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ABSTRACT A tetramer of the Mu transposase (MuA)
pairs the recombination sites, cleaves the donor DNA, and
joins these ends to a target DNA by strand transfer. Juxta-
position of the recombination sites is accomplished by the
assembly of a stable synaptic complex of MuA protein and Mu
DNA. This initial critical step is facilitated by the transient
binding of the N-terminal domain of MuA to an enhancer DNA
element within the Mu genome (called the internal activation
sequence, IAS). Recently we solved the three-dimensional
solution structure of the enhancer-binding domain of Mu
phage transposase (residues 1–76, MuA76) and proposed a
model for its interaction with the IAS element. Site-directed
mutagenesis coupled with an in vitro transposition assay has
been used to assess the validity of the model. We have
identified five residues on the surface of MuA that are crucial
for stable synaptic complex formation but dispensable for
subsequent events in transposition. These mutations are
located in the loop (wing) structure and recognition helix of
the MuA76 domain of the transposase and do not seriously
perturb the structure of the domain. Furthermore, in order to
understand the dynamic behavior of the MuA76 domain prior
to stable synaptic complex formation, we have measured
heteronuclear 15N relaxation rates for the unbound MuA76

domain. In the DNA free state the backbone atoms of the
helix–turn–helix motif are generally immobilized whereas the
residues in the wing are highly f lexible on the pico- to
nanosecond time scale. Together these studies define the
surface of MuA required for enhancement of transposition in
vitro and suggest that a f lexible loop in the MuA protein
required for DNA recognition may become structurally or-
dered only upon DNA binding.

Transposition is a genetic recombination reaction that moves
a mobile DNA element, known as a transposon, from one site
to another in the DNA of the host organism. The reaction
involves two chemical steps: (i) endonucleolytic cleavage of the
phosphodiester bond between the transposon DNA and the
host DNA and (ii) strand transfer, which involves the covalent
linkage of the 39 ends of the donor DNA to the new host DNA
target site (1). Retroviruses and retrotransposons use a similar
mechanism to integrate reverse-transcribed copies of their
genomes into the DNA of the host cell. Typically, a single
protein, the integrase or transposase, is responsible for both
DNA cleavage and strand transfer reactions. The largest and
most efficient transposon known is the Mu phage genome,
which uses the phage-encoded transposase (MuA protein) to
pair the ends of the phage DNA, cleave the termini, and
promote strand transfer (2–4).

Transposition of the Mu genome occurs in the context of
several higher-order protein–DNA complexes and is initiated

by the coordinated assembly of a tetramer of transposase onto
the Mu DNA (2, 5, 6). This nucleoprotein intermediate, called
the stable synaptic complex, contains the left and right ends of
the Mu DNA held in close proximity by a tetramer of MuA.
Formation of the stable synaptic complex requires two distinct
cis-acting DNA sequences on the Mu genome. The MuA
protein initially binds to six similar DNA sequences, three at
each end of the Mu genome (sites L1–L3 on the left end and
sites R1–R3 on the right end). A second distinct DNA se-
quence located about 1 kb from the left end, called the internal
activation sequence (the IAS, or transpositional enhancer), is
then transiently occupied by the MuA protein, facilitating the
assembly of the stable synaptic complex. This protein–DNA
structural rearrangement is assisted by the host-encoded
DNA-bending proteins HU and IHF and provides an impor-
tant topological filter, ensuring that only suitably arranged Mu
DNA will be transposed. An additional level of regulation is
achieved by the action of the Mu repressor. DNA sequence
identity between the IAS element and the Mu operator site
and primary sequence homology between the N-termini of the
repressor and transposase proteins may allow the Mu repressor
to prevent spurious transposition events during viral latency.

The N-terminal domain of MuA (35 kDa) binds DNA
sequence-specifically and is essential for stable synaptic com-
plex formation. It is constructed of two separate DNA-binding
domains, comprising residues 1–76 and 77–247, which bind to
the IAS element and the ends of the phage genome, respec-
tively (7, 8). Recently, we solved the three-dimensional solu-
tion structure of the N-terminal IAS DNA-binding domain of
Mu phage transposase (residues 1–76, MuA76) and proposed
a model for its interaction with DNA (9).

Here we present the results of both site-directed mutagen-
esis and heteronuclear 15N relaxation experiments designed to
elucidate the molecular basis of MuA76 domain function.
Several residues at the putative transposaseyIAS DNA inter-
face in our model of the complex (9) were targeted for
mutagenesis and the effects of these amino acid changes were
assessed in an in vitro transposition assay. The results of the
assay are entirely consistent with the model of the complex and
provide direct evidence that both a loop structure and DNA
recognition helix in the MuA76 domain of transposase are
crucial for stable synaptic complex formation. Further, this
essential loop element exhibits substantial mobility in the
absence of DNA as evidenced by heteronuclear relaxation
measurements. The results of both biochemical and biophys-
ical studies provide a detailed picture of the function of the
MuA76 domain during transposition.

MATERIALS AND METHODS
MuA76 Heteronuclear Relaxation Studies. The N-terminal

IAS DNA-binding domain of Mu phage transposase [residues
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1–76 with a Cys-to-Leu substitution at position 10 (C10L),
MuA76] used for NMR studies was uniformly (.95%) 15N-
labeled and purified as described (9). Data were collected on
a 1.0 mM protein sample in 90% H2Oy10% 2H2Oy250 mM
NaCl, pH 5.8 at 20°C, with a Bruker (Billerica, MA) model
AMX600 spectrometer.

The 15N relaxation data were obtained as described (10–15).
15N T2 values were obtained by using delays of 8, 16, 40, 48, 64,
88, 120, 160 and 208 ms. 15N T1 values were measured by using
delays of 52, 244, 372, 532, 700, 852, and 1124 ms. The decays
of the cross-peak intensities with time were fit to a single
exponential by nonlinear least-squares methods. Fitting errors
of the T1 and T2 values were typically less than 3–4%. The
errors in the nuclear Overhause effect (NOE) measurements
were on the order of 60.1. Model-free parameters were
determined by nonlinear least-squares minimization of the
sum of the error-weighted residuals between the calculated
and experimental data, using the Levenburg–Marquardt algo-
rithm (16). Precision estimates of the extracted model-free
parameters were obtained by Monte Carlo simulation (17).

Site-Directed Mutagenesis. Mutagenesis was accomplished
by the overlapping template method (18). The original tem-
plate was derived from plasmid pMK609, which carried the
coding sequence for the full-length MuA protein with the
C10L mutation cloned between the Nde I and BamHI sites of
a pET3c vector. Suitable primers were purchased from Bio-
Serve Biotechnologies (Laurel, MD). The reading frames of
the mutated full-length MuA proteins (residues 1–663) were
cloned between the Nde I and BamHI sites of the T7 RNA
polymerase expression vector pET3c (Novagen) and overex-
pressed in NovaBlue(DE3) bacterial cells (Novagen). The
presence of each mutation in the protein expression vector was
confirmed by sequencing the DNA coding for residues 1–76 of
MuA. Reading frames corresponding to residues 1–76 of MuA
were generated by using the mutated full-length constructs as
templates along with suitable primers. Each truncated reading
frame was then cloned between the Nde I and BamHI sites of
the pET3c vector and overexpressed in BL21(DE3) bacterial
cells.

Transposition Reactions. Standard reaction conditions were
used (19, 20). Reaction mixtures contained 25 mM TriszHCl
(pH 8), 156 mM NaCl, 10 mM MgCl2, 2 mM ATP, 1 mM
dithiothreitol, 15% (volyvol) glycerol, bovine serum albumin at
25 mgyml, donor DNA at 10 mgyml, and fX174 replicative
form (RF) DNA at 10 mgyml. The reaction volume was 25 ml
and contained the following protein levels: MuB, 6.5 pmol;

HU, 3.0 pmol; and MuA variants, 3.7 mgyml. When indicated
dimethyl sulfoxide (DMSO) was added to 15% (volyvol).
Proteins were added as 1-ml aliquots to the reaction mixture
after the appropriate dilution of a stock solution (20). Prep-
aration of buffers, proteins, and donorytarget DNA plasmids
was as described (8, 20). All reaction mixtures were incubated
at 30°C for 1 hr, stopped by the addition of 0.2 vol of stop
solution (0.1% bromophenol bluey2.5% SDSy50 mM EDTAy
25% Ficoll) and analyzed by gel electrophoresis (19, 20).

RESULTS

Side Chains in the Winged Helix–Turn–Helix Motif Are
Critical for IAS Recognition. Site-specific mutations in the
enhancer-binding domain of Mu transposase were introduced
to investigate their effects on transposition. Mutation sites
were selected on the basis of a model of the MuA76–DNA
complex proposed on the basis of NMR data (9), which
predicted that a helix–turn–helix DNA-binding motif and a
structurally disordered loop in the MuA76 domain of MuA
function to recognize the IAS DNA binding site.

Seven modifications to the structure of the full-length MuA
protein were introduced and tested with an in vitro transpo-
sition assay. The following MuA constructs were investigated:
(i) a single point mutant, C10L, to place the exact sequence
used in our NMR studies of the MuA76 domain fragment in the
context of the full-length protein; (ii) five double mutants
which contain the C10L mutation and an additional alteration
in the putative protein DNA interface, C10LyK18E, C10Ly
A21K, C10LyY25E, C10LyK29E, and C10LyK44E; and (iii) a
truncated MuA protein which lacks the enhancer-binding
domain, MuA(D1–76). The altered proteins were overex-
pressed in Escherichia coli, purified to .90% homogeneity,
and assayed to determine their ability to support strand
transfer in an in vitro reaction (Fig. 1). Under standard reaction
conditions with mini-Mu donor DNA (pMK586) in super-
coiled form, and fX174 RF target DNA, wild-type MuA
protein can efficiently carry out the DNA strand transfer
reaction in the presence of MuB and HU proteins (Fig. 1, lane
3). Consistent with previous studies, the enhancer-binding
domain of MuA is essential for efficient transposition (8).
Removal of this domain in the MuA(D1–76) protein results in
failure to generate strand transfer products under standard
reaction conditions (Fig. 1, lane 4). Double mutants of MuA
that contain alterations in the putative proteinyDNA interface
and at position 10 (C10L) exhibit a phenotype similar to that

FIG. 1. Agarose gel showing the results of the in vitro assay of six site-specific mutants of MuA transposase. The gel positions of the expected
products of the reaction are indicated on the right. Initial reactants are shown in lanes 1 and 2 (target and donor DNA, respectively). Lanes 3 and
4 correspond to wild-type transposase (MuA) and residues 77–663 of transposase (MuAD76), respectively. Lanes 5–10 correspond to six site-specific
mutants of MuA: C10L, C10LyK18E, C10LyA21K, C10LyY25E, C10LyK29E and C10LyK44E, respectively. Lanes 11–18 are identical to lanes 3–10
but the reactions were performed in the presence of DMSO.
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of the MuA(D1–76) protein and are unable to promote strand
transfer (Fig. 1, lanes 6–10). The inability to promote strand
transfer in the double mutants of MuA can be attributed to the
surface mutations rather than the C10L mutation, since the
single C10L mutant behaves like the wild type (Fig. 1, lane 5).

Mutants Are Unable to Assemble into a Stable Synaptic
Complex but Are Active in Subsequent Cleavage and Transfer
Events. Variants of MuA were tested for their ability to form
stable nucleoprotein intermediates. The transposition reaction
was performed as described above, except that pBR322 was
used as the target DNA and the reaction products were
visualized with nondenaturing gel electrophoresis (2). Under
these conditions only wild-type MuA and MuA with the single
C10L mutation were able to form stable protein–DNA inter-
mediates. MuA proteins that lacked the enhancer-binding
domain or that contained alterations in the winged helix–turn–
helix domain were unable to form stable complexes on the
phage DNA (data not shown). The surface mutants therefore
exhibit a distinct phenotype as compared to the recently
identified active-site mutants of MuA, which are capable of
forming stable synaptic complexes (21).

To investigate whether variants of MuA retained the ability
to perform subsequent cleavage and strand transfer reactions,
the assay was repeated in the presence of DMSO. This
condition eliminates the stringent requirement for the en-
hancer element as well as DNA supercoiling (8). As shown in
Fig. 1, lanes 11–18, all forms of the MuA protein are active
under these conditions, indicating that steps subsequent to the
formation of the stable synaptic complex are unaffected by any
of the changes introduced into the MuA76 domain.

The DNA-Binding Loop Is Flexible. 15N relaxation data were
collected on the free MuA76 domain to characterize the
backbone mobility of this fragment. Spectra of the MuA76

domain of transposase were assigned by using previously
determined resonance assignments (9). The quality of the
spectra allowed the relaxation behavior of 64 of 72 non-proline
residues to be monitored. A summary of the 15N T1, T2 and
NOE data plotted as a function of residue number is shown in
Fig. 2 A and B. In general, the data indicate that the majority
of residues in MuA76 exhibit uniform backbone mobility, with
increased mobility between residues Ala38 and Ile46, compris-
ing the wing region, and at the N and C termini.

The overall correlation time, determined from 15N T1yT2
ratios by using the criteria described (10, 13) is 7.53 6 0.06 ns.
The 15N NOE, T1, and T2 data for each residue were fit
simultaneously to various forms of model-free spectral density
function (11, 22, 23) in the presence or absence of an additional
term (pDex) to account for the effects of chemical-exchange
line broadening on T2 (11). In the model-free analysis the
overall motion of the protein is assumed to be isotropic and the
internal motions independent of the overall tumbling. This
approximation is reasonable, since the three principal com-
ponents of the inertial tensor for the average solution structure
of the MuA76 domain are in a ratio of 1.00:1.76:1.45, indicative
of a globular structure.

The spectral density functions used to fit the relaxation data
differ in the degree of complexity assumed for the internal
motions. Three models, containing one to three adjustable
parameters, were used to fit the data:

J~vi! 5 S2try~1 1 v2t r
2!, [1]

J~vi! 5 S2
try~1 1 v2t r

2! 1 ~1 2 S2!t9ey~1 1 v2t9e2!, [2]

J~vi! 5 S2try~1 1 v2t r
2! 1 Sf

2~1 2 Ss
2!t9sy~1 1 v2t9s

2!,
[3]

where S2 is the generalized overall order parameter (22); te is
the internal correlation time [with t9e 5 trtey(tr 1 te)] (22); ts
is the internal correlation time for the slow motions (with t9s 5

trtsy(tr 1 ts) (23); and Sf
2 and Ss

2 are the order parameters for
the fast and slow motions (23), respectively, with S2 5 Sf

2Ss
2.

Selection of the appropriate spectral density function was
accomplished by initially fitting the data to the simplest
spectral density function and employing more complicated
models only as required to fit the relaxation data. The exper-
imental data of a residue were considered to be adequately
represented by a particular spectral density function if the T1
and T2 data were reproduced to within 5% and the NOE data
to within 60.1 of their experimentally determined values.

The data for 12 of the 64 measurable backbone amide
groups could be accounted for by the model-free spectral
density function of Eq 1, where te is assumed to be ,20 ps.
Sixteen of 65 residues were reproduced with Eq. 2, and the te
values of these residues ranged from 5.5 ps to 1 ns. Twenty-five
of 49 residues were fit with Eq. 3 and had slow correlation times
that ranged from 0.7 to 2.7 ns. Six residues (Lys18, Asn51, Leu53,
Val55, Glu56, and Ala60) are likely to exhibit a small amount of
chemical exchange line broadening, since they have T1yT2

FIG. 2. Graphical representation as a function of residue number
of the backbone 15N relaxation data at 600 MHz and the results of their
analysis for MuA76 at 20°C. (A) 15N–1H NOEs. (B) 15N T1 (E) and 15N
T2 (F) relaxation data at 600 MHz. (C) The fast S f

2 (F) and slow Ss
2

(E) generalized motion order parameters. [For residues that were fit
to the conventional Lipari and Szabo (22) spectral density function
(either Eq. 1 or Eq. 2), Sf

2 5 S2]. Fitting errors in the experimental T1
and T2 values and the standard deviations of the various calculated
parameters are represented by vertical bars. The errors in the exper-
imental 1H–15N NOEs are on the order of 60.1. The locations of the
b-strands and a-helices are indicated above A.
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ratios that are more than one standard deviation above the
mean T1yT2 ratio of residues with NOE values . 0.6. These
residues were fit with Eq. 1 together with an additional term
to account for the effect of chemical exchange line broadening
on T2 (11). The magnitudes of these processes are relatively
small, with a maximum increase in the 15N linewidth of 0.8 6
0.1 Hz for Leu53. The data for all residues were adequately
reproduced, with the exception of four residues. The T1 and T2
data for residues Lys18, Leu10, and Val55 were reproduced,
while their NOE data were consistently underestimated. All
the relaxation data for Glu2 were inadequately reproduced by
Eqs. 1–3, suggesting that this residue undergoes very compli-
cated motions. The results of the data analysis are summarized
in Fig. 2C, which shows a plot of the fast and slow order
parameters as a function of residue number.

DISCUSSION

To understand the complex process of DNA transposition, we
have conducted site-directed mutagenesis and NMR spectro-
scopic studies of the enhancer-binding domain of MuA. These
studies define the surface of MuA required for enhancement
of transposition in vitro and provide valuable insights into the
dynamic behavior of the enhancer-binding domain prior to
IAS DNA recognition.

Exploiting knowledge of the three-dimensional structure of
the enhancer-binding domain (9), we have rationally probed
the surface of full-length MuA protein to identify regions that
are essential for recognition of the IAS DNA element. The
solution structure of the MuA76 domain of MuA (Fig. 3) begins
with strand B1 (Trp4–Ser6), which pairs with strand B2 (Trp32–
Arg35) before ascending into a short helix (H1, Lys8–Asn12).
The sequence then forms an 8-residue turn (T) that connects
H1 to helix H2 (Ser20–Lys29). The structure of the H1–T–H2
segment is similar to the helix–turn–helix DNA-binding motif
used by a variety of proteins (25). Strand B2 follows the
helix–turn–helix motif and pairs with strand B3 (Ala45–Asn49).
A large partially disordered loop comprising residues Thr36–
Lys44 connects strands B2 and B3 and protrudes from the
globular core. The remainder of the protein consists of strand
B3 and the C-terminal helix H3 (Val55–Gln65), which pack
against B1 and H1 to seal the protein core. The relative
positioning of a helix–turn–helix motif and a loop between
strands B2 and B3 in MuA76 (Fig. 3) are structurally analogous

to the HNF-3gyfork head motif structure (26). In the cocrystal
structure, the HNF-3gyfork head motif interacts with DNA by
using a helix–turn–helix motif and two wings, a loop between
strands B2 and B3, called W1, and the C terminus, called W2
(26). In the MuA76–IAS DNA model (9) the recognition helix
(H2) of MuA76 fits into the major groove and the loop
connecting strands B2 and B3 contacts the DNA. Potential
hydrophobic contacts are made by the side chains of residues
Ala21, Ile24, Tyr25, and Ile46. Residues Lys8, Lys15, Ser20, Lys28,
Lys29, Asn34, and Lys44 may form hydrogen bonds or electro-
static contacts with the DNA (figure 6 in ref. 9).

We have used site-directed mutagenesis coupled with an in
vitro transposition assay to assess the validity of the model. Two
potential hydrophobic contacts involving Ala21 and Tyr25 have
been removed and three potential hydrogen-bondyelectro-
static interactions involving Lys18, Lys29, and Lys44 have been
altered in the full-length MuA protein (Fig. 3). We postulate
that these alterations will prevent IAS binding and will there-
fore inhibit the ability of MuA to perform strand transfer. The
transposition assay provides an indirect measure of the affinity
of the MuA76 domain of full length transposase for the IAS
element, since the function of the enhancer-binding domain
(residues 1–76) is intimately linked to IAS DNA binding (7, 8).
As shown in Fig. 1 (lane 3) wild-type MuA protein is able to
covalently link suitable donor and target DNA in the presence
of the appropriate accessory factors. However, when residues
1–76 from the MuA protein are deleted (MuAD76), strand
transfer does not occur in the absence of DMSO (Fig. 1, lane
4). The MuA76–IAS DNA model is based on the structure of
a MuA76 domain fragment with a Cys-to-Leu mutation at
position 10 (C10L) (9). To control for the effects of this
mutation on transposition, we created a single C10L mutant of
intact MuA protein and tested its ability to perform strand
transfer. The C10L mutation has no obvious effect on strand
transfer in the presence or absence of DMSO (Fig. 1, compare
lane 3 with lane 5 and lane 11 with lane 13). On the other hand,
all of the surface mutants that contain amino acid changes in
the recognition helix H2 (A21K, Y25E, K29E), the preceding
turn (K18E), or the wing (K44E) in addition to the C10L
mutation are unable to perform strand transfer in vitro (Fig. 1,
lanes 6–10). In fact, the phenotypes of these double mutants
are indistinguishable from that of MuA protein that lacks the
MuA76 domain altogether.

The above surface mutations of the MuA protein prevent
the formation of stable synaptic complexes but do not seriously
alter the structure of the MuA76 domain. The presence of
DMSO in the transposition assay eliminates the stringent
requirement for the enhancer element as well as DNA super-
coiling and allows subsequent transposition steps to be tested.
As shown in Fig 1 (lanes 11–18), all MuA constructs are active
in the presence of DMSO, indicating that strand cleavage and
transfer reactions are unaffected in these proteins. Further-
more, reaction products analyzed by nondenaturing gel elec-
trophoresis indicate that only the wild-type MuA and the C10L
mutant assemble into stable synaptic complexes. Failure of the
five double mutants to properly assemble onto the donor
plasmid is not caused by disruption of the structure of the
MuA76 domain, since polypeptides comprising residues 1–76
with the C10L mutation and all of the five surface mutations
remain folded (as judged by 1H–15N correlation spectra of
partially purified extracts containing overexpressed MuA76

double mutants). This leads us to conclude that the double
mutants are unable to properly interact with the IAS element
on the donor DNA.

The MuA76 domain exhibits significant mobility when not
bound to its cognate DNA sequence, as evidenced by backbone
relaxation measurements. The results of the relaxation data
analysis can best be interpreted by mapping them onto the
solution structure of MuA76. Fig. 3 displays the variation of the
generalized order parameter (S2) as a color gradient from red

FIG. 3. The backbone structure of the MuA76 domain color-coded
for the generalized order parameter S2 varying from red (high
mobility, S2 5 0.3) to white (intermediate mobility, S2 5 0.6) to blue
(low mobility, S2 5 1.0). Side chains of residues mutated in this study
are displayed. The coordinates are from ref. 9 and the figure was
generated with the program GRASP (24).
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(high mobility) to blue (low mobility) on a ribbon diagram of
the three-dimensional structure. Clearly, residues in the dis-
ordered loop (wing) between strands B2 and B3 and at the C
terminus are highly mobile. The dynamic behavior of the
remainder of the protein is uniform and shows a high degree
of motional restriction. These results indicate that in the DNA
free state the backbone atoms of the helix–turn–helix motif are
generally immobilized whereas the residues in the wing are
highly flexible on the pico- to nanosecond time scale. Inter-
estingly, residues in the wing do not exhibit shortened 15N T2
values, indicating that this region of the protein does not jump
between magnetically inequivalent conformations on a micro-
second time scale. The MuA76 domain may therefore use very
rapid polypeptide fluctuations of the wing motif to facilitate
dynamic transient recognition of the IAS element during
transposition.
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