; see also Fig. 4A) (47). This was also

FIGURE 6 Interaction of MuA binding sites during transpososome assembly, and topology
of the Mu DNA synapse. (A) 1. On a supercoiled DNA containing the native arrangement
of L, E, and R segments, MuA-mediated interactions between E and R (square) trap two
supercoil nodes within an initial ER synapse. 2. L is recruited into the ER complex with
assistance from HU, and contributes one more crossing with E. The two L–R crossings
within LER are fluid. 3. LER transitions into a stable complex (hexagon) which traps five
supercoil nodes: two between E and R, one between E and L, and two between L and R.
In this stable complex, the DNA around the Mu termini is first melted and then cleaved
(see Fig. 4B, C). 4. The five-noded LER topology is maintained in the ST complex (oval),
which is the most stable. (B) Contribution of the individual MuA-binding sites to the DNA
topology. R–E interactions, particularly R1–O1, are essential in the initial stages of as-
sembly, R2–E interactions are not required, and R3-E interactions contribute to the distal
E–R crossing (black dot). Six MuA subunits (not shown) hold the five DNA crossings. The
MuA tetramer retains two L–R and the proximal E–R DNA crossings (black dots with white
circles). Of the two L–R crossings, the one between L1 and R1 is likely the one seen in the
crystal structure (Fig. 5B). Placement of the second L–R crossing is arbitrary; see reference
72 for details. IHF binding and bending at E between O1 and O2 optimizes E interactions
with L and R. HU binding and bending L between L1 and L2 delivers L1 to the ER complex
(47). (C) Encounter and synapsis of Mu ends on supercoiled DNA. In the absence of E, the L
and R ends can approach each other either by slithering to form a plectonemically
interwrapped (IW) synapse or by random collision to form a random collision (RC) synapse;
the presence of E channels synapsis toward the IW pathway (77). See text for details.
doi:10.1128/microbiolspec.MDNA3-0007-2014.f6

ASMscience.org/MicrobiolSpectrum 11

Transposable Phage Mu

http://dx.doi.org/10.1128/microbiolspec.MDNA3-0007-2014.f6
http://www.ASMscience.org/MicrobiolSpectrum


deduced from the behavior of mutant termini, which
stall at the LER stage as described in the section above.
These experiments show, in addition, that the enhancer
changes from an apparently strained to a less strained
configuration as the LER transitions from an unstable
to a stable state, and that HU-promoted engagement of
the L1 site with ER is the last event that triggers transi-
tion into the stable form (Fig. 6A) (47); interestingly,
in a complex assembled without L1, precleaved L1 can
functionally join the complex when provided in trans.
Although E is not required for reaction chemistry (9),
it remains engaged with L and R ends even after ST is
completed (Fig. 6A) (47, 70), suggesting that it may
play an additional role post-ST. In the minimal reaction
system with R1–R2 oligonucleotide substrates, E did
not enhance LR pairing, but accelerated transition to a
stable form of the complex (75).

Enhancers in other site-specific recombination sys-
tems, such as the Tn3/γδ resolvase or Hin/Gin invert-
ases, are highly selective with respect to orientation of
the interacting sites and recombine through a very spe-
cific synapse topology (68). Enhancer-independent re-
combinases in these systems have lost the requirement
for DNA supercoiling or for a specific orientation of
the recombining sites. For Mu, two different enhancer-
independent situations have been described. One in-
volves an enhancer-independent transposase that, unlike
the invertase and resolvase systems, does not relieve the
dependence on DNA supercoiling or on the correct ori-
entation of Mu ends (67). The other involves the addi-
tion of Me2SO to the reaction, which does provide
independence from constraints of substrate topology or
site orientation (76). To determine the contribution of
E to the interwrapping of Mu ends, the topology of the
LR synapse was examined under the two enhancer-
independent reaction conditions (77). Under the Me2SO
conditions, two topologically distinct arrangements of
the ends were observed. In their normal relative orien-
tation, L andRwere either plectonemically interwrapped
(IW) or aligned by random collision (RC) (Fig. 6C). Ad-
dition of the enhancer to this system channeled synapsis
toward the IW pathway, showing that the enhancer
imposes topological specificity on the synapse. When the
ends were in the wrong relative orientation, synapsis
occurred exclusively by the RC mode. In the second
enhancer-independent condition, which retains the re-
quirement for a specific orientation ofMu ends, synapsis
of L and R was entirely via the IW synapse. This finding
implies that the enhancer is not the only determinant
of topological selectivity; the interaction of MuA with
the Mu ends is also important. The mutant transposase

has acquired independence from the enhancer but not
from the orientation specificity of the ends. Thus, studies
with this enhancer-independent Mu transposase have
revealed that systems involving two-site interactions,
and not necessarily three-site interactions, can also be
subject to strict topological restrictions. Me2SO condi-
tions promote not only enhancer-independence, but in-
dependence from end orientation as well. If transposition
can be supported by enhancer-independent pairing of the
L and R ends, why does Mu use an enhancer? (For a dis-
cussion of this question, see reference 68.)

CENTRAL SGS SITE AND MU END PAIRING
Muends on plasmid substrates have no difficulty pairing,
but those on a Mu prophage genome require a centrally
located strong gyrase binding site (SGS) for efficient
synapsis and Mu replication (78, 79). DNA gyrase
bound at this site is proposed to promote the formation
of a plectonemically interwound, supercoiled loop, with
the site at the apex and the synapsed prophage ends at
the base of the loop (Fig. 7A) (80, 81). Gyrase is known
to protect and cleave within a ∼100-bp region; if the
cleaved region is defined as the “core” and the flanking
sequences the “arms,” then sequences in the right arm
were delineated as an important feature of the SGS for
Mu replication (82). It is speculated that the right arm
maymake favorable gyrase contacts, likely forming the T
segment that is passed through the cleaved G segment
during the supercoiling reaction. On plasmid substrates,
SGS promotes highly processive supercoiling (81); this
property of the Mu SGS has been exploited in studying
gyrase structural dynamics using a single-molecule assay
(83). Candidate SGS sequences obtained from five Mu-
like prophages in different bacteria were not as proficient
in supportingMu replication, although some of them did
support processive supercoiling on plasmid substrates
(84).

The SGS site was seen to be important in maintaining
the Mu prophage as a separate and stable chromosomal
domain of E. coli (85). In the prophage, the twoMu ends
are paired, segregating Mu into an independent chro-
mosomal domain (Fig. 7B). The Mu domain configura-
tion is assisted by MuB and several nucleoid-associated
proteins (NAPs), and promotes low-level transcription
from an early prophage promoter, which controls the
expression of Mu A and B, as well as several genes not
essential for phage growth, including a ligase and a Ku-
like DNA repair function (86, 87). MuB might provide a
NAP-like function (88). It is proposed that the Mu do-
main provides long-term survival benefits to both the
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Q2 FIGURE 7 The central SGS site helps Mu prophage ends pair. (A) Plectonemically super-
coiled domains of the E. coli nucleoid are shown carrying a copy of the Mu genome; L and
R ends and the centrally located SGS are indicated. DNA gyrase binds at the SGS and
initiates processive introduction of supercoils, leading to the extrusion of a novel nucleoid
domain comprising the Mu genome in its entirety, aligning the L and R ends to promote
transpososome (MuA) assembly. (B) A model for the structure of a Mu prophage and for
Mu genome immunity. The model proposes that segregation of Mu into a separate do-
main, as shown in (A), is sealed by either the Mu transpososome assembled on the ends, or
by nucleoid associated proteins (NAPs). Several NAPs are shown stabilizing this structure,
hypothesized to promote the formation of MuB filaments. MuB, which itself has NAP-like
properties, is proposed to provide immunity to self-integration. Fis and H-NS proteins may
be expected to reside at the SGS and Mu ends because these proteins prefer A/T-rich
regions. Sister chromatid cohesions have been proposed to be involved in the creation of
large topological loops by bridging two DNAs at the base of the stem of such loops.
(A) Adapted from reference 81, and reprinted with permission from John Wiley and Sons.
(B) Taken from references 85 and 106. doi:10.1128/microbiolspec.MDNA3-0007-2014.f7
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prophage and the host: to the prophage in bestowing
transposition-ready topological properties unique to the
Mu reaction and to the host in contributing extraneous
DNA housekeeping functions (85).

TARGET SITE SELECTION
Mu is the most promiscuous of known mobile elements.
A consensus 5-bp target recognition site 5′-NY(G/C)RN-
3′ reported in early experiments (89) was refined more
recently as 5′-C-Py-(G/C)-Pu-G-3′ (90); this preference
is MuA encoded, and is independent of the target cap-
ture protein MuB. In vivo, a preference for CGG as the
central triplet was observed (91). In the transpososome
crystal structure, MuA is seen to contact the target DNA
over a 20 to 25-bp region (Fig. 5B) (62). Analysis of tar-
get sequences in vitro detected symmetrical base patterns
spanning a ∼23 to 24-bp region around the target pen-
tamer, indicative not of a sequence preference, but pos-
sibly of a structural preference that might facilitate target
deformation (90).

Mu does not generally display an orientation bias in
target selection (91), although an exception was seen at
the E. coli bgl locus in vivo (92). A DNA microarray
analysis of target site selection during the Mu lytic phase
in both E. coli and Salmonella found hot and cold spots
throughout the genome, reflecting a >1,000-fold varia-
tion in target preference (93, 94). Transcription had a
strong negative influence on transposition (93), although
a direct relationship between transcription and trans-
position is unlikely (88).

MuB is essential for target capture in vitro (9). A
whole-genome E. coli tiling array revealed that there
were hot and cold MuB binding sites in the genome, and
that Mu transposition was in the vicinity rather than
within MuB-bound regions (88). MuB is an AAA+
ATPase and a nonspecificDNA-binding protein (Fig. 3C)
(34), which hydrolyzes ATP for target selection; both
activities are stimulated by MuA (9). MuB forms ATP-
dependent helical filaments, with or without DNA (34,
95), and has been reported to exhibit a tendency to form
larger filaments on A/T-rich DNA (95, 96). Single-
particle EM imaging of MuB assembled on DNA found
that MuB–ATP forms a solenoid-like filament, with
DNA bound in the axial channel (34). The helical pa-
rameters of the MuB filament do not match those of
the B-form DNA. Despite this mismatched symmetry
between the protein and DNA, MuB does not deform
bound DNA (34). Based on these and other findings, it is
proposed that the MuB-imposed symmetry transiently
deforms DNA at the boundary of the MuB filament and

results in a bent DNA conformation favored byMuA for
transposition (Fig. 8A) (34). Consistent with this model,
Mu transposition was observed at the junction of A/T
and non-A/T DNA in vitro (97) and in the vicinity rather
than within MuB-bound regions in vivo (88). Two hot
spots for Mu insertion near the bgl locus were also ob-
served to be clustered at the borders of an A/T-rich seg-
ment (92). Interestingly, the majority of A/T-rich regions
are unavailable for MuB binding in vivo because they
are occupied by nucleoid proteins such as Fis, which have
a similar binding preference (88, 97). Other strongly
DNA-bound proteins also occlude Mu insertions (94).

MuB binds DNA nonspecifically (9). Transposition in
the vicinity of a specific site was achieved by fusing MuB
to the site-specific DNA-binding protein Arc repressor
(98). The fusion variant could select target DNA inde-
pendently of ATP hydrolysis, although ADP binding was
required for theMuA-stimulating activity ofMuB. Thus,
the ATP-binding and MuA-regulated DNA-binding ac-
tivity of MuB is not essential for target delivery, but
activation of MuA by MuB requires nucleotide-bound
MuB. Taken together, these results suggest that target
delivery by MuB occurs as a consequence of the ability
of nucleotide-bound MuB to stimulate MuA while si-
multaneously anchoring MuA to a selected target DNA.
ATP hydrolysis has a different function, as discussed
below.

TRANSPOSITION IMMUNITY
cis immunity
Several bacterial transposons, including members of the
Tn3 family, Tn7, and bacteriophage Mu, display trans-
position immunity (99, 100). These elements avoid in-
sertion into DNA molecules that already contain a copy
of the transposon (a phenomenon called cis immunity),
and it is thought that this form of self-recognition must
also provide protection against self-integration. cis im-
munity does not provide protection to the whole bacte-
rial genome on which the transposon is resident, but can
extend over large distances from the chromosomal site
where the transposon is located or over an entire plas-
mid harboring the transposon.

In vitro studies with phage Mu provided the first
molecular insights into the cis-immunity phenomenon
(9). Using innovating fluorescence and microfluidic tech-
nology, single-molecule experiments show that MuA–
MuB interaction, which stimulates the ATPase activity
of MuB and promotes its dissociation from DNA, is
the basis of the observed transposition immunity of
mini-Mu plasmids in vitro; that is, MuB bound to DNA
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dissociates upon interaction in cis with MuA bound to
the Mu ends, resulting in MuB-free DNA, which is a
poor target for new insertions (see Fig. 8B). The MuA–
MuB interaction requires the formation of DNA loops

between the MuA- and the MuB-bound DNA sites.
Iterative loop formation/disruption cycles with inter-
vening diffusional steps result in larger DNA loops,
leading to preferential insertion of the transposon at sites

Q3 FIGURE 8 Model for MuB function in target capture and cis immunity. (A) The helical
parameters of the MuB filament (represented as beads on a string) do not match those
of B-form DNA. This results in a nucleoprotein complex with a symmetry mismatch.
(B)Matching symmetry between MuB and DNAwould require the DNA to be underwound
and extended, which may occur at the boundary of the MuB filament with the help of MuA
and possibly ATP hydrolysis. Deformed and bent DNA is a preferred target for transposition
catalyzed by MuA. (C) A summary of interplay among MuA, MuB, and DNA during trans-
position. Upon ATP binding, MuB forms helical filaments on DNA. MuA bound to Mu DNA
ends stimulates ATP hydrolysis by MuB and MuB dissociation from DNA, which generates
MuB-free DNA regions. Reciprocally, MuB stimulates MuA to pair and nick Mu DNA ends
at the junction with the flanking sequences. MuA and MuB together may induce the
matching symmetry between MuB and DNA at the boundary of a MuB filament and thus
DNA distortion, which leads to the target DNA capture and Mu transposition. Taken from
reference 34, reprinted with permission from the Proceedings of the National Academy of
Sciences U S A. doi:10.1128/microbiolspec.MDNA3-0007-2014.f8
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distant from the transposon ends (101). MuB also
dissociates upon interaction with MuA in trans, but the
oligomeric state of MuA monomer, for example, when
bound to ends versus multimer when assembled into an
active transpososome, may distinguish interactions at
the ends that underlie cis immunity from those that pro-
mote target capture and transposition in trans (Fig. 8B)
(102, 103, 104). Support for a cis-immunity mechanism
in vivo, which would remove MuB from the vicinity of
the Mu genome, comes from studies using a 10-kb de-
rivative of Mu (Mud), which was monitored for trans-
position into Tn10 elements placed at various distances
from the Mud element on the Salmonella typhimurium
chromosome (105). A gradient of insertion immunity
was observed in both directions from the Mud insertion
point; immunity was strongest around 5 kb outside the
Mu ends.

Mu genome immunity
During the lytic phase, Mu amplifies its genome at least
100-fold. To produce viable progeny, Mu must avoid
transposing into itself, a daunting task given that nearly
half the host genome is composed of Mu sequences
by the end of the lytic cycle and that Mu lacks tar-
get specificity. The cis-immunity mechanism, which is
strongest around 5 kb outside the Mu ends, would not
be expected to protect the 37-kb genome effectively.
Indeed, the level of protection offered by this mechanism
is insufficient to explain the protection seen inside Mu
(106). A new immunitymechanism labeled “Mu genome
immunity” has been described, which protects actively
replicating Mu from self-integration (106). Unlike the
cis-immunity mechanism, which requires removal of
MuB from DNA adjacent to Mu ends, the genome-
immunity mechanism is associated with strong MuB
binding within the Mu genome. Sharply different pat-
terns of MuB binding were observed inside and outside
Mu, suggesting that theMu genome is segregated into an
independent chromosomal domain (Fig. 7). It is not clear
why MuB would bind strongly within the Mu genome,
which is not A/T rich, albeit A/T content was shown to be
an unreliable predictor of MuB binding in vivo; MuB

binding is expected to be modulated by host proteins
in vivo (88, 97). A model for how the formation of an
independent “Mu domain” might nucleate polymeriza-
tion of MuB on the genome, forming a barrier against
self-integration, has been proposed (Fig. 7B) (106). Mu-
genome immunity might be functionally similar to the
immunity conferred by the eukaryotic cellular barrier-to-
autointegration factor (BAF) protein to HIV or murine
leukemia virus retroviral genomes; BAF appears to play a
dual role, compacting DNA reversibly to prevent auto-
integration on the one hand, while promoting inter-
molecular target capture on the other (see references in
reference 106).

TRANSITION FROM TRANSPOSITION
TO REPLICATION
As diagrammed in Fig. 1, the ST intermediate is resolved
by replication through Mu during the lytic phase of
Mu growth (107). To do so, the transpososome actively
recruits the host restart replicationmachinery to a forked
end generated by ST (Fig. 9A). In a highly choreographed
series of events, the stable ST transpososome is first
destabilized by themolecular chaperoneClpX, amember
of the Clp/Hsp100 family of ATPases known to remodel
anddegrademulticomponent complexes (108).On trans-
pososomes assembled in vitro, the chaperone activity of
ClpX selectively unfolds one or the other of the catalytic
subunits so as to destabilize (but not destroy) the entire
complex (Fig. 9A) (109, 110, 111). Interestingly, MuA
residues exposed only in theMuA tetramer are important
for enhanced recognition by ClpX, ensuring that the tet-
rameric complex is a high-priority substrate (111, 112).

The ClpX-destabilized transpososome is disassembled
by an as-yet unidentified host factor (Mu replication
factor [MRFα-DF]), which displaces the transpososome
in an ATP-independent reaction, exchanging it for a
truncated form of the translation initiation factor IF2
(IF2-2) (Fig. 9A) (113). The replication restart proteins
(primosome) PriA, PriC, DnaT, and the DnaB–DnaC
complex then promote the binding of the replicative
helicase DnaB on the lagging strand template of the

FIGURE 9 Transition from transposition to replication or repair. The ST intermediate in the
lytic versus infection phase differs primarily in the configuration of the FD (see Fig. 1).
(A) The depicted order of events was established from in vitro experiments (107, 113). Mu
replication is known to be unidirectional, primarily initiating at the L end (8). (B) Repair
events are deduced from in vivo experiments (63, 120). Question marks signify that the
order of these events is not as yet established. The arrow from B to A indicates that
infecting Mu can proceed directly to replication without FD removal, as seen in a domain
III MuA mutant defective in FD removal (63). See text for details of both pathways.
doi:10.1128/microbiolspec.MDNA3-0007-2014.f9
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Mu fork. The PriA helicase activity is needed to displace
IF2-2 and plays an important role in opening the DNA
duplex for DnaB binding, which promotes assembly of
DNA polymerase III holoenzyme to form the restart
replisome (114).

TRANSITION FROM TRANSPOSITION
TO REPAIR
The ST intermediate generated during the infection phase
is repaired instead of being fully replicated, as dia-
grammed in Fig. 1 (115). This integration event is also
called nonreplicative transposition because of limited
replication at the Mu ends (116). The alternate fates of a
similar ST intermediate in the lytic versus the infection
phase could be due to different configurations of their
FD (Fig. 1). Other differences during these two phases
are the differential requirements for MuB and for the
host gyrase. Although both MuA and MuB are required
for efficient transposition, several MuB mutants that do
not support lytic transposition are proficient for the in-
tegration of infecting Mu (117, 118). In vitro, these
mutants retain the ability to stimulate MuA, but are de-
fective in binding and delivery of target DNA to the
transpososome. These data are puzzling because trans-
position during the infection phase also requires target
capture. The requirement for the supercoiling enzyme
DNA gyrase (Fig. 7A), essential during the lytic phase, is
dispensable during the infection phase (119). These data
are also puzzling, given the multiple roles of supercoiling
in promoting binding of MuA and HU to Mu ends (9),
in arranging a special topology of the interacting sites
(Fig. 6), and in the essential role of supercoiling for DNA
strand separation at the Mu termini (Fig. 4).

The transition from transposition to repair (Fig. 9B)
appears to be as complex as the handoff of the trans-
pososome to the replication restart machinery (Fig. 9A).
There are two repair events associated with integration
during the infection phase: filling the 5-bp target gaps
and removing the N-linked FD. The first is likely done by
the E. coli replisome (Pol III) because stable Mu ins-
ertions are not recovered in the absence of the machinery
responsible for double-strand break (DSB) repair—
RecA, RecB, RecC, PriA, and DnaT (120); arrival of
the replisome at the gap would be expected to convert
the gap into a DSB (Fig. 9B). Contrary to widely held
assumptions that gaps left in the target after transposi-
tion are repaired by gap-filling polymerases, PolA (Pol I)
appears to not be involved in filling the Mu gaps (120).
Gap-filling repair is likely coordinated with the second
repair event which removes FD, but the details are not

known. FD removal has been monitored by a PCR assay
in vivo (115, 121). In the absence of ClpX, FD removal
is delayed (63), suggesting that the requirement for ClpX
is shared in the two pathways (Fig. 9B). MuA domain
III residues, important for the cryptic nuclease activity
MuANuc (122) (Fig. 3B), are also required for FD re-
moval (63). The requirement for ClpX and MuANuc

could be linked, in that ClpXmight unmask the nuclease
potential of domain III. However, such a mechanism
must be suppressed in the lytic phase because removal of
FD in this phase would affect the integrity of the entire
chromosome (Fig. 1). Interestingly, domain III mutants
that block FD removal allow replicative transposition
(63), suggesting that there is a window of opportunity
for FD removal, after which Mu replication can proceed
by the restart pathway (Fig. 9, arrow from B to A).

MU-LIKE PHAGES
After the discovery of Mu by Larry Taylor (2), one other
Mu-like phage called D108 was isolated from E. coli in
the 1970s (123). Mu and D108 are fairly identical, ex-
cept for their enhancer/operator sequences, and their
respective binding regions in MuA and in the lysogenic
repressor Rep. These differences have proved useful in
understanding the contribution of E to transposition
(65, 67, 124, 125). In the 1980s, several Mu-like phages
were isolated from Pseudomonas aeruginosa; one of
these, D3112, has been studied for its transposition
properties in some detail (see reference 123). In the era
of genomics, Mu-like prophages have been found in
multiple distantly related species, indicating that they
are widespread mobile genetic elements (126, 127). Of
the mosaic Mu-like phages isolated from P. aeruginosa
(128), Rhodobacter capsulatus (Rcap Mu) (129), and
Haemophilus parasuis (130), the one from Rhodobacter
(Rcap Mu) is similar to Mu in packaging host FD in
phage particles, indicative of replicative transposition
with little target site specificity. Many prophage se-
quences detected in Gram-negative bacteria have mosaic
gene patterns, with only some Mu-like modules. Al-
though the SGS sequences of some of these elements
could substitute for the Mu SGS to varying degrees (see
Central SGS Site and Mu End Pairing above) and the
transposase gene from Hin-Mu in H. influenzae Rd was
functional, as detected by in vitro reactions (131), there
is no evidence that the majority of these more recently
identified prophages are capable of active transposition.
Complete and partial Mu-like prophages have been
detected in several Firmicutes (132), opening the door
for Mu-like genetic tools in Gram-positive bacteria.
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MU AS A TOOL FOR GENE MANIPULATION
Since the mid-1980s, mini-Mu derivatives have been
used extensively in vivo for insertional mutagenesis, for
gene fusion and mapping, as well as for gene cloning and
DNA sequencing strategies, including metabolic engi-
neering (see references 9 and 133). More recently, the
Mu enhancer element has been either supplied in trans
or excised from mini-Mu vectors to control their trans-
position efficiency (reviewed in reference 133). Electro-
poration of in vitro assembled and cleaved Mu R1–R2
transpososomes has been used successfully for Mu in-
tegration in a variety of bacterial species, both Gram-
positive and Gram-negative (134, 135), as well as in
yeast and in mammalian genomes (136). Strong biases
were seen in the target site distributions of the Mu in-
sertion vectors in eukaryotic genomes, consistent with
biases seen with other insertion vectors, illustrating the
utility of Mu transpososome technology for gene trans-
fer in eukaryotic cells. This technique has also been used
to map integration sites directly using DNA barcoding
and pyrosequencing (137). While MuA and MuB have
been expressed in mammalian cells, integration of a
transfected mini-Mu donor vector was from illegitimate
recombination rather than from transposition, suggest-
ing that Mu target capture complexes might promote
nonhomologous recombination (138).

The superior target for Mu insertion presented by
single nucleotide mismatches can be exploited to map
genetic polymorphisms (55), as was demonstrated in
vitro for a butterfly genome (139). Single nucleotide
polymorphisms are an important resource for mapping
human disease genes and have other biological appli-
cations as well (139).

SUMMARY
Transposable phage Mu has played a major role in
elucidating the mechanism of movement of mobile DNA
elements. The high efficiency of Mu transposition has
facilitated a detailed biochemical dissection of the reac-
tion mechanism, as well as of protein and DNA elements
that regulate transpososome assembly and function. The
deduced phosphotransfer mechanism involves in-line
orientation of metal ion-activated hydroxyl groups for
nucleophilic attack on reactive diester bonds, a mecha-
nism that appears to be used by all transposable ele-
ments examined to date. A crystal structure of the Mu
transpososome is available. Mu differs from all other
transposable elements in encoding unique adaptations
that promote its viral lifestyle. These adaptations include
multiple DNA (enhancer, SGS) and protein (MuB, HU,

IHF) elements that enable efficient Mu end synapsis,
efficient target capture, low target specificity, immunity
to transposition near or into itself, and efficient mech-
anisms for recruiting host repair and replication ma-
chineries to resolve transposition intermediates. MuB
has multiple functions, including target capture and im-
munity. The SGS element promotes gyrase-mediatedMu
end synapsis and the enhancer, aided by HU and IHF,
participate in directing a unique topological architecture
of the Mu synapse. The function of these DNA and
protein elements is important during both lysogenic and
lytic phases. Enhancer properties have been exploited in
the design of mini-Mu vectors for genetic engineering.
Mu ends assembled into active transpososomes have
been delivered directly into bacterial, yeast and human
genomes, where they integrate efficiently, and may prove
useful for gene therapy.
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Author Queries

Q1: For Figure 5 please give the reference number or full reference details for the source illus-
tration. If the source article for A is not the same as that for B, please place both at the end of
the legend with ‘(A)’ inserted after the first and ‘(B)’ after the second.

Q2: For Figure 7, the permission details are placed at the end of the legend as required by the
style. Please check these are given appropriately, and confirm permission to reproduce these
has been obtained from the publishers of references 85 and 106 (or confirm that permission
is not required as you are an author).

Q3: For Figure 8, the permission details are placed at the end of the legend as required by the
style. Please check these are given appropriately, and confirm permission to reproduce these
has been obtained from the publishers of reference 34 (or confirm that permission is not
required if you are an author).


