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ABSTRACT: Confronted with thousands of potential DNA substrates, a site-specific enzyme must restrict
itself to the correct DNA sequence. The MuA transposase protein performs site-specific DNA cleavage
and joining reactions, resulting in DNA transpositionsa specialized form of genetic recombination. To
determine how sequence information is used to restrict transposition to the proper DNA sites, we performed
kinetic analyses of transposition with DNA substrates containing either wild-type transposon sequences
or sequences carrying mutations in specific DNA recognition modules. As expected, mutations near the
DNA cleavage site reduce the rate of cleavage; the observed effect is about 10-fold. In contrast, mutations
within the MuA recognition sequences do not directly affect the DNA cleavage or joining steps of
transposition. It is well established that the recognition sequences are necessary for assembly of stable,
multimeric MuA-DNA complexes, and we find that recognition site mutations severely reduce both the
extent and the rate of this assembly process. Yet if the MuA-DNA complexes are preassembled, the
first-order rate constants for both DNA cleavage and DNA strand transfer (the joining reaction) are
unaffected by the mutations. Furthermore, most of the mutant DNA molecules that are cleaved also complete
DNA strand transfer. We conclude that the sequence-specific contacts within the recognition sites contribute
energetically to complex assembly, but not directly to catalysis. These results contrast with studies of
more orthodox enzymes, such asEcoRI and some other type II restriction enzymes. We propose that the
strategy employed by MuA may serve as an example for how recombinases and modular restriction enzymes
solve the DNA specificity problem, in that they, too, may separate substrate recognition from catalysis.

During DNA transposition, a transposase protein performs
DNA cleavage and joining reactions at the ends of a
transposon DNA. The transposon ends are precisely defined
by a DNA sequence. Thus, transposases, like all proteins
that modify DNA at a specific site, face an impressive
challenge: surrounded by incorrect sequencesspotential
substrates chemically similar to their ownsthey must select
their correct substrate. Little is known about the molecular
mechanisms used by transposases and other recombinases
to link substrate recognition to the covalent modification of
DNA.

MuA transposase is one of the best understood members
of the transposase/retroviral integrase protein family. The
MuA protein performs the initial steps required to transpose
the genome of bacteriophage Mu from its starting DNA
location to a new DNA location, the DNA “target”. At each
end of the Mu genome, MuA cleaves the 3′ strand of the
Mu DNA away from its surrounding sequence. Then in a

one-step “strand transfer” reaction, MuA inserts this cleaved
3′ end into the target DNA. Strand transfer is a transesteri-
fication reaction, in which a 3′-oxygen within the target DNA
is replaced with the 3′-OH at the end of the Mu DNA (1). A
wide range of DNA sequences can serve as the target site
(2, 3). In total, MuA performs four reactions to permit
transposition of the Mu genome: one cleavage and one strand
transfer at each end of the Mu DNA (4, 5). A single MuA
subunit performs the two sequential reactions for one DNA
end, using a single active site (6, 7).

Multiple DNA sequence elements define the ends of the
Mu DNA and thus the sites of recombination (Figure 1A).
Each DNA end contains three MuA recognition sites, which
in total direct the binding of six MuA monomers to the Mu
DNA. These recognition sites are 22 base pairs long, and
each consists of an “inner” half (distal to the end of the
genome) and an “outer” half (end proximal). MuA itself
carries three DNA recognition domains, each possessing a
helix-turn-helix motif. Two of these, domains Iâ and Iγ,
cooperate in binding each 22 base pair recognition se-
quence: Iâ binds the inner half, and Iγ binds the outer half.
A third DNA recognition domain, IR, binds a separate
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enhancer-like sequence, which stimulates transposition (8,
9). The enhancer sequence is dispensable in vitro and will
not be discussed further in this paper. DNA cleavage occurs
precisely at the end of the Mu DNA, which is five base pairs
3′ to the outermost recognition site on each end of the Mu
DNA (R1 or L1; see Figure 1A). Each cleavage site is
marked by the sequence 5′-(T or A)CAV.

MuA functions as part of a large protein-DNA complex
called a transpososome (10, 11). At the core of the trans-
pososome are four MuA subunits (12, 13), at least two of
which bridge the ends of the Mu DNA by binding a
recognition site on one end and a cleavage site on the
opposite end (Figure 1A) (14, 15). Active transpososomes
can also assemble on short DNA fragments containing two
MuA recognition sites (Figure 1B). A MuA tetramer bridges
two such fragments (16).

Additional proteins and DNA sequences interact transiently
with the core transpososome. For example, the MuB protein
is a DNA-binding ATPase that interacts directly with MuA.

MuB is best-known for its role in assisting MuA in choosing
a target DNA site, but it also stimulates other steps of
transposition (17-20).

The core transpososome is remarkably stable, resisting
long incubations with competitor DNA, high temperature,
or high concentrations of urea (11-13). Yet in the absence
of its recognition sequences, MuA is monomeric and inactive
and exchanges between DNA sites with a rapidkoff (11-13,
21-23). Thus, specific DNA contacts with the recognition
sites must permit multimerization of MuA, causing four MuA
subunits to commit to each other and to their bound DNA.

In the current study, we ask whether the specificity of the
recognition site sequence also contributes directly to the
chemistry of transposition. The specificity of an enzymatic
reaction is often considered to be inextricably linked to the
catalytic efficiency. For example, classic studies of serine
proteases reveal that changing the amino acid sequence of
the enzyme’s substrate can change thekcat value (24, 25).
Among enzymes that modify DNA at a specific site, the

FIGURE 1: Overview of the transposition reaction and DNA substrates. Elements are not drawn to scale. (A) Transpososome assembly. The
ends of the Mu DNA each contain three recognition sites, related to one another by a 22 base pair consensus sequence. The sites are named
R1, R2, and R3 on the right end, and L1, L2, and L3 on the left end. Binding to these sites triggers transpososome assembly. Cleavage
occurs within the transpososome, at the very end of the Mu DNA, after the sequence 5′-(T or A)CA. Here, one MuA subunit is shown in
white, to highlight the crisscross structure of the transpososome. (B) Transposition of DNA fragments. (C) Summary of the fragments used
in this study. These are the sequences of the uncleaved strands (so that they could be listed 5′ to 3′ beginning at the end of the Mu DNA).
We list here only the cleavage site and R1 site sequences. Complete sequences are shown in Table 1. Each fragment also contained a
second recognition site, not shown in the figure: the natural R2 sequence for the wild-type, mutant I, mutant II, and cleavage site mutant
fragments, and a repeat of the mutant sequence for mutant III. The consensus sequence (top line) is derived from the naturally occurring
MuA recognition sites (70). In the consensus sequence, highlighted boxes are positions at which base-specific contacts were suggested by
a sequence selection study (32); darker highlights indicate stronger selection. W stands for T or A. In the fragment sequences, black boxes
are positions that do not match the consensus. Note that the natural R1 site contains several black boxes: compared to the other natural
sites, R1 has relatively weak affinity for MuA (70). The mutant III sequence is based on a sequence from the genome of an unrelated
phage,ΦX174; it was found during a selection for sites on this phage that could be transposed at a low level by MuA (32). The gray boxes
in the mutant III sequence represent positions that match the consensus sequence with a phase shift of+1 near the center of the recognition
site; several experiments suggest that this fragment is contacted with this phase shift (32).
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problem of how sequence recognition is linked to catalysis
has been carefully studied for several type II restriction
enzymes, includingEcoRV, EcoRI, and BamHI. These
enzymes, like the serine proteases, use specific binding
energy to lower the transition state for DNA cleavage (26,
27).

MuA transposase differs in many ways from a conven-
tional enzyme, and therefore, we were interested in examin-
ing how MuA ensures that catalysis occurs only at the proper
DNA sequence. MuA is modular, having a catalytic domain
that folds independently from its DNA recognition domains.
Furthermore, because MuA functions in a stable transposo-
some, transposition involves an assembly step that is distinct
from both the DNA-binding step and the cleavage step.
Finally, MuA does not turn-over as true catalysts do; once
MuA assembles into an active transpososome, it remains in
that complex until disassembled by the ATPase ClpX (28,
29).

To study the contribution of specific DNA recognition to
individual steps of transposition, we constructed Mu DNA
fragments with multiple mutations in a MuA recognition site
(Figure 1C). By following the kinetics of each reaction step
performed with these fragments (assembly, DNA cleavage,
and strand transfer), we assess the contribution of the mutated
regions to that step. We find that the mutant fragments are
severely compromised in their ability to assemble active
transpososomes. Yet once assembled, the mutant DNA
substrates can be cleaved with a first-order rate constant equal
to or higher than the rate constant observed for the wild-
type fragments. Similar results were obtained for the strand
transfer reaction. We conclude that the recognition sequences
contribute directly and substantially only to the assembly
stage of transposition, the commitment step for the overall
reaction. These results contrast with studies of simpler
proteins, in which sequence recognition contributes directly
to catalysis, and serve as an example for how other DNA
modification reactions that include a distinct complex-
assembly step may solve the DNA specificity problem.

MATERIALS AND METHODS

Proteins and DNA.MuA (30) and MuB (31) were prepared
as described. Target DNA (ΦX174 RFI) was purchased from
New England Biolabs, and DNA fragments were synthesized
by the MIT/HHMI biopolymers lab and gel purified. The

sequences of most of the fragments are shown in Table 1.
Cleavage site mutants were identical to the wild-type
fragment, except for the changes specified in the text.

Transposition Reaction. Solution conditions for all trans-
position reactions (assembly, cleavage, or strand transfer)
were essentially as described (23). However, the divalent
metal ion concentration depended on the reaction stage, as
specified in the individual figures and captions. All DNA
fragments used in the study were 5′ labeled on the cleaved
or cleavable strand with T4 polynucleotide kinase. During
assembly, MuA was at 200 nM and DNA fragments were
at 50 nM; these reactions were diluted 2-fold for cleavage,
or 10-fold for strand transfer. During strand transfer, MuB
was at 690 nM and target DNA was at 2.8 nM (or 10 ng/
µL). (In dilution experiments, the dilutions described in the
figures were in addition to the dilutions mentioned here.
Thus, a 10-fold transpososome dilution for cleavage (see
Figure 3D) was really a 20-fold dilution, since the standard
dilution was 2-fold.) Reactions were performed at room
temperature (22( 1 °C), except the assembly steps of
cleavage or strand transfer experiments, which were per-
formed at 30°C. This higher temperature enhanced the
assembly rate (data not shown).

Gel Analyses.Assembly and cleavage experiments were
analyzed on 8% acrylamide gels containing 0.05% SDS and
0.5 × TBE buffer (45 mM Tris-borate, 1 mM EDTA).
Samples were heated to 40°C before being loaded onto the
gel. After electrophoresis, gels were transferred to Whatman
paper, dried, and exposed to a Molecular Dynamics phos-
phorimaging cassette. Strand transfer reactions were analyzed
on agarose gels, as described (23).

Complex Stability Analysis.To assess the stability of
transpososomes (see Figure 4B), MuA and DNA fragments
were incubated for 2 days at room temperature, in the
presence of 10 mM CaCl2. Complexes were then diluted
2-fold into a solution containing 70 mM MgCl2. Samples
were withdrawn att ) 0, 1, and 2 h, and unlabeled wild-
type DNA fragments were added to the samples to a
concentration∼30-fold higher than the concentration of
labeled fragments. After being incubated on ice for 5 min,
each sample was loaded onto a 2% MetaPhor agarose
(BioWhittaker Molecular Applications) gel. Gels were run
for 3 h at 60 V in 0.5× TBE buffer and visualized as
described above.

Table 1: Sequences of DNA Fragments Used in This Study
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RESULTS

Mutant DNA Fragments Are SeVerely Compromised
Transposase Substrates.To dissect the role of sequence
specificity in individual steps of transposition, it was
necessary to design DNA substrates whose transposon
sequences were seriously compromised but that could still
transpose. We designed three DNA fragment sequences with
mutations in the recognition sites that dramatically reduced
but did not eliminate transposition (Figure 1C). For two of
the sequences, the mutations were confined to the R1 site,
as previous studies suggested that mutations in R1 would
be more deleterious to transposition than mutations in R2
(32). The mutant I fragment was most severely disrupted
close to the cleavage site, in the region of R1 that is contacted
by domain Iγ of MuA, although this fragment also contained
less severe substitutions in the inner part of R1. Mutant I
was the most active of the three mutant fragments (see
below). The mutant II fragment was disrupted in the inner
half of R1. This region is normally contacted by domain Iâ
of MuA. The sequences for both mutants I and II were based
on an “anticonsensus” sequence; that is, the substituted
nucleotides were those that appear most infrequently in the
natural MuA recognition sites (33). Finally, the mutant III
fragment contained mild mutations throughout both the R1
and R2 sites. This sequence was discovered in a selection
for non-Mu sequences that can be transposed, albeit weakly,
by MuA (32).

Each of the three mutant DNA substrates was, as expected,
a poor transposition substrate. Under standard reaction con-
ditions, incubation of MuA with any of these fragments did
not result in detectable cleavage even after a 24 h incubation
(data not shown). However, the mutant DNA molecules
could participate in transposition if the reaction was separated
into stages and the reaction conditions were optimized for
each stage (Figure 2 and also Figures 3-6 below).

To stage the reactions, we relied primarily on divalent
metal ion requirements (data not shown, but see refs7 and
16). Transpososome assembly with precleaved DNA frag-
ments (fragments synthesized to terminate at the cleavage
site) does not require divalent metal ion to be added to the
reaction mixture. Ca2+ supports transpososome assembly on
uncleaved fragments, but it does not support DNA cleavage.
A 10 mM concentration of Mg2+ supports all three stages:
transpososome assembly, DNA cleavage, and DNA strand
transfer. Higher magnesium concentrations inhibit transpo-
sosome assembly but not DNA cleavage (T. Williams and
T. A. Baker, unpublished results). Strand transfer, as
measured here, requires addition of target DNA.

Mutant Fragments Assemble into Transpososomes Slowly
and Incompletely.To test the influence of the DNA sequence
on transpososome assembly, we used DNA cleavage as a
readout for successful assembly (Figure 2A). Uncleaved
DNA fragments were incubated with MuA for up to 27 h
without divalent metal ion. At each time point, a sample was
withdrawn, and cleavage was initiated by addition of Mg2+

and allowed to go to completion (2 h; see Figure 3). This
high Mg2+ concentration also inhibited further assembly, as
indicated by the absence of cleaved product in the 0 time
point (Figure 2B); thus, the extent of cleavage reflected the
success of transpososome assembly during the first incuba-
tion.

Both the mutant fragments I and II assembled only slowly
into active complexes (Figure 2C,D). After 27 h, assembly
on these mutant fragments had slowed considerably but not
stopped (Figure 2D), with only 15% of the mutant I DNA
or 5% of the mutant II DNA assembled into active complexes
(Figure 2B,C). In contrast, assembly with wild-type se-
quences was complete within about 2 h, with an average of
70% of the fragments assembled into active complexes
(Figure 2B,C).

Although reactions with mutant fragments had not reached
completion after 27 h, the shape of the progress curves
suggested that these reactions would never generate the
number of active complexes observed with wild-type frag-
ments (Figure 2C,D). We anticipated that the assembly
reaction would be slow with these mutants; it was less certain
that the reactions would also have a lower end point. The
low end point is not simply due to loss of MuA activity, as
adding additional MuA to these reactions for a second 24 h
incubation prior to the initiation of cleavage did not increase
the yield of cleaved product (data not shown). Rather, we

FIGURE 2: Mutant fragments assemble slowly into active com-
plexes. (A) Summary of experimental design. This is a functional
assay for assembly of active complexes. The readout is the extent
of cleavage. (B) Acrylamide gel from an assembly experiment,
showing bands of cleaved and uncleaved fragments. This panel and
panel C are typical of three independent experiments. (C) Graph
of assembly rates. This is a graph from a single assembly
experiment, attained by analysis of gels such as that shown in (B).
The data are fit to a second-order rate equation. (D) The relative
assembly rate is slow with mutant fragments. This graph shows
normalized results from three independent experiments for the wild-
type and mutant I, and two experiments for mutant II. Each data
point was normalized to the asymptote for its data set, again using
a second-order rate equation. The normalization gives a sense of
relative assembly rates, given that reactions with mutant fragments
appear to reach completion with few active complexes assembled.
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suspect that the final extent is low because the mutant DNA
fragments become trapped in inactive complexes, as dis-
cussed further below. Gel-retardation assays revealed that
the yield of competitor-stable complexes was comparable
to the yield of active complexes, whether on wild-type or
mutant fragments (data not shown, but see Figure 4B below
and also ref23).

MuB Enhances the Assembly Rate on Wild-Type Sequences
but Not on Mutant Sequences.The transposition-accessory
protein MuB is present during transpososome assembly in
vivo. Therefore, we also performed assembly assays in the
presence of this protein. Previous experiments established
that MuB directly stimulates transpososome assembly and
strand transfer (18, 22, 34), and under some conditions also
cleavage (13, 20). As expected, addition of MuB and ATP
stimulated the rate of assembly on the wild-type sequences.
Its presence, however, had no significant effect on assembly
with mutant fragments (data not shown). Thus, either with
or without MuB, the DNA sequence strongly contributes to
the rate and efficiency of transpososome assembly.

The Recognition Site Sequence Does Not Contribute
Directly to DNA CleaVage.To determine the importance of
specific DNA sequence contacts to the cleavage reaction,
we followed the rates of cleavage of preassembled com-
plexes. Transpososomes were assembled for 18 h, and the

cleavage time course was then initiated by addition of Mg2+

(Figure 3A). As expected for an activity of a preassembled
complex, appearance of cleaved product fit well to a first-
order rate equation (Figure 3B). This conclusion was
supported by the results of a dilution experiment; diluting
the assembly mixture an additional 10-fold when cleavage
was initiated did not change the observed rate constants
(Figure 3D and data not shown).

Remarkably, the first-order rate constants for each of the
three mutant fragments were equal to or even slightly higher
than that observed with wild-type fragments (Table 2). This
result can be visualized by normalizing each data set to its
asymptote and thereby comparing the relative cleavage rates
for each fragment type (Figure 3C). Thus, although the
absolute rates of cleavage were slow with mutant fragments
(Figure 3B), the similarity in rate constants reveals that the
slower reactions were due to a low concentration of active
transpososomes, rather than a slow catalytic step.

MuA-DNA Complexes Are Stable during DNA CleaVage.
The DNA cleavage reactions reached completion with only
a small percentage of the mutant fragments cleaved (Table
2 and Figure 3B). These results are consistent with the
assembly experiments, and are probably due to sequestration
of the DNA fragments in inactive complexes. By fitting the
cleavage data to a simple first-order scheme, we are assuming
that the activity loss did not occur during the cleavage time
course. Rather, we are assuming that inactivation occurred
during the assembly time course or immediately upon
initiation of cleavage. The only changes in reaction condi-
tions from assembly to cleavage are the addition of Mg2+

and the 2-fold dilution of protein and DNA. Thus, given the
lengthy assembly (18 h) and rapid cleavage (∼1 h), it seems
likely that the activity loss occurs primarily during the
assembly stage. Nonetheless, the following experiments were
designed to test for complex stability during the cleavage
stage and confirm the validity of the cleavage first-order rate
constants.

To test for inactivation of transpososomes during the
cleavage stage, we assayed cleaved complexes for their
ability to participate in strand transfer (Figure 4A). This
experiment required three incubation periods: (i) complexes
were assembled on uncleaved fragments (either the wild type
or mutant I), (ii) Mg2+ was added, the complexes were
allowed to complete cleavage, and a sample was taken to
assay the extent of cleavage, and finally (iii) MuB and target
DNA were added, and the complexes were allowed to
complete strand transfer. As expected, only a small percent-
age of mutant DNA fragments were successfully cleaved.

FIGURE 3: Mutant fragments are cleaved with rate constants similar
to those of wild-type fragments. (A) Summary of experimental
design. (B) Graph of one data set for each fragment type. Data are
fit to a first-order equation. Table 2 summarizes results from
multiple data sets. (C) Normalization reveals that mutant fragments
are cleaved with relative rates similar to those of the wild type.
These are the same data as shown in (B), but each point was
normalized to the asymptote for its set. The wild-type data are
highlighted with a dark line. (D) Dilution of preassembled trans-
pososomes does not change the cleavage rate, supporting that the
data fit first-order kinetics. For simplicity only the experiment with
wild-type fragments is shown, but mutant I gave the same results.

Table 2: Rate Constants for Cleavage Reactions

fragment ka
% fragment

cleavedb nc

wild type 0.08( 0.01 74( 9 6
mutant I 0.12( 0.03 11( 5 3
mutant II 0.10( 0.06 2( 0 3
mutant III 0.15( 0.02 5( 1 2
C to T mutant 0.002( 0.001 62( 8 2
A‚A mismatch 0.007( 0.001 45( 1 2
a Rate constants were determined by fitting data like those of Figure

3B to the equation [fragment]cleaved) [fragment]total - [fragment]totale-kt.
b This column is the asymptote of graphs such as the one shown in
Figure 3B.c This column is the number of experiments.
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However, of those cleaved fragments, most (69( 1%) went
on to complete strand transfer. The completion efficiency
was similar with wild-type fragments: 71( 12% of those
that were cleaved also completed strand transfer. Thus, the
mutant fragments appear to partition into two groups during
assembly. The majority (80-90%) of the mutant fragments
partition into an inactive form. But a small fraction are
incorporated into active transpososomes, and these remain
active throughout the cleavage time course, as judged by
their ability to participate in strand transfer.

To further test for transpososome stability during the
cleavage reaction, we used a physical assay to directly
quantify stable transposase-DNA complexes (Figure 4B).
Complexes were assembled as if in preparation for a cleavage
experiment. At time 0, the reaction was diluted 2-fold and
Mg2+ was added, as during a cleavage experiment. At
subsequent times, aliquots were removed, an excess of
unlabeled DNA was added (as a competitor to trap any
transposase that may dissociate from the labeled DNA), and
samples were run on an agarose gel. Over a period of 3 h
there was no significant decrease in the total number of
visible protein-DNA complexes, indicating that the com-
plexes were stable over the course of the cleavage reaction.

Together, the physical assay for complexes (Figure 4B),
the strand transfer experiment (Figure 4A), and the dilution
experiment (Figure 3D) strongly support the conclusion that
cleavage occurs with first-order kinetics. This conclusion
justifies our comparison of the rate constants observed for

mutant and wild-type DNA fragments (Table 2). We interpret
the similarity in these rate constants as follows: although
only a small percentage of the mutant fragments assembled
into stable, active complexes, those complexes that did
assemble were able to cleave DNA as well as the complexes
formed with the wild-type Mu DNA sequence.

Mutations Near the CleaVage Site Slow the Rate of DNA
CleaVage.The DNA recognition sites are located five base
pairs away from the site of DNA cleavage. Though mutations
in the recognition sites did not lower the rate constant for
cleavage; mutations very near the cleavage site did. Specif-
ically, either changing position 2 from a G‚C base pair to
an A‚T (C to T mutant) or the introduction of a mismatched
basepair (A‚A mismatch) at position 1 (see DNA sequences
in Figure 1B) slowed the cleavage rates more than 10-fold
(Figure 5 and Table 2).

The Recognition Site Sequence Does Not Contribute
Directly to Strand Transfer.To investigate the contribution
of the MuA recognition site sequences to the strand transfer
reaction, we used precleaved transposon fragments carrying
either the wild-type or mutant DNA sequences. Assembly
was conducted in the absence of divalent metal ions. Strand
transfer was then initiated by diluting the assembly reaction
1 in 10 into a reaction mixture containing 70 mM MgCl2,
target DNA, MuB, and ATP (Figure 6A). The dilution and
the high Mg2+ concentration prevented further assembly of
stable complexes (data not shown). The accumulation of
strand transfer products fit well to a first-order equation
(Figure 6B,C). In an experiment with wild-type fragments,
diluting the assembly mixture an additional 10-fold upon
initiation of strand transfer did not change the first-order rate
constant (data not shown), further supporting the conclusion
that strand transfer is an apparent first-order reaction.

The rate constant for strand transfer of mutant I fragments
was indistinguishable from the rate constant for strand
transfer with wild-type DNA sequences. As with cleavage,
this similarity can be seen graphically by normalizing each
data set to the asymptote for that set, and directly comparing
the relative rates of strand transfer (Figure 6C). Thus,
substantial mutations in the outer half of the R1 recognition
site do not directly impact a fragment’s ability to participate
in strand transfer. Strand transfer is more difficult to quantify
than cleavage, and of the mutant fragments, only mutant I
gave data of sufficient quality for this analysis. The strand

FIGURE 4: Transpososomes are stable over the course of a cleavage
reaction. (A) Most complexes that are active for cleavage retain
their activity for strand transfer. Complexes were assembled in the
presence of 10 mM Ca2+. Cleavage was initiated by adding Mg2+

to 70 mM. Strand transfer was initiated by adding target DNA,
MuB, and ATP. (B) During the cleavage reaction, no significant
changes in complex stability are visible on an agarose gel.
Complexes were assembled in the presence of 10 mM Ca2+.
Cleavage was initiated by adding Mg2+ to 70 mM. Rather than
assaying for cleavage, we assayed for complex stability by adding
an excess of unlabeled DNA and loading samples onto a native
agarose gel.

FIGURE 5: Mutations near the cleavage site slow the relative
cleavage rate. These experiments follow the experimental design
summarized in Figure 3A. The C to T mutant is a base pair
substitution at the second position from the Mu DNA end; A‚A
mismatch is a single nucleotide substitution on the uncleaved strand
at the first position. The results are detailed in Table 2.
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transfer rate constant for both this mutant and the wild-type
sequence was 0.4 min-1 ((0.02 for the wild type or(0.03
for the mutant). This value is roughly 4 times the cleavage
rate constant (Table 2).

MuB Is InVolVed in the Rate-Determining Step for Strand
Transfer. As discussed above, MuB protein did not stimulate
transpososome assembly on the mutant DNA fragments.
MuB also did not stimulate the rate of DNA cleavage with
either the mutant or wild-type DNA fragments (data not
shown). To complete this analysis of the impact of MuB,
we investigated its influence on the rate of strand transfer.
We found that both MuB and target DNA concentrations
impacted the rate of strand transfer (Figure 7). In reactions
with wild-type fragments, diluting MuB 10-fold compared
to the standard conditions decreased the strand transfer rate
roughly 50-fold. Diluting the target by the same amount had
no effect, but whenboth MuB and target were diluted, the

rate decrease was roughly 3-fold greater than if MuB alone
was diluted. One function of MuB during transposition is to
bind and deliver a target DNA molecule to the transpososome
(35). Our results suggest that interactions between the
transpososome and a MuB-target DNA complex were rate
limiting in the strand transfer experiments. The same step
may well be rate limiting for strand transfer in vivo, since
in the cell, MuB stimulation is required for robust transposi-
tion (36, 37).

DISCUSSION

MuA Recognition Sites Regulate Assembly.Once MuA
transposase and the Mu DNA assemble into a transpososome,
they remain in that complex until actively removed (11, 13,
27, 38). Thus, assembly of the transpososome is the first
committed step in transposition. The MuA recognition sites,
located at the ends of the Mu DNA, are essential for
transpososome assembly, ensuring that only ends of the Mu
genome assemble into transpososomes and are transposed
(39). The current study presents the first kinetic analysis of
transpososome assembly on mutant transposon end se-
quences, confirming expectations based on previous end-
point-based studies. We find that mutations in the R1
recognition site dramatically reduce assembly rates. Un-
doubtedly, assembly in the absence of any intact MuA
recognition sequences would be poorer still.

The slow assembly rate is not due to poor binding of MuA
to the mutant DNA fragments. MuA has high nonspecific
DNA-binding activity (40), and the mutant DNA fragments
were fully occupied by MuA under our experimental
conditions (unpublished results). Rather, past studies indicate
that the recognition sites stimulate assembly by at least two
mechanisms. Interactions with the recognition sequence
induce allosteric changes in MuA that activate assembly, and
the recognition sites help align the MuA subunits with respect
to each other and with respect to the cleavage site DNA (23,
39, 41).

Only a small percentage of mutant DNA fragments
successfully assembled into active transpososomes, even
when the assembly reaction was nearly complete. Cleavage
activity with these mutant fragments was not enhanced by
the addition of more MuA for a second 24 h incubation prior
to initiating cleavage. Thus, we could rule out two simple
explanations for the low quantity of active mutant com-
plexes: (i) MuA unfolds or aggregates during the long
assembly incubation, or (ii) unlike for wild-type fragments,
the disassembly rate for mutant fragments is substantial so
that at equilibrium most fragments are not incorporated into
complexes. If this second explanation were correct, addition
of more MuA should shift the equilibrium in favor of
transpososome assembly and increase the cleavage activity.
We therefore conclude that the mutant DNA fragments are
often incorporated into inactive complexes. We can only
speculate as to the nature of these inactive complexes. They
could be poorly ordered assemblies, or they could be synaptic
complexes, perhaps with the DNA fragments bound in an
orientation that did not permit them to be cleaved.

The MuA Recognition Site Sequence Is Not Critical during
Postassembly EVents.Mutations in the MuA recognition site
sequences did not reduce the relative rates of DNA cleavage
or of strand transfer. The absolute rates of reactions with

FIGURE 6: Mutant fragments participate in strand transfer with rate
constant similar to that of wild-type fragments. (A) Summary of
experimental design. (B) Graph of one data set for each fragment
type. Each time point was analyzed on two separate agarose gels,
and the data from both gels are included on the graph. Data are fit
to a first-order equation. (C) Normalization reveals that mutant
fragments are cleaved with relative rates similar to those of the
wild type. These are the same data as shown in (B), but each point
was normalized to the asymptote for its set.

FIGURE 7: The strand transfer reaction rate is dependent on the
concentration of MuB and target DNA. For simplicity we did not
include a data set for the standard conditions, but the experiment
in which target alone was diluted can be superimposed on the data
points collected under standard conditions. By contrast, diluting
MuB or target and MuB caused substantial rate reductions. The
data are again normalized to the asymptote for each data set, because
diluting MuB also reduces the final extent of the reaction. Thus,
the absolute rates are even more dependent on MuB than are the
relative rates represented here. For all experiments shown, trans-
pososome dilutions were standard (see Figure 6A).
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mutant DNA fragments were low because the concentration
of active complexes at the start of each reaction was low.
However, the first-order rate constants were similar for wild-
type and for mutant fragments. We interpret these results as
follows: although relatively few active transpososomes
assembled with the mutant DNA fragments, those that
successfully assembled were unimpaired during cleavage or
strand transfer. These results suggest that, once a transpo-
sosome is assembled, interactions between the MuA DNA-
binding domain and the DNA recognition sites do not have
a significant impact on the catalytic domain.

One caveat to this conclusion is that we cannot say whether
the rate-determining steps are the same here as under
physiological conditions. We reported two experiments, one
each for cleavage and for strand transfer, that help character-
ize a rate-determining step. We found that mutations in the
DNA near the cleavage site slow the cleavage rates more
than 10-fold (Figure 5 and Table 2). These results are
consistent with the possibility that precise engagement of
the DNA cleavage site in the protein’s active site contributes
to the observed reaction rate. Though still speculative,
engagement of the cleavage site in the active site is a
reasonable candidate for a physiologically relevant rate-
determining step. We also found that strand transfer rates
are enhanced by addition of MuB. Since in vivo transposition
is enhanced by MuB (36, 37), this result suggests that the
same step or steps may be rate determining in vitro as in
vivo.

Nonetheless, it is possible that the in vivo rates are
governed by steps different from those reflected in our
experiments. In fact, cleavage reactions can be more rapid
than reported here if the transposon sequences are contained
within a circular plasmid (13). Thus, it is possible that
recognition site mutations would slow the physiological rates
of cleavage or of strand transfer, and that this slowing is
masked in our experiments by a still slower step. However,
if the mutations do slow a physiologically critical step, the
effect must be mild for it to not have been detected here.

Interestingly, the rate constants for the cleavage step for
two of the mutant fragments (mutant I and mutant III) were
consistently slightly higher than for wild-type sequences.
(The error in measurements with the third mutant was too
great to detect subtle differences.) Mutations in the DNA
recognition sites significantly destabilize transpososomes, as
measured by the transpososomes’ resistance to challenge with
heparin (23). Our results suggest that the mutations used in
this study destabilize the precleavage complexes (the “stable
synaptic complex” or “type 0” complexes) more than they
do the transition state for cleavage. As a result, the activation
barrier for cleavage of mutant DNA fragments was actually
slightly smaller than for cleavage of the wild-type DNA
fragment, causing a slight enhancement in the cleavage rate.

Separation of Function between the DNA Recognition Site
and CleaVage Site. In contrast to mutations in the recognition
sites, mutations in the DNA near the cleavage site do lower
the observed rate constant for DNA cleavage. The cleavage
site and the recognition site are contacted by different
domains of transposase (40, 42). In addition, the cleavage
site sequence, (T or A)CA, is short compared to the 22 base
pair recognition sequence, contributing very little toward
identifying the ends of the Mu DNA in the context of the
entire Mu genome. However, this sequence is important in

identifying the precise cleavage site within the local DNA
sequence of an assembled transpososome (32).

Past studies have shown that the cleavage site sequence
of the Mu DNA is important for assembly as well as for
cleavage (43-45), but other transposons may not sense the
cleavage site sequence during transpososme assembly. The
second base pair of the Tn5 DNA has also been implicated
in transpososome assembly (46). In contrast, the sequence
of the first few base pairs of IS10 appears to be less important
during transpososome assembly (47, 48). We speculate either
that IS10 does not need to engage the cleavage site to
assemble a transpososome or, more likely, that it relies on
the correct base pair spacing between the recognition site
and the end of the transposon DNA to ensure that the
cleavage site is correctly engaged. As an interesting aside,
MuA’s repeated reliance on the cleavage site sequence helps
explain why the cleavage site DNA has more restricted
sequence requirements than any other location on the Mu
DNA ends (32). Other elements (IS10, Tn5, and IS903) show
stronger sequence requirements at specific locations within
the recognition sites (47-51).

MuA’s Mode of Sequence Recognition DiVerges from
ConVentional Models.Our finding that the alterations in the
MuA recognition site sequence do not lower the observed
rate constant for catalysis is unusual. Conventional models
of enzyme function, developed through studies of serine
proteases, hexokinase, and other enzymes, propose that
enzyme specificity and efficiency are inextricably linked (24,
25). Though an enzyme may interact nonspecifically with
many different molecules, only specific binding interactions
with the “true” substrate activate the enzyme’s catalytic
abilities. Among enzymes that interact with DNA, the best-
studied restriction enzymes fit well with this classical view.
Restriction enzymes bind with high affinity to noncognate
as well as cognate DNA sequences (52, 53), but in several
cases it has been shown that the mode of binding is unique
at the cognate site. For example,EcoRV and EcoRI both
severely distort the DNA at their cognate sites, and this
distortion is necessary to activate DNA cleavage (54, 55).
BamHI only mildly distorts its DNA site, but the protein
itself is altered by cognate site binding as compared to
noncognate binding (56). For all three of these restriction
enzymes, it is believed that contacts made only in the cognate
complex stabilize the transition state for cleavage, so that
the free energy of interactions between the enzyme and its
cognate site lowers the activation barrier to cleavage (26,
27, 57).

Our results with MuA transposase contrast with studies
of conventional restriction enzymes, in that transposase’s
specificity for its recognition sites is not directly linked to
catalytic efficiency. Once a transpososome is assembled, both
the rate of cleavage and of DNA strand transfer are
unaffected by heavy mutations in the recognition sequence.
However, MuA transposase differs from these restriction
enzymes in at least two relevant ways. (i) MuA is a modular
protein (40), with distinct DNA recognition and catalytic
domains. As a result, DNA cleavage occurs a considerable
distance (five base pairs) outside of the DNA recognition
sequence. This modularity may enable separation of function
between DNA recognition and catalysis. Some restriction
enzymes are also modular, but the restriction enzymes
discussed above each contain a single domain, with regions

14640 Biochemistry, Vol. 42, No. 49, 2003 Goldhaber-Gordon et al.



that function in sequence recognition interspersed with
catalytic regions (27). (ii) Transposase performs its reactions
when it is part of a stable transpososome, and it does not
turn-over with each reaction cycle. Thus, transposition
includes a discrete assembly phase, distinguishable from
simple DNA binding. These two steps, simple binding and
transpososome assembly, may be considered analogous to
the first two stages of restriction cutting: simple, noncognate
binding and active cognate binding. A restriction enzyme
first binds DNA nonspecifically and then becomes activated
via additional DNA contacts made upon binding the cognate
site. Analogously, transposase first binds DNA in a non-
committed fashion and then becomes activated via inter-
subunit contacts made upon transpososome assembly.

MuA May Represent a Large Class of Proteins That
Separate Substrate Recognition from Catalysis.Many other
DNA-modifying enzymes share with MuA these traits of
being modular, of requiring DNA sequence cues to trigger
assembly of multimeric complexes, and of modifying DNA
at a location that is distinct from the principal DNA
recognition sequence. MuA is part of a large family of
transposases that share these properties (58). Two families
of site-specific recombinases, the serine family and the
tyrosine family, are also modular proteins that function in
synaptic complexes (59). In addition, there are also restriction
enzymes that differ from the conventional prototypes dis-
cussed above and are more like MuA (60). For example,
the type IIs enzyme,FokI, is modular, is monomeric in
solution, and assembles into an active dimer only in the
presence of it cognate DNA sequence (61, 62). The type IIf
enzyme,SfiI, is a tetrameric restriction enzyme that synapses
two cognate sequences to cleave DNA. DNA synapsis fails
to occur if a noncognate sequence is bound (63).

These proteins are attractive candidates for being regulated
by DNA specifically during complex assembly, in the same
manner as MuA. For example,FokI is able to cleave DNA
even if its DNA-binding domain is replaced with one from
a related protein that recognizes a distinct sequence (64-
67), demonstrating separation of function between sequence
recognition and DNA cleavage. Similarly, chimeras between
Gin invertase and ISXc5 resolvase, two related site-specific
recombinases that recognize distinct sequences, can perform
recombination (68). Phageλ integrase can catalyze simple
DNA cleavage and joining reactions even in the absence of
its specific recognition sequences (att sites) (69). However,
the att sites are required for assembling a fully functional
“intasome” complex (59). This observation suggests that the
energy of specific binding is more important for establishing
the structure of theλ integration complex than it is for
performing covalent modification of DNA.λ integrase is also
similar to MuA in that its full recombination pathway
requires interactions between the protein and a series of long
DNA recognition sequences, allowing the recombination site
to be uniquely identified within a genome. In general,
proteins that interact with long sequences may be particularly
likely to be regulated through a protein-DNA complex
assembly step, as it may be easier to evolve mechanisms
for a long sequence to contribute to complex assembly than
to contribute directly to catalysis of a DNA modification.
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