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ABSTRACT

Transposition allows movement of a defined stretch of DNA, a transposon, from one
DNA location to another. This process is required for the life-cycles of many viruses,
from bacteriophage Mu to HIV; it is spreading antibiotic resistances between bacterial
populations; and it is responsible for spontaneous mutations in all the kingdoms of life.
Transposition is mediated by a protein, the transposase, encoded by the transposon. DNA
sequence signals at the two ends of the transposon activate assembly of a transpososome:
a complex that include multiple copies of transposase plus both transposon ends.
Transpososome assembly, in turn, activates the DNA cleavage and joining reactions
required for transposition. This thesis explores aspects of interactions between one
transposase, MuA, and the ends of its transposon DNA, the genome of bacteriophage Mu.
The first chapter provides an overview of Mu transposition, with special emphasis on the
transpososome. The second chapter shows that in the absence of two proper transposon
end sequences, an unrelated sequence can substitute for one of the two ends. This leads
to some models about the process of transpososome assembly. The third chapter
describes and analyzes 18 specific sequences that substituted for one transposon end.

The fourth chapter shows that sequence specificity contributes primarily to the initial
stage of transposition, transpososome assembly, rather than to the DNA cleavage and
joining steps. The fifth chapter shows that the very last nucleotide of the transposon
helps maintain the distinction between the two reactions, DNA cleavage and DNA
joining.

Thesis supervisor: Tania A. Baker
Title: Professor of Biology
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Chapter 1. Introduction
The Mu Transpososome and Friends: a Means of Grabbing Control

DNA transposition occurs in a protein-DNA complex called a transpososome. Within
this complex, multiple copies of a transposase protein hold together the two ends of the
transposon DNA. Transpososome structure and the processes of transpososome assembly and
disassembly are crucial for controlling the outcome of transposition, on many levels. Some
transpososome features are shared across the transposon family, and reflect common needs for
control. Other features are particular to each individual transposon, reflecting that transposon’s
biological niche. In this chapter I provide a mechanistic overview of Mu transposition,

emphasizing the importance of the transpososome, and comparing the Mu transpososome to that
of other family members.




Background information.

Transposition is the movement of a transposon DNA sequence from one DNA location to
another. The smallest transposons, known as insertion sequences, can be as short as 700bp
(Chandler, 2002). For these small DNA elements, transposition is a means of spreading laterally
through a bacterial population. Near the other end of the size-spectrum is bacteriophage Mu,
whose entire 40kb phage genome is a transposon. Mu transposes once each time it infects a new
cell, to integrate into the host’s chromosome. It also transposes multiple times during lytic
growth, creating a new copy of its genome with each transposition event (Pato, 1989).

There are three families of transposons. “DNA transposons” encode a transposase
protein that provides the active site for the cutting and joining reactions of transposition. The
transposase is active in the context of a transpososome: a complex that includes, at a minimum,
two copies of transposase and the two outer ends of the transposon DNA. Another family, the
non-L TR retrotransposons, transpose via an RNA intermediate and are reverse transcribed
directly into their relocation site (Finnegan, 1997). This is the most abundant family in the
human genome: DNA derived from non-LTR transposons makes up 34% of all the DNA in the
. human genome, whereas DNA derived from other transposons comprises a still-substantial 11%
(Lander et al., 2001). The third family, LTR retrotransposons, combines aspects of each of the
other two. They transpose via an RNA intermediate, but the reverse-transcribed DNA must
integrate into its relocation site through the cutting and joining actions of an integrase protein,
closely related to transposases (Rice and Baker, 2001). The integrase and the retroviral cDNA
form a complex, analogous to a transpososome, to mediate integration (Carteau et al., 1999;
Chen and Engelman, 2001; Ellison et al., 1995; Kukolj and Skalka, 1995; McCord et al., 1999;
Murphy and Goff, 1992; van Gent et al., 1993; Wei et al., 1998). HIV and other retroviruses
belong to this last family. Because the retroviral integrases are related to transposases, our
understanding of the mechanics of HIV integration is founded on studies of bacterial
transposition, especially Mu transposition.

At a minimum, a transpososome must perform two covalent modifications of DNA:
cleavage of the transposon's 3' strand away from the “donor” DNA that flanks it, and a "strand
transfer" reaction to insert the cleaved strand into the new DNA location, the target DNA (fig 1).
In addition, some transpososomes also cleave the transposon’s 5’ strand away from the flanking
DNA, causing full excision of the transposon from its original donor DNA. This full excision is
called cut & paste transposition, and is characteristic of many transposons including Tn5, Tn7,
Tn10, the P-elements of fruit-flies, and phage Mu when it is integrating into the chromosome of
anew host cell. If the 5° strand is not cleaved, the transposon undergoes replicative
transposition (Craig, 2002). The initial transposition product is a branched structure, with the
transposon’s 3’ strands attached to the target DNA and the 5’ strands still attached to the donor
DNA. Selective replication across the transposon resolves this structure. Phage Mu uses
replicative transposition during lytic growth, creating 50-200 copies of its genome before lysing
the cell. It is the better-studied of the two pathways of Mu transposition, and is the subject of my
thesis work (Pato, 1989). Other transposons that perform replicative transposition include
members of the Tn3 family, such as y3.

The Mu transpososome performs two reactions during replicative transposition, twice
each: 3’ cleavage and strand-transfer for each end of the Mu DNA. Remarkably, the transposase
contains only one active site for the two distinct reactions, and a single transposase subunit of the
~ transpososome performs both reactions for one DNA end (Namgoong and Harshey, 1998;
Williams et al., 1999). The transposases from TnS5 and Tn10 perform 3’ cleavage, strand
transfer, plus additional reactions to cleave the transposon’s 5’ strand, again all with a single
active site (Bolland and Kleckner, 1996; Naumann and Reznikoff, 2000).
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Transposase has a complex task. At a chemical level, it must organize the distinct
substrates for cleavage and for strand transfer, so that each reaction is performed with the proper
substrates. At a higher level, the transposase protein ensures that all of the transposon DNA, and
only the transposon DNA, relocates together. The transposase must also select an appropriate
target DNA. At a higher level still, transposase may be involved in controlling the timing of
transposition. All this control is made possible by strict requirements for transpososome
assembly and architecture.

The core Mu transpososome contains a tetramer of the transposase, MuA (fig 2). Yet
MuA is monomeric in solution; the MuA monomers assemble into a tetramer only by binding to
DNA recognition sites located near the ends of the Mu genome. The recognition sites share a 22
base-pair consensus sequence, and they are named by their position relative to the ends of the
Mu DNA: L1, L2 and L3 on the left end, and R1, etc. on the right (fig 2). The DNA cleavage
site, the actual site of cleavage and strand transfer, is located five base-pairs beyond the R1 or L1
recognition site, precisely at the end of the Mu DNA.

My thesis focuses on protein-DNA interactions within the Mu transpososome, and the
impact of these interactions on the control of transposition. In chapters 2 through 4 I discuss
- how interactions between MuA and its recognition sites impact transpososome assembly and
later steps of transposition. In chapter 5, I discuss how, in the context of a transpososome,
interactions between MuA and the very ends of the Mu DNA (the DNA cleavage sites) allow for
two distinct reactions, cleavage and strand transfer, to be mediated correctly by a single active
site. In the current introductory chapter, I provide a mechanistic overview of transpososome
organization and function, emphasizing in the later parts how transpososome formation is the
basis for control mechanisms.

MuA - the Transposase

Transposases are related by the two reactions that they all perform — 3' donor cleavage and strand
transfer — and they differ most critically by the DNA sequences that activate them. Crystal
structures have been solved for the core catalytic domains of MuA transposase (Rice and
Mizuuchi, 1995), TnS transposase (Davies et al., 1999), HIV integrase (Dyda et al., 1994), ASV
integrase (Bujacz et al., 1995), RSV integrase (Yang et al., 2000), and SIV integrase (Chen et al.,
2000b). The catalytic domains of all of these proteins share a common fold and are easily
superimposable (fig 3). In contrast, the DNA-binding domains and regulatory domains vary
dramatically from protein to protein (Rice and Baker, 2001). This modular organization may
have permitted rapid evolution of new transposons, as an existing transposase might have
swapped its DNA binding domain with that from an unrelated protein and then begun to
transpose a new set of DNA sequences. Consistent with this idea, in chapter 4 of my thesis I
show that sequence-specific contacts between MuA transposase and its N-terminal DNA binding
domain do not contribute directly to DNA cleavage and strand transfer, the common reactions
for transposases. Rather, those contacts are most important when the transpososome is first
being assembled, and, as discussed below, the details of the assembly process varies with the
individual transposon.

The catalytic core.

The transposase catalytic core contains both a helices and B sheets, in an arrangement similar to
that of RNAseH, and to the nuclease RuvC that resolves Holliday junctions (Rice et al., 1996;
Rice and Baker, 2001; Yang and Steitz, 1995). This structural relationship emphasizes that
transposases are, fundamentally, nucleases. The cleavage reaction, like most nucleolytic
cleavages, is simply a hydrolysis (Engelman et al., 1991). The strand transfer reaction is a one-
step transesterification (Mizuuchi and Adzuma, 1991). Chemically, a transesterification is
similar to a hydrolysis, the only difference being the chemical context of the oxygen atom that
serves as nucleophile (fig 1). - Consistent with the transesterification function, the catalytic core
of transposases is more distantly related in structure to proteins that perform other types of -
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phosphoryl exchange reactions: the kinase family and the 3'-5' exonuclease domain of the
klenow fragment (Rice et al., 1996).

The catalytic core of a transposase or retroviral integrase contains three conserved, acidic
residues, the "DDE motif" (figs 3 and 4). Mutations in these residues severely reduce the
efficiencies of both cleavage and strand transfer, but have only subtle effects on transpososome
assembly (Baker and Luo, 1994; Kim et al., 1995; Krementsova et al., 1998). Based on these
findings, the DDE residues were predicted to coordinate one or two divalent metal ions at the
heart of the active site; several integrase structures, and the most recent structure of Tn5
transposase, now support a two metal-ion model (Bujacz et al., 1997; Bujacz et al., 1996;
Goldgur et al., 1998; Lovell et al., 2002). Most likely, the metal ions serve to activate a
nucleophile for attack on a DNA phosphate, and also to stabilize build-up of charge on the
phosphate in the transition state. There are only a few direct experiments exploring the catalytic
role of divalent metal ions in transposition (Junop and Haniford, 1996), but studies of other
proteins, such as the 3'-5' exonuclease domain of the klenow fragment, have greatly influenced
the way we think about transposition (Steitz and Steitz, 1993; Yang and Steitz, 1995). Over the
course of each reaction, the metal ions quite likely serve to activate the nucleophile (water or
3°’OH), stabilize the build-up of negative charge on the phosphorus atom in a penta-valent
transition state, and finally stabilize the 3” hydroxyl leaving group.

Other domains of MuA involved in catalysis.

MuA transposase is divided into three proteolytically defined domains (fig 4) (Nakayama et al.,
1987). The structurally-conserved catalytic core is contained within domain II, and domain II
also contains a smaller sub-domain that is not present in other family members. This smaller
domain is a positively charged P barrel, suggesting that it might be involved in DNA interactions
(Rice and Mizuuchi, 1995). Several mutations within that barrel effect the transition between the
cleavage and strand transfer reactions (Krementsova et al., 1998; Namgoong et al., 1998).

Domain ITIa of MuA has an unusual property on its own. When expressed as a peptide,
residues 575-600 have non-sequence-specific nuclease activity, linearizing a circular plasmid
(Wu and Chaconas, 1995). I know of no other peptide that small that can induce the making and
breaking of covalent bonds. The closest is a 20 residue peptide from RecA, that can catalyze a
DNA strand exchange, but of course that does not require changes in covalent interactions -
(Voloshin et al., 1996). Yet it is unclear to what extent the catalytic potential of the IIla peptide
is utilized during transposition, since a triple mutation that abolishes the nuclease activity of the
IIIa peptide does not abolish transposition activity in the context of the full protein. Rather,
those mutations inhibit transpososome assembly and make transposition more dependent on
stimulation by the MuB protein, discussed below. The effects of those mutations are similar in
detail to the effects of mutations in the DNA cleavage sites, suggesting that domain IIla, interacts
with the cleavage site (Naigamwalla et al., 1998). Perhaps domain IIla distorts the DNA in
such a way as to increase its susceptibility to cleavage — whether it be cleavage by the active site
of MuA, or, when the domain is expressed as a lone peptide, cleavage by free radicals in
solution.

DNA binding.

Transposases contain DNA-binding domains: domains that bind a recognition sequence in a
mode similar to transcription factors. These contrast with the catalytic domain, whose contacts
near the cleavage site are less sequence-specific and more invasive, distorting the DNA on a path
towards catalysis (Davies et al., 2000). Other proteins use this multi-domain approach as well:
site-specific recombinases and the modular restriction enzyme Fokl are good example (Wah et
al., 1997; Yang and Mizuuchi, 1997). Contrast these proteins with non-modular restriction
enzymes such as EcoRV and BamHI, in whom regions responsible for DNA-recognition and
regions responsible for homodimerization are all interspersed with a catalytic structure. As a
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result of this interspersion of functions within one domain, cleavage occurs internal to a
palindromic recognition sequence (Pingoud and Jeltsch, 1997). Such an arrangement would be
poorly suited for a transposase, whose cleavage site defines the end of the transposon.
Transposases' modular organization permits the cleavage sites to be separated from the
recognition sites, so that the cleavage sites are at the transposon’s termini and the recognition
sites are situated several base-pairs within the transposon.

The DNA-binding domains of transposases are usually N-terminal, but their structures
can vary greatly. Even two very closely related transposases, those from the C. Elegans
transposons Tcl and Tc3, have no sequence homology between their DNA binding domains or
between the DNA sites that they recognize. This ensures that Tc3 transposase does not assemble
a transpososome on Tcl DNA, for example (van Pouderoyen et al., 1997).

The N-terminus of MuA contains three independently folding helix-turn-helix (HTH)
motifs, each recognizing a distinct DNA sequence (Clubb et al., 1994; Clubb et al., 1997;
Schumacher et al., 1997). The first HTH motif, Ia, recognizes an enhancer-like sequence called
the IAS (Internal Activating Sequence), located ~950bp from the left end of Mu (see below)
(Leung et al., 1989; Mizuuchi and Mizuuchi, 1989). HTH motifs If and Iy each recognize half
. of the 22 base-pair recognition site sequence from the ends of the Mu DNA, and together these
recognize the full recognition sequence (Schumacher et al., 1997). The transposase of Tc3 also
contains a DNA-binding HTH motif, plus an additional DNA binding region (van Pouderoyen et
al., 1997). By contrast, the transposase from Tn5 contains a single, four-helical DNA binding
domain (Davies et al., 2000).

MuB ATPase, a necessary accessory

A mechanistic understanding of MuA requires some knowledge of MuB, a second phage-
encoded protein required for robust transposition. MuB is known as the immunity protein,
because it causes DNA regions that already contain a copy of the Mu DNA to be immune from
selection as transposition targets (Maxwell et al., 1987). This target immunity prevents Mu from
inserting into itself.

Others transposons also display target immunity. Bacterial Tn7, for example, encodes a
protein TnsC that functions analogously to MuB (Stellwagen and Craig, 1997). The barrier-to-
autointegration protein (BAF) plays a role in HIV integration that is conceptually similar to
MuB’s role in Mu transposition (Lee and Craigie, 1998). Tn3 transposase displays immunity,
but the identity of its immunity protein is a mystery (Robinson et al., 1977). However, many
transposons do not display immunity. Tnl0, for example, can integrate into itself, causing
chromosomal rearrangements (Kleckner et al., 1979).

MuB does not actively inhibit insertion into immune targets, but rather stimulates strand
transfer into non-immune targets. More specifically, MuB stimulates MuA to use a target DNA
that is already bound by MuB. Since this MuB-stimulation is a considerable advantage, those
molecules not bound by MuB become immune as transposition targets when MuB is present
(Baker et al., 1991). Thus to generate proper immunity, MuB must avoid binding to Mu DNA.
In an interesting activity loop, interactions with MuA itself determine MuB's binding preferences
(fig 5). MuB's affinity for DNA is highest when it is bound to ATP, and MuA stimulates MuB to
hydrolyze ATP and thereby release the DNA. As aresult, MuB is cleared from DNA molecules
that contain a nearby MuA binding site, where MuA is often present (Adzuma and Mizuuchi,
1988). In vivo, DNA within 5kb of a Mu DNA end sequence is fully immune, and immunity
drops off between 5 and 25kb. These results and others are consistent with immunity being
mediated by random collisions between MuA and MuB caused by DNA supercoiling (Manna
and Higgins, 1999). :

It seems counterintuitive that interactions between the same two proteins, MuA and MuB,
should in different contexts have almost opposite effects (fig 5). In one case, MuA clears MuB
from the DNA, making that DNA immune as a transposition target. In the other case, MuA
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select as a target only MuB-bound DNA. How is this possible? According to one model, the
answer may lie in the fact that MuA 1is only active as a transposase when it is assembled into a
transpososome. Before assembling into a transpososome, MuA is unable to commit to a target
DNA molecule (personal communication, T. L. Williams and T. A. Baker). At that stage, MuA-
MuB interactions clear MuB from the donor DNA, but cannot stimulate strand transfer. By the
time the transpososome is assembled and competent to engage a target DNA, presumably MuB
is sufficiently cleared from the immune DNA. MuB binds DNA as a polymer, and the polymer
does not need to be 100% cleared to generate immunity. It has been suggested that DNA close
to MuA will contain incomplete MuB polymers, those farther away will contain longer
polymers, and polymer length could influence transposition activity (Greene and Mizuuchi,
2002).

MuB actively stimulates strand transfer by MuA — even versions of MuB that cannot bind
DNA stimulate strand transfer, showing that MuB's influence on MuA is more complex than
simply brining MuA into close proximity with an appropriate target (Baker et al., 1991; Surette
and Chaconas, 1991). One possibility, also discussed below, is that MuB stimulates engagement
of target DNA in the MuA active site. However, in vifro MuA is able to do strand transfer at a
. reduced rate in the absence of MuB, so MuB is not absolutely required for productive binding of
target.

In addition to directly stimulating strand transfer, MuB also stimulates transpososome
assembly (Mizuuchi et al., 1992), and MuB and target DNA under some conditions stimulate
donor cleavage (Mizuuchi et al., 1992; Naigamwalla et al., 1998). It is not clear whether MuB
stimulation of transpososome assembly or of target cleavage is relevant to target immunity.
Transpososomes that are pre-assembled and/or pre-cleaved can respect target immunity (Baker et
al., 1991; Surette and Chaconas, 1991).

Organization of the transpososome

DNA binding and catalysis in trans.

Transpososome structure helps ensure that a transposon's two ends, potentially tens of kilobases
apart, always transpose together. The core Mu transpososome consists of a tetramer of MuA
(Lavoie et al., 1991; Mizuuchi et al., 1992), some of whose subunits are bound simultaneously to
both ends of the transposon (Aldaz et al., 1996; Savilahti and Mizuuchi, 1996) (fig 2). Since
both transposon ends are required to form a transpososome, transposition of a single end is
strongly disfavored. A complex containing both transposon ends is also called a "synaptic
complex". In chapter 2 I show that the energetic drive to form a synaptic complex is so strong
that if Mu DNA sequences are artificially limited, MuA will synapse a non-Mu sequence with a
Mu sequence. Other transpososomes, such as that of Tn5, contain transposase dimers rather than
tetramers (Bhasin et al., 2000), but they also form a synaptic complex that simultaneously binds
both transposon ends (fig 6) (Davies et al., 2000).

How is simultaneous binding of two DNA ends achieved? The key resides in the
modular structure of the transposase. The transposase’s DNA binding domain engages a
recognition site near one transposon end, while the catalytic domain of the same subunit engages
the cleavage site at the opposite transposon end (figs 2 and 6). This "trans" binding was first
detected in a series of elegant biochemical experiments (Aldaz et al., 1996; Namgoong and
Harshey, 1998; Naumann and Reznikoff, 2000; Savilahti and Mizuuchi, 1996; Williams et al.,
1999), and dramatically substantiated by the crystal structure of a synaptic complex from Tn5
(fig 6) (Davies et al., 2000). In the structure, a dimer of Tn5 transposase synapses a pair of DNA
fragments containing sequences derived from the ends of the TnS5 transposon. On each fragment,
one transposase subunit contacts the recognition site and the other subunit contacts seven base-
pairs surrounding the cleavage site. Protein-protein contacts are minimal and occur along a
single helix. Thus, the structure suggests that transposases participate in a novel form of
cooperative DNA binding. Classically, cooperative binding can be mediated through direct.
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protein-protein contacts and/or through structural changes in the DNA (unstacking, bending,
etc.). Subunits of the TnS transpososome also appear to cooperate to pay "bridging energy".
Transpososome assembly involves an entropic cost to constrain two DNA molecules in one
complex. Since at least two transposase subunits bridge the two DNA ends, these subunits are
cooperating to bring the ends together.

The significance of this cooperativity, and of the extent of #rans binding, is highlighted
by the contrast with the lambda family of site-specific recombinases (Yang and Mizuuchi, 1997).
The recombinases, like transposases, function in synaptic complex. The complexes contain
symmetrical recombinase tetramers, and each recombinase subunit primarily contacts one DNA
segment. However, the structure of Flp recombinase shows each subunit contributing a catalytic
tyrosine residue to its neighbor's active site. Thus the tyrosine residue of Flp is contributed in
trans, similar to the DDE residues of a transposase. Yet unlike the situation with transposase,
the trans DNA contacts are minimal: a single helix pokes into a predominantly cis active site,
allowing access of the trans tyrosine to the DNA (Chen et al., 2000a). In fact, the structure of a
related recombinase, Cre, shows an entirely cis active site (Guo et al., 1997). Thus, even among
synaptic complexes, transpososomes are unusual in the extent to which they use cooperative
. bridging energy.

MuA functions as a tetramer. v

At the core of the Mu transpososome is a MuA tetramer (Lavoie et al., 1991; Mizuuchi et
al., 1992). It is the two MuA subunits bound proximal to the cleavage sites, at the R1 or L1 sites,
that bridge the transposon ends, contributing DDE residues in trans (Aldaz et al., 1996; Savilahti
and Mizuuchi, 1996) (fig 2). The two distal subunits may contain mutant DDE residues without
reducing transposition efficiency (Namgoong and Harshey, 1998; Williams et al., 1999). We do
not know whether the two distal subunits (.2 and R2) bridge the two transposon ends in other
ways.

More generally, we do not know how the distal subunits contribute to the overall process
of transposition. The core Tn5 synaptic complex contains only a transposase dimer, and it not
only mediates 3' donor cleavage and strand transfer but 5' donor cleavage as well (Bhasin et al.,
2000). Thus a tetramer is not intrinsically required for transposition.

The requirement for the extra subunits may provide additional opportunities for
controlling the timing and location of transposition. In general, the most heavily controlled step
of transposition is transpososome assembly, and the distal subunits are required for assembly
(Allison and Chaconas, 1992; Baker and Mizuuchi, 1992). The distal subunits can contribute to
interactions with both the IAS sequence and MuB, each of which is involved in a regulatory
mechanism for assembly (Mizuuchi et al., 1995).

The distal subunits can also be the sole providers of domains IIf and IIlc. in an active
transpososome (Krementsova et al., 1998; Namgoong et al., 1998). Since those domains are
implicated in catalysis, the distal subunits may play a role in post-assembly steps as well. Tn5
transposase includes an inserted region, not present in MuA, that interacts with DNA near the
cleavage site (fig 6). It is possible that either MuA domain IIf or Illa functions analogously to
the TnS insertion, and that that function is provided by the domain from a distal subunit (Davies
et al., 2000; Rice and Baker, 2001).

Direct coupling of reactivity at the two transposon ends.

Two experiments suggest that reactivity at the two Mu ends is directly coupled, beyond the fact
that the two ends cooperate during transpososome assembly. The interpretation of the first
experiment (Mizuuchi et al., 1995) is complicated, and can only be made in retrospect thanks to
later data to illuminate the original experiment. In this experiment, MuB was necessary to see
strand transfer. Transpososomes were assembled from mixtures of (i) full-length MuA subunits
with mutations in the DDE residues, and (ii) DDE wild-type subunits, C-terminally truncated to
prevent MuB interactions. These mixed transpososomes produced only "single-ended" strand
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transfer products: products in which only one transposon end had been transferred to a target.
The failure of the other end to transpose indicates incorporation of a DDE mutant at an R1 or L1
position, the position that contributes the DDE residues. But the protein that was DDE active
was defective for MuB interactions. The conclusion is that MuB stimulated the strand transfer
activity of the wild-type DDE subunit, through interactions with the DDE mutant subunit. Since
both subunits were bound at cleavage-site proximal positions (R1 or L1), one was bound to each
Mu end, indicating coupling between subunits bound at opposite ends. A later, more straight-
forward experiment also indicates coupling between the subunits bound at the two Mu ends: in
the absence of MuB, failure to cleave one transposon end (due to the presence of a DDE mutant
subunit) inhibits strand transfer at the opposite end (Williams et al., 1999).

How is coupling between ends mediated? In the crystal structure of a Tn5
transpososome, direct interactions between subunits are minimal (Davies et al., 2000). If the
same is true in the Mu transpososome, it is unlikely that activity is coupled through protein-
protein contacts. However, strand transfer of the two Mu ends occurs into sites only five base-
pairs apart on the target DNA, into opposite strands of the target. The proximity of the two
target sites suggests that the two MuA active sites may cooperate to engage a target DNA. If so,
perhaps MuB stimulates this simultaneous engagement of the target DNA in both active sites,
which would explain how MuB stimulates strand transfer of one end through interactions at the
other end. This model is consistent with the fact that direct coupling has been detected for strand
transfer but not for cleavage, in studies of Mu (Williams et al., 1999) and in studies of other
transposons (Chen and Engelman, 2001; Haniford and Kleckner, 1994). Some older studies of
Moloney retroviral integrase and of MuA report coupling of cleavage, but in retrospect they
seem to be describing cooperation in assembling a synaptic complex, rather than direct
communication between active sites (Murphy and Goff, 1992; Surette et al., 1991).

Tn10 transposition exhibits end-coupling even in vivo; a cleavage site mutation at one
end of Tn10 DNA inhibits strand transfer at the opposite end in vivo (Haniford and Kleckner,
1994). Thus for Tn10 transposition, direct coupling of reactivity may help ensure that the two
transposon ends always relocate together. Studies of end-coupling in Mu have all been in vitro.
In Mu experiments, the presence of MuB overcomes end-coupling, permitting the synaptic
partner of an uncleaved end to transpose (Williams et al., 1999). Likewise, in chapter 3 of my
thesis I show that, at least in the presence of MuB, a base-pair insertion near the cleavage site at
one end does not interfere with strand transfer at the opposite end (Goldhaber-Gordon et al.,
2002a). Thus it is not clear if direct coupling is an important control mechanism of Mu
transposition in vivo, where MuB is present. The more important mechanism is probably
cooperativity during transpososome assembly. Regardless, the coupling that is unmasked in
vitro is a useful tool in elucidating the molecular mechanisms that underlie transposition — for
example, the possible requirement for simultaneous engagement of the target in both active sites.
Moving substrates in and out of an active site.

Transposases are remarkable for their ability to perform multiple reactions with a single active.
site. ‘Admittedly, the reactions are chemically similar; each is a nucleophilic substitution of a
DNA phosphate (fig 1). But the reactions' substrates differ from each other in critical ways. The
nucleophile during 3' cleavage is a water molecule; during strand transfer, it is the last 3'
hydroxyl on the transposon DNA (Engelman et al., 1991; Mizuuchi and Adzuma, 1991). The
phosphate under attack during 3' cleavage is part of the donor DNA, and is located immediately
5' of the transposon end sequences. During strand transfer the phosphate is in the target DNA. It
seems fair to say that these two reactions have no more in common than do the three reactions
catalyzed by DNA Polymerase I, yet Pol I has separate active sites for each of its two
exonuclease activities and a third site for its polymerase activity (Patel et al., 2001).

The conundrum of the transposase can be appreciated when its reactions are compared to
those performed by site-specific recombinases, either the lambda family or the gamma-delta .

16




family. These two families also use a single active site to mediate multiple DNA cleavage and
joining reactions, and the outcome of site-specific recombination is similar to that of
transposition. But site-specific recombinases do not hydrolyze their DNA substrates. The
cleavage reaction forms a covalent bond between a DNA phosphate and an active site residue on
the protein. The DNA-joining reaction is a reversal of the cleavage reaction: an exposed DNA
hydroxyl attacks the protein-DNA bond, becoming joined to the DNA phosphate from that bond.
Since site-specific recombination occurs between sets of identical sequences, the reversal is
perfect at the level of the cleavage site DNA. In contrast, a transposition target sequence need
have no relationship to the transposon sequence (Haapa-Paananen et al., 2002), and even if it
did, strand transfer is in not at all a reversal of 3’ cleavage: one is a transesterification, the other a
hydrolysis (Engelman et al., 1991). This leaves the puzzling question: how does one transposase
active site perform two distinct reactions?

A study of thio-substituted transposition substrates has lead to an elegant model for the
organization of substrates in a transposase active site. The most informative experiments were
with Tn10 transposase, though corroborating experiments were also performed on MuA
(Kennedy et al., 2000). Tn10 is a cut & paste transposon, which means both the 3° and 5’

- strands at the ends of the transposon DNA are cleaved from the flanking DNA by the
transpososome. To accomplish 5’ cleavage, the transposase first forms a hairpin at the end of the
transposon DNA, and then opens the hairpin. This leads to a total of four reactions performed in
one active site: (i) hydrolysis of the transposon's 3' strand, (ii) hairpin formation, during which
the transposon's 3' OH attacks the transposon's 5' strand. After this step, both strands are now
severed from the flanking DNA, (iii) a hydrolysis to resolve the hairpin, again freeing the
transposon's 3'OH and (iv) strand transfer, in which the transposon's 3'OH attacks a target DNA
(Bolland and Kleckner, 1996; Kennedy et al., 1998). When these reactions were performed with
thio-substituted substrates, it was found that the preferred stereoisomers for the reactive
phosphate were as follows: Rp for 3' cleavage, Sp for hairpin formation, Rp for hairpin
resolution, and Rp for strand transfer. By assuming a two-metal-ion mechanism (see above), the
researchers could use this stereselectivity to model placement of DNA substrates relative to the
DDE-coordinated metal ions in the transposase active site. Since each reaction causes an
inversion of phosphate chirality, the alternating requirements for Rp, Sp, and Rp in the first three
steps suggests that the configuration of the active site does not change dramatically between
steps.

The researchers proposed that the 3' oxygen at the transposon end is stationary
throughout the four reactions, held in place by divalent metal ions (Kennedy et al., 2000). In that
position, it alternates chemical roles: playing the leaving group for 3’ cleavage and hairpin
resolution, and playing the nucleophile for hairpin formation and strand transfer. All other DNA
strands—the donor DNA flanking the transposon, the 5' strand of the transposon, and the target
DNA -- move in and out relative to the 3° oxygen. The anomalous requirement for an Rp
configuration on the target DNA during strand transfer probably reflects a major change in the
active site upon engagement of target DNA, but not necessarily a change that would require
movement of the transposon's 3'OH. Most likely, the target DNA binds in a unique binding
pocket, distinct from the pocket for the other DNA substrates, and a conformational change is
required to bring the target-binding pocket to the active site.

The model suggests that the transposon’s terminal 3’ oxygen must be engaged at a
specific location in the active site for the transposase to be active. As a result, every reaction
performed in the active site directly involves that terminal oxygen. This model explains why 5'
cleavage of the Tn10 DNA occurs via a hairpin intermediate involving the 3' strand (rather than
direct hydrolysis of the 5° strand). It also explains how transposase avoids inappropriate
hydrolysis of a target DNA, in which a water molecule replaces the transposon's 3' OH in
attacking the target (Kennedy et al., 2000). In support of the model, I show in chapter 5 that if
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the terminal 3'OH of the Mu DNA is artificially removed (through use of DNA fragments
terminating in a dideoxy nucleotide), MuA can cleave a target DNA. Presumably, the 3'
nucleotide of this dideoxy Mu DNA is properly engaged in the active site, and water substitutes
for the missing 3'OH. I also show that the 3' terminal nucleotide of the Mu DNA is required for
rapid cleavage of the target, consistent with steady binding in the active site.

The model also helps delineate new questions. For example, what triggers the movement
of substrates in and out of the active site? Where does the target DNA bind, and how dramatic is
the shift that moves the target DNA into position for strand transfer?

Assembly of the Mu transpososome

The transposase family shares certain features of transpososome assembly. Transpososome
assembly involves synapses of two distant transposon ends, accomplished through
multimerization of the transposase. The transposon ends are identified by inverted repeats: long
recognition sequences located a set, short distance from a short cleavage sequence. Binding to
the recognition sequences triggers initiation of assembly. But beyond such broad features, the
details of each assembly process are unique to the particular transposon. Transpososome
assembly is the first irreversible step of transposition (Mizuuchi et al., 1992), and therefore a
critical point for control. Each assembly pathway has evolved to accommodate, or perhaps
define, the particular regulatory needs of the transposon. In this section I will give an overview
of the specifics of the Mu assembly process.

Transpososome assembly ensures that only the ends of the Mu DNA are selected as
transposition substrates. This-s achieved through the MuA recognition sites, three of which are
located near each end of the Mu DNA (fig 2) (Baker and Mizuuchi, 1992). In chapters 2, 3 and 4
I discuss the role of the recognition sites in transpososome assembly. The recognition sites share
a 22 base-pair consensus sequence -- long enough to be unique in a host genome (Craigie et al.,
1984). Recognition of this unusually long site depends on a bipartite DNA binding domain,
domains If and Iy of MuA (Schumacher et al., 1997). MuA binds specifically to its recognition
sites, though initially exchanging rapidly between sites. Only under the proper conditions, the
recognition sites allosterically activate assembly of a MuA tetramer that has a negligible ks
(Baker and Mizuuchi, 1992; Goldhaber-Gordon et al., 2002b). Nuclease protection assays reveal
that only three of the six recognition sites — R1, R2 and L1 -- are bound stably in the
transpososome, such that their protection pattern persists even after addition of a competitor
DNA (Kuo et al., 1991; Lavoie et al., 1991; Mizuuchi et al., 1991). Nonetheless, under the most
stringent reaction conditions all six sites are required for transpososome assembly (Allison and
Chaconas, 1992), and under near-physiological conditions or in vivo five of the six sites are
required (Allison and Chaconas, 1992; Baker and Mizuuchi, 1992; Groenen et al., 1985; Lavoie
et al., 1991). Figure 2 and its legend gives more details about the recognition sites.

The cleavage sites, which mark the very ends of the Mu DNA, also have a required
sequence: (T/A)CAY. Transpososome assembly involves engagement of the cleavage sites in
trans (see above), and cleavage site mutations can cause the assembly process to stall at an
unstable, inactive intermediate (Watson and Chaconas, 1996). Mutant complexes that do
succeed in completing assembly and performing DNA cleavage often fall apart after the cleavage
(Coros and Chaconas, 2001; Lee and Harshey, 2001; Namgoong et al., 1994; Surette et al.,
1991). Nonetheless, because the cleavage site sequence is short, the recognition sites are the
primary identifying feature on the Mu ends. In fact, in chapter 3 I show that even if the cleavage
site is displaced by +1 base-pair from the R1 site, transposition can occur in vitro. _

As I discuss in chapter 2, the MuA recognition sites modulate transpososome assembly in
two distinct ways. They align the MuA subunits in proper position with respect to each other
and to the DNA cleavage sites (Baker and Mizuuchi, 1992; Namgoong et al., 1994). They also
allosterically activate individual MuA subunits to assemble cooperatively into a stable complex
(Baker and Mizuuchi, 1992). In chapter 4 I show that once the transpososome is assembled, the
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MuA recognition sequence does not have a major impact on transposition rate. Thus assembly is
the primary step for determining that the DNA being transposed is, indeed, the Mu DNA.

The Internal Activating Sequence (IAS) helps control the timing of transpososome
assembly in vivo. This DNA sequence is located 950 base-pairs from the Mu left end, and is
unrelated in sequence to the end recognition sites. The IAS contains operator sequences that are
recognized by both the most N-terminal domain of MuA (domain Io) and by the Mu repressor.
Interactions between MuA and the IAS stimulate transpososome assembly. When Mu repressor
is present in the cell, it inhibits transposition by competing with MuA for binding to the IAS.
Binding of Mu repressor at the IAS also turns-off transcription from the “early promoter” that
regulates genes for lytic growth (including the genes for MuA and MuB). Thus Mu repressor
maintains phage Mu as a lysogen, both through transcriptional control and through direct
competition with transposase (Leung et al., 1989; Mizuuchi and Mizuuchi, 1989).

The molecular basis of IAS stimulation of transpososome assembly is an active area of
research, though not one that I discuss in the later chapters of my thesis. Under certain
conditions, MuA-IAS interactions are absolutely required for transpososome assembly
(Mizuuchi et al., 1995; Yang et al., 1995). Yet once a transpososome is assembled, the IAS is no
longer required for transposition, and its interactions with the transpososome are detectably
reduced (Mizuuchi et al., 1992; Surette and Chaconas, 1992; Watson and Chaconas, 1996).
Consistent with this observation, kinetic studies suggest that the IAS behaves as a catalyst for
assembly. However, the molecular or structural basis for this catalysis is not understood. The
IAS functions after the initial synapses event, so it is not simply providing a scaffold for
assembly (Mizuuchi and Mizuuchi, 2001). The orientation of the IAS relative to the Mu ends
matters, and specific subunits in the MuA tetramer interact with specific operator sequences in
the IAS (Allison and Chaconas, 1992; Jiang and Harshey, 2001; Jiang et al., 1999). Both of
these results suggest that the IAS forms a structurally precise complex with MuA during
transpososome assembly.

Additional proteins stimulate transpososome assembly. As mentioned above, MuB is
one. In vivo experiments have implicated DNA gyrase in synapses of the two Mu ends (Pato and
Banerjee, 1996). The DNA bending proteins IHF and HU are also involved in assembly (Craigie
et al., 1985; Surette and Chaconas, 1989). IHF binds between two operator sequences within the
IAS, and reduces a requirement for supercoiling in the donor DNA (Surette et al., 1989). HU
may perform multiple roles during transpososome assembly (Lavoie and Chaconas, 1994), but
the best understood involves the left end of the Mu DNA. On the right end of the Mu DNA, all
three MuA recognition sites are adjacent to or nearly adjacent to one another (fig 2). The left
end is different: L1, like R1, is positioned 5 base-pairs from the cleavage site, but L2 is separated
from L1 by ~100 base-pairs. HU binds specifically between these sites, and probably helps
bring L2 into close proximity with L1 (Lavoie and Chaconas, 1993).

Some of the unique aspects of Mu transpososome assembly are reminiscent of other
assembly pathways. For example, the action-at-a-distance of the enhancer-like IAS, and the
related requirement for DNA-bending proteins and/or supercoiling, are familiar from many
systems. Examples of systems that use enhancer-like DNA elements and/or DNA bending are
pre-transcriptional promoter complexes, the Hin inversion complex, the lambda intasome that
promotes lambda integration or excision, and the Tn10 transpososome (Azaro, 2002; Finkel and
Johnson, 1993; Hallet and Sherratt, 1997). The roles of IHF and DNA supercoiling during
assembly of a Tn10 transpososome have been particularly well characterized (Crellin and
Chalmers, 2001; Chalmers et-al 1998).

Nonetheless, the details of Mu assembly are unique to Mu. The function of the IAS is
particular to the biology of phage Mu, and other transposons do not contain internal activator
sequences. The two ends of the Mu DNA are asymmetric, and recent results show that the
asymmetry impacts the order in which components join an assembling complex (personal
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communication, K. Kobrym, M. A. Watson, R. Allison and G. Chaconas). Yet some other
transposons, such as Tn3, contain perfectly symmetrical ends (Wishart et al., 1985). The role of
MuB in assembly may not be unique to Mu, as the TnsC protein could play a similar role during
assembly of a Tn7 transpososome, but MuB analogs are certainly not ubiquitous among
transposons (Stellwagen and Craig, 1997). Even the multimeric state of the transpososome —
tetramer vs. dimer — is particular to the individual transposon. And just as the Mu transpososome
has its special features which presumably relate to the particulars of its biology, other
transposons, too, have evolved particular controls for their assembly pathways. These are
beyond the scope of this chapter.

Disassembly of the transpososome

MuA is not an enzyme, because it is not a true catalyst. This was first suggested by
elegant in vivo studies showing that MuA is used stoichiometrically during transposition (Pato
and Reich, 1984). Later in vitro studies confirmed that MuA is not used catalytically, because it
remains stably bound in the transpososome after it completes transposition. In fact, the stability
of the transpososome increases during the initial stages of transposition. The pre-cleavage Stable
Synaptic Complex (SSC or type 0 complex) is less stable than the Cleaved Donor Complex
(CDC or type 1 complex), which is less stable than the Strand Transfer Complex (STC or type
2), as measured by resistance to heat or to urea (Mizuuchi et al., 1992; Surette et al., 1987).
Though Mu transpososomes are among the best studied, highly stable complexes appear to be
characteristic of transpososomes in general (Sakai et al., 1995).

Transpososome stability could have evolved for a number of reasons. As discussed
above, stable transpososomes help ensure coordinated transposition of the two DNA ends.
Stable transpososomes also help ensure that the transposase remains present to complete strand
transfer once having performed donor cleavage. This is particularly important during the cut &
paste transposition of elements like Tn7, Tn10 and perhaps Mu during integration: if the
transpososome were to fall apart after completion of both 3' and 5' cleavage, the transposon
would be lost from the cell. The increase in stability between CDC and STC ensures that strand
transfer, an otherwise isothermic reaction, only moves forward. And finally, active disassembly
of the transpososome signals for initiation of specific replication of the Mu DNA, the final step
of Mu transposition (Jones et al., 1998; Kruklitis and Nakai, 1994; Kruklitis et al., 1996; Nakai
and Kruklitis, 1995). Thus disassembly is another opportunity for control of transposition.

The Mu transpososome is disassembled by the chaperone ClpX, a member of the
Clp/Hsp100 family of ATPases (Levchenko et al., 1995; Mhammedi-Alaoui et al., 1994). ClpX
uses the energy of ATP hydrolysis to unfold protein substrates. In many contexts, ClpX works
together with the protease ClpP, feeding ClpP unfolded substrates for degradation (Gottesman et
al., 1993; Wojtkowiak et al., 1993). However, clpP null cells can support Mu replicative
transposition and c/pX null cells cannot, suggesting that transpososome disassembly requires
unfolding but not degradation of MuA subunits (Mhammedi-Alaoui et al., 1994). MuA subunits
released from a transpososome by ClpX are detectably unfolded, and transpososomes in which
only a single MuA subunit possesses the ClpX recognition sequence are disassembled by ClpX,
suggesting that unfolding of one subunit can destabilize an entire transpososome (Burton et al.,
2001).

ClpX and MuB interact with overlapping sequences in the C-terminus of MuA. This
arrangement may hint at yet another method of transpososome-dependent regulation. It seems
likely that competition between MuB and ClpX may regulate the activities of both (Levchenko et
al., 1997).

To my knowledge, no spemﬁc chaperone or protease has been shown to be required for
Mu integration, or for transposition of any other transposon. Yet other transposases do form
stable transpososomes that do not turn-over catalytically in vitro (Sakai et al., 1995). Itis
possible that other transpososomes can be disassembled by any of several proteins, and hence no
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single one is required. It is also possible that the stringency of the requirement for ClpX during
Mu replicative transposition is due to the intense frequency of that reaction. During lytic growth,
the Mu DNA transposes 50-200 times in one hour; typical transgosition frequencies for non-
phage bacterial transposons are on the order of 1 for 10° to 10" cell generations (Arthur et al.,
1984; Shen et al., 1987). Perhaps a slower rate of transposition permits greater flexibility in the
disassembly method.

In vitro studies of retroviral integrases indicate the value of the transpososome in
controlling transposition. '

In vivo, integration of a retroviral cDNA into the chromosome of a new host cell occurs within a
"Pre-Integration Complex", or a "PIC". This is a large complex, containing many protein
components including the integrase and also the viral cDNA (Bowerman et al., 1989). So far, it
has not been possible to reconstitute in vitro an integration reaction that fully resembles the in
vivo process, presumably due to the complexity of the PIC. For example, several studies indicate
that retroviral integrases can form synaptic complexes, and must do so for activity in vivo
(Carteau et al., 1999; Chen and Engelman, 2001; Kukolj and Skalka, 1995; McCord et al., 1999;
Murphy and Goff, 1992; Wei et al., 1998). Yet in vitro, integrases can bind to a DNA fragment

. containing a single end sequence, and transpose that fragment by itself (Bushman and Craigie,
1991). MuA and other transposases can also transpose DNA fragments containing individual
end sequences, but to do so they pair two such fragments in a synaptic complex, mimicking the
two ends of the transposon (Bhasin et al., 2000; Sakai et al., 1995; Savilahti et al., 1995).

In vitro, integration reactions are poorly controlled in many ways, and the contrast
between integration and transposition reactions can give us appreciation for the importance of
the transpososome as a means of control. For example, integrases can perform an in vitro
"disintegration" reaction, which appears to be a direct reversal of the strand transfer reaction
(Chow et al., 1992). Attempts to get MuA to do disintegration have failed, perhaps in part
because the STC (Strand Transfer Complex) is the most stable form of the transpososome, and
therefore the lowest energetic state available to a MuA-DNA complex (personal communication,
P. Rice and K. Mizuuchi). As another example, integrases are remarkably promiscuous in their
choices of nucleophile. They can cleave a "target" DNA molecule using many different alcohols
as attacking groups, and they can do so in the absence of an obvious donor DNA (Katzman and
Sudol, 1996; Skinner et al., 2001). As discussed in chapter 5, the requirement for a
transpososome, which includes both Mu DNA ends, inhibits MuA from cleaving a non-specific
target DNA. Thus the requirement for a synaptic complex contributes to a smooth transposition
process. ‘

Conclusion

In theory, each reaction underlying transposition could be catalyzed by an enzyme. Many types
of restriction enzymes, homing endonucleases, and other enzymes catalyze site-specific cleavage
reactions. Enzymes that catalyze true strand transfer reactions are less common, but the
reactions catalyzed by topoisomerases and ligases are each similar to strand transfers. Yet rather
than a series of enzymes, transposition is performed by a stable transpososome, providing a
platform for a well-ordered, regulated, multi-step process.

To illustrate further: the transpososome that mediates Tn7 transposition contains four
different types of protein subunits. One of them, TnsA, is responsible for cleavage of the
transposon's 5' strand (Sarnovsky et al., 1996). The crystal structure of TnsA shows it to be
closely related to type I restriction enzymes, suggesting that TnsA evolved from a restriction
enzyme (Hickman et al., 2000). Yet today TnsA functions only as part of a stable
transpososome, in complex with a DDE family transposase TnsB (Sarnovsky et al., 1996). Thus
5' cleavage of Tn7 occurs only in the framework of 3' cleavage and strand transfer, ensuring
complete transposition of the transposon.
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Figure Legends. Schematics are not drawn to scale.

Figure 1. Transposases in general, and MuA in particular, mediate two types of reactions
involving the 3° oxygens at the ends of the transposon DNA. The cleavage reaction is a
hydrolysis, and the stand transfer reaction is a transesterification. The fate of the DNA strands
during these reactions is summarized on the left, and the phosphoryl groups that are directly
involved in the chemistry are depicted on the right. The transposon, or Mu DNA, is shown in
grey; non-specific sequences are in black. :
Figure 2. The core Mu transpososome consists of a MuA tetramer, whose subunits are bound to
MuA recognition sites near the ends of the Mu DNA. One MuA subunit is shown in white, to
highlight bridging of the two transposon ends. The DNA cleavage sites are distinct from the
recognition sites, and the 3bp cleavage sequences are spelled-out in the figure. The recognition
sites are depicted as blocks, and their names are written next to each block. The L2 site is
depicted as a small block, because it lacks ~half of the 22 base-pair recognition consensus. The
relative binding affinities for the sites are (roughly): L1=L3=R3>R2>R1>L2 (Craigie et al.,
1984). The R1 and R2 sites are positioned in inverted orientation relative to the other four sites,
and the inversion is a requirement for transposition (Craigie and Mizuuchi, 1986).

Figure 3. The catalytic domains of transposases and retroviral integrases share a common fold,
similar to the folds of RNaseH and RuvC. The individual structures shown here are: a subunit of
TnS5 transposase taken from the synaptic-complex structure (PDB accession code 1F31) (Davies
et al., 2000); the RNase H domain of HIV reverse transcriptase (RT), taken from an RT-DNA
complex structure (PDB accession code 1RTD) (Huang et al., 1998); the core fragment of MuA
transposase (PDB accession code 1BCM) (Rice and Mizuuchi, 1995); and the catalytic and C-
terminal domains of Rous Sarcoma Virus (RSV) integrase (PDB accession code 1COM) (Yang et
al., 2000). The figure itself is taken from a review article (Rice and Baker, 2001). Common
structural features are shown in rainbow colors, the acidic catalytic residues are shown in ball-
and-stick format, and divalent metal ions are shown in pink.

Figure 4. Limited proteolysis divides MuA into three structural domains, and functional
analyses further divide each domain. The numbers at the bottom of the figure are amino-acid
sequence numbers. Domain Ia binds the Internal Activating Sequence, an enhancer-like DNA
sequence that stimulates transpososome assembly. Domains If} and Iy each bind half of the end-
DNA recognition sequence. Domain IIa is the catalytic core, whose structure is shown in figure
3. Domain IIf may also be involved in catalysis, though it is not present in other family
members. It is also part of the Mu structure shown in figure 3. Domain IIla possesses cryptic
nuclease activity and may interact with cleavage sitt DNA. Domain IIIf interacts with the
proteins MuB and ClpX.

Figure 5. MuA establishes target immunity, by clearing MuB from nearby DNA sequences.
MuB then stimulates MuA to select as a target DNA those molecules to which MuB is still
bound.

Figure 6. This is the structure of a synaptic complex from Tn5 transposase (Davies et al., 2000).
The structure represents a post-cleavage complex: neither the 3’ nor the 5’ strand of the
transposon DNA fragments is attached to a flanking sequence. The DNA at the ends of the
fragments is distorted into a hairpin-like structure, though the hairpin is not covalently closed. A
region which is present in TnS transposase but not in MuA or in retroviral integrases is shown in
dark grey and labelled “insert”. This figure is taken from a review article (Rice and Baker, 2001)
and modified slightly.
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Introduction

Transposons are found in all the biological kingdoms, and some perform specialized functions.
For example, the machinery that initiates V(D)J recombination likely evolved from a transposon
(Agrawal et al., 1998; Hiom et al., 1998), and the cDNA of HIV and other retroviruses integrate
into host cell DNA through mechanisms nearly identical to transposition (Haren et al., 1999).
The genome of bacteriophage Mu is a transposon, that uses transposition both to integrate into
the DNA of a new host cell and to replicate before lysis. Like most DNA rearrangements,
transposition is a complex, multi-step process, requiring numerous DNA sequence elements.
Studies of bacteriophage Mu have been central to our understanding of both the fundamental
mechanisms and the complexities of DNA transposition.

Phage Mu encodes a transposase, MuA, that transfers the Mu genome from one DNA
location (the transposition donor) to a new location (the transposition target) (Chaconas, 1999;
Mizuuchi, 1992). During transposition, transposase performs two principle reactions: DNA
cleavage and DNA strand transfer. During cleavage, the donor DNA is nicked twice, once at
each 3' end of the Mu genome. During strand transfer, the cleaved transposon ends are inserted
into neighboring sites on the two target strands.

Little or no specific sequence information is needed on the target DNA (Mizuuchi and
Mizuuchi, 1993), but the Mu DNA provides many sequence cues for transposition (Fig. 1). For
example, the last two nucleotides at either 3' end of the Mu DNA, the cleavage sites, have the
sequence 5'CA. Also near each end of the Mu DNA are three recognition sites, distinct from the
cleavage sites, which share a 22 base-pair consensus sequence. The recognition sites are referred
to as R1, R2 and R3 on the right end and L1, L2 and L3 on the left end (Fig. 1) (Craigie et al.,
1984). The recognition sites are bound specifically by the N-terminal domain of MuA
(Nakayama et al., 1987), whereas the cleavage sites must be engaged by the protein's active site,
contained in a different region of the protein (Rice and Mizuuchi, 1995). Both the recognition
sequences and the 5'CA cleavage sequences are required for transposition (Baker and Mizuuchi,
1992; Coros and Chaconas, 2001; Groenen and van de Putte, 1986).

Both the cleavage and strand transfer reactions occur within a stable MuA/DNA complex
called a transpososome (Fig. 1). Because the transpososome binds both transposon ends
simultaneously, it is also referred to as a synaptic complex. The complex contains three MuA
subunits tightly bound to recognition sites (the R1, R2 and L1 sites) plus a fourth subunit tightly
bound in the complex but weakly bound to the L2 recognition site (Kuo et al., 1991; Lavoie et
al., 1991; Mizuuchi et al., 1991). At least two of the four subunits individually bridge the
transposon ends: the subunit bound to the right-end's R1 site engages the left cleavage site, and
the subunit bound to the left-end's L1 site engages the right cleavage site (Aldaz et al., 1996;
Namgoong and Harshey, 1998; Savilahti and Mizuuchi, 1996; Williams et al., 1999). This
crisscross structure helps coordinate reactions at the two DNA ends, ensuring that the transposon
moves as a single unit. Given this intertwined structure, and also the intimate involvement of
multiple DNA sites in the complex, it is unknown to what extent protein-protein versus protein-
DNA interactions contribute to the stability and functionality of the synaptic complex.

In vitro, transpososomes can also assemble on ~50 base-pair DNA fragments, containing
the R2, R1 and cleavage site sequences. Two of these "donor fragments" are synapsed by a MuA
tetramer, mimicking synapsis of the two ends of a transposon (Fig. 2a) (Savilahti et al., 1995).
The fragments are then cleaved at the proper cleavage site, and transferred together to a target
DNA. If the fragments are synthesized to appear pre-cleaved, cleavage by MuA is unnecessary
prior to strand transfer (Fig. 2b). Because the fragments are small relative to the target, the
resulting transposition product comigrates with linear target. Transpososomes formed on donor
fragments, like those formed on larger DNA molecules, can resist competition from additional
recognition sites for hours or perhaps days. In contrast, monomeric MuA has a rapid on and off
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rates from its recognition sites (unpublished results, and (Savilahti et al., 1995; Surette et al.,
1987)). '

How does transposase change from a form that is monomeric, with a rapid dissociation
rate from DNA, into a stable, active synaptic complex? This process involves interactions
between at least four multi-domain subunits and multiple DNA sequences, and little is
understood about the role of each component in the complex. For example, although the
recognition sites are essential, their precise role during assembly is uncertain.

Here, we use a promiscuous activity of MuA to elucidate the functions of MuA
recognition sites during transposition. We find that MuA recognition sites can activate MuA to
transpose non-Mu DNA. Two covalently linked MuA recognition sites are the strongest
activators of transposition, but unlinked sites can also serve in this capacity. Our results suggest
that MuA recognition sites perform at least two complementary functions during transposition.
Covalently linked sites promote transpososome assembly by spatially constraining two of the
four MuA subunits. In addition, each individual recognition site activates transposition, probably
by inducing conformational changes in the transposase.

Experimental Procedures

_ Proteins. In some experiments (Figs. 7b, 7c and 8) the MuA truncation 77-663 was substituted
for full-length MuA. This was done because, in the absence of the Internal Activating Sequence
(a DNA sequence on the Mu phage that activates transpososome assembly), the truncation
protein is hyperactive compared to the full-length protein. The products discussed in Fig. 8 were
seen previously using full-length protein (Baker et al., 1994). MuA, MuA77.¢53 (Baker et al.,
1993) and MuB (Yamauchi and Baker, 1998) were prepared as described. Restriction enzymes
were purchased from New England Biolabs.

DNA. $X174 RF1 was purchased either from Gibco-BRL or New England Biolabs.
Oligonucleotides (fragment donors) were purchased either from MIT/HHMI biopolymers lab or
from GeneLink, and were purified by denaturing PAGE, except for those less than 30
nucleotides which were purified by reverse phase cartridges. Most oligonucleotide sequences are
described in Fig. 2b. However, over the course of this study, we used several different
"unjoinable fragments", that differed at 3 non-essential nucleotide positions and/or in the length
of the 5' overhang on the non-transferred strand. We saw no qualitative difference in the
behavior of these various fragments (data not shown). The unjoinable fragment used in Fig. 3a,
was: agtgaagcggegeacgaaaaacgcgaaagegiticacgaaaaacgegaaageg/cgctttegegttittcgtgaaacgctit
cgegtttttcgtgegeegette. The fragment used in Fig. 3b, was: gcatgaagcggegeacgaaaaacgegaaageg
tttcacgataaatgcgaaaac/gttttcgeatttatcgtgaaacgcetttegegtttttcgtgegecgette. All other figures used the
unjoinable fragment listed in Fig. 2b. The full sequence of the cleaved strand of the uncleaved
fragment is: cgttttcgcatttatcgtgaaacgctttcgegtttticgtgcgeegettcactagacgettggegtaatcgggegtaatge.
The experiment in Figs. 4c and 6b (squares) used the following DNA fragment, to maintain the
total fragment DNA at 1440 nM:
gccggtatctttccagcactgggccggtatctttccagcactggcg/cgccagtgctggaaagataccggcccagtgctggaaagataccg
gc. The experiment in Fig. 6b (triangles) contained the following fragment to maintain total
fragment DNA at 1440 nM: gccggtatctttccageactgg/ceagtgctggaaagataccgge

- Transposition reactions. Unless indicated otherwise, reactions were conducted in a 25 ul volume
containing 25 mM Tris-HCI (pH 8 at room temperature), 140 mM NaClL,10 mM MgCl,,1 mM.
DTT, 0.1 mg/ml BSA, 15% glycerol, 12% DMSO, 0.1 % triton, 2mM ATP, 340 nM MuB and
variable amounts of Mu DNA fragments and MuA. Proteins were prepared by dilution of
concentrated stock into the following buffers: MuA — 600 mM NaCl, 25 mM Hepes-KOH, 0.1
mM EDTA, 10% glycerol, 1 mM DTT; MuB — 1M NaCl, 25 mM Hepes, 0.1 mM EDTA, 20%
glycerol, 1 mM DTT. The reactions were incubated at 30°C for 20 to 60 minutes unless
otherwise indicated. They were stopped by addition of 0.2 volumes of a stop solution (~0.1%
bromphenol blue, 8% SDS, 50 mM EDTA, 30% glycerol), and electrophoresed through a 0.9%
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HGT agarose gel, in 1x TAB buffer (40 mM Tris pH 8, 3.6 mM EDTA, 27 mM sodium acetate).
The gels were then analyzed by one of the following methods: (1) Stained in 1 pg/ml ethidium
bromide and photographed with a Polaroid camera, (2) Stained in a 1:10,000 dilution Vistra
Green in TAB buffer and visualized on a molecular dynamics Flourimager 595, (3) For
radioactive samples, the gels were pressed and dried on DEAE paper, and exposed to a
molecular dynamics phosphor imager cassette. The plasmid assays, described in Fig. 8, were
performed in two steps. The first incubation was as described (Baker et al., 1994) (reactions
contained neither DMSO nor triton), except that the reaction volume was 50 pl and incubation
time was two hours. For the second step, either 1 pl restriction enzyme or 1 pl 50% glycerol was
added to reactions, and they were incubated for another 2 hours at 37°C. The second incubation
period increased the amount of intramolecular $X174 products.

2D gels. In the first dimension, electrophoreses was as described above. A single lane was then
excised and positioned horizontally across the top of a 0.8% HGT agarose gel in alkaline buffer
(30 mM NaOH, 1 mM EDTA) for electrophoreses in the second dimension. The gel was
analyzed by southern blotting: DNA was transferred to an NEN Genescreen hybridization
membrane, and probed with labeled DNA fragments that had been randomly primed off of
-~ ¢$X174 RFI DNA.

Gel mobility shift assays. Complexes were assembled under standard transposition conditions, in
the absence of MgCly, target DNA and MuB. They were electrophoresed through a 2% MetaPhor
(FMC) agarose gel in 0.5x TBE buffer (44.5 mM Tris 8.5, 44.5 mM Borate, | mM EDTA).
Results

A non-Mu DNA molecule serves as a transposition donor.

In transposition reactions containing limiting concentrations of Mu-derived DNA, non-Mu DNA
molecules were seen to transpose (Fig. 3). There were three principle requirements for this
promiscuous activity: (1) MuA protein, (2) a large, non-Mu DNA molecule to serve as a
transposition donor. We focused on the 5386 base-pair $X174 RFI, but two molecules unrelated
to $X174, pBR322 or pUC19, worked about equally well (data not shown), and (3) MuA
recognition sites supplied in trans on another DNA molecule.

In our initial experiments, the MuA recognition sites were supplied on a fragment that is
itself defective in the strand transfer step (called “unjoinable”, see Fig. 2b). This unjoinable
fragment has two MuA recognition sites (R1 and R2) and an incomplete cleavage site. The
unjoinable fragment and the non-Mu DNA complemented each other. The fragment supported
transpososome assembly, but failed to transpose due to its defective cleavage site (see below, and
(Aldaz et al., 1996)). The non-Mu DNA cannot on its own support transpososome assembly -
(Baker and Mizuuchi, 1992), but it did transpose.

Incubation of the unjoinable Mu fragment, MuA, the MuB protein (see below), and a
target DNA (¢X174 RFI) resulted in the formation of two types of transposition products. One
family of products electrophoresed between the nicked and linear target DNAs (Fig. 3a, lanes 1
and 2, labeled "intramolecular"). The second product ran slightly above dimeric target (Fig. 3a,
lane 1, labeled "intermolecular"). Both were true recombination products, rather than non-
covalent rearrangements trapped by proteins: the samples in Fig. 3a were treated with 1% SDS,
and the products were also unaffected by treatment with proteinase K or by phenol extraction
(data not shown). The Mu fragment was a critical component of the reaction (lane 5).

Formation of the slower-migrating product (labeled “intermolecular”) required the MuB
protein (Fig. 3a, lane 2). MuB is a DNA binding protein that stimulates MuA and controls MuA's
target selection (Maxwell et al., 1987). For example, when transposition of Mu donor plasmids is
assayed in the absence of MuB, the products are usually intramolecular: the Mu sequences define
the donor sites, and another site on the same plasmid serves as target site. In the presence of
MuB, transposition is usually intermolecular: the Mu plasmid serves as donor, a separate non-
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Mu DNA molecule serves as target, and the two molecules become joined to each other through
transposition. Here, the slow electrophoretic mobility of the MuB-dependent product (Fig. 3a,
labeled “intermolecular”) strongly suggested it contained two ¢$X174 molecules. This product
did not contain Mu DNA (data not shown, results of radiolabeling the Mu donor fragment).
Therefore, this MuB-dependent product was most likely the result of an aberrant intermolecular
reaction, in which two molecules of $X174 were joined together. The MuB-independent product
(labeled "intramolecular") could result from intramolecular recombination, in which a single
$X174 molecule provided both donor and target sites.

Two-dimensional gel electrophoresis confirmed the structures of the new products (Fig.
3b). Transposition reactions were performed with MuA, MuB, ¢$X174 and a Mu fragment. The
DNA products were resolved on an agarose gel similar to that shown in Fig. 3a. A lane was then
excised from the gel (shown lying horizontally in Fig. 3b), and electrophoresed through alkaline
(denaturing) agarose. In the denaturing dimension, the intermolecular product yielded a slow-
migrating species and a species that co-migrated with single-stranded circular $X174 DNA.
These are the expected components of a figure-eight-shaped transposition product, in which two
full-length, double-stranded $X174 molecules are joined by a single strand. The MuB-
independent products also yielded a slow-migrating component in the second dimension. This
long single-stranded species could result from an intramolecular transposition in which a strand
was joined to its complement. Intramolecular transposition products should also yield smaller
components of varying mobilities, depending on the exact insertion site. Since these smaller
products do not migrate as a distinct band, they are difficult to distinguish on the 2D gel.

Together, these data show that a Mu DNA fragment permits a non-Mu DNA molecule (in
this case ¢X174) to participate as a donor DNA during transposition.

Hybrid transpososomes synapse one Mu fragment and a $X174 molecule.

It is likely that Mu fragments promote non-Mu transposition, at least in part, by promoting
assembly of synaptic complexes. In support of this argument, unjoinable Mu fragments are
known to support assembly of MuA tetramers that are stable to high salt and to competitor DNA,
a diagnostic of a synaptic complex (Aldaz et al., 1996; Williams et al., 1999). $X174 DNA alone
does not support assembly of detectable levels of MuA tetramer (Baker and Mizuuchi, 1992).

We considered two models for synaptic complexes that might transpose non-Mu DNA. In
the "two-fragment model", two Mu fragments form a synaptic complex, similar to the one shown
in Fig. 2a. A ¢$X174 molecule associates with this pre-assembled synaptic complex, contributing
a few nucleotides to serve as the cleavage site. In the alternative "hybrid complex" model,
synaptic complexes form between a single Mu fragment and a site on $X174 (Fig. 4a). This
model suggests that $X174 DNA functions both structurally and chemically as one of the two
transposon ends.

The two-fragment model posits that synapsing two Mu DNA fragments is a prerequisite
for non-Mu transposition. By contrast, the hybrid-complex model predicts that synapsis of two
fragments competes with assembly of hybrid transpososomes. In support of the hybrid complex
model, pre-incubating MuA with an unjoinable Mu fragment inhibited $X174 transposition (Fig.
4b, lane 4). The reactions shown here were primarily intermolecular, but in reactions without
MuB, intramolecular transposition was also inhibited by preincubation with the Mu fragment
(data not shown). Pre-incubating MuA alone (lane 1) or with $X174 (lane 3) did not significantly
inhibit subsequent reactions. Most likely, then, functional complexes are hybrids of a single Mu
fragment and a ¢$X174 molecule.

- The hybrid-complex model also predicts that high concentrations of Mu fragments should
always inhibit non-Mu transposition, due to assembly of complexes on pairs of fragments. To
test this prediction, we performed transposition assays in which we varied the concentration of a
Mu fragment (in this case R1-R1, see Fig. 2b), but maintained the total DNA concentration .
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constant using a DNA fragment of unrelated sequence but identical length. The yield of
transposition products peaked sharply at 8 nM Mu fragment (Fig. 4c), substantially below the
MuA concentration of 50 nM. These results further support the hybrid-complex model. This
experiment also showed that it is the Mu recognition sequence, as opposed to a general feature of
short DNA fragments, that both activates and inhibits non-Mu transposition.

Two additional observations support the hybrid complex model. First, stable complexes
of unjoinable fragment, $X174 DNA and MuA had been seen previously (Aldaz et al., 1996).
$X174 was assumed to be bound as target DNA in such complexes, but we now suggest that it is
also bound as a donor partner. Second, in chapter 3 I demonstrate that the regions of $X174 that
participate in transposition, when viewed as a group, bear weak but significant resemblance to a
Mu DNA end (Goldhaber-Gordon et al., 2002a).

The cleavage site is optional on the Mu fragment.

Recall that the Mu transposon ends include two types of specific DNA sequences: recognition
sites and cleavage sites. The unjoinable and R1-R1 fragments discussed above are, respectively,
partially or entirely lacking a cleavage site sequence (Fig. 2b). We found that donor fragments
with functional, uncleaved or precleaved cleavage sites also activated non-Mu transposition (Fig.
5, lanes 2-7). These fragments produced the figure-eight intermolecular product described above,
plus a novel intermolecular product. This novel product was probably due to transposition of a
donor fragment together with the non-Mu DNA (see figure legend for details).

Precise, quantitative comparisons of the activities of different fragments was difficult,
due to differences in the types of products each produced. But as a rough estimate, the uncleaved
and precleaved fragments seemed to be less active in non-Mu transposition assays than were
either the unjoinable or the R1-R1 fragment. Of all the fragments tested, the R1-R1 fragment
seemed the most potent activator of non-Mu transposition (Fig. 5, lanes 11-13). This suggests
that a cleavage site on the Mu DNA is at best neutral, and possibly inhibitory, to non-Mu
transposition.

Fragments containing a single recognition site support non-Mu transposition.
We next asked whether the fragments needed to contain two recognition sites (positioned as the
natural R1 and R2 sites) to activate non-Mu transposition. We expected that the two sites
contribute to transpososome stability by correctly positioning two of the four MuA subunits with
respect to each other. To determine whether this contribution is an essential one, we constructed
fragments containing a single R1 site (see Fig. 2b). These R1 fragments were 22 base-pairs long,
containing half the sequence of the 46 base-pair R1-R1 fragment. This minimal substrate was
sufficient to permit non-Mu transposition (Fig. 6a). To observe activity with this fragment, we
did require longer incubation times, and higher fragment concentrations, than with the fragment
with two sites (data not shown and Fig. 6b). Nonetheless, the intermolecular $X174 transposition
product was clearly visible, and present only in reactions containing the Mu fragment (Fig. 6a,
see figure legend). We also confirmed that a non-specific sequence could not substitute, by
varying the concentration of the R1 fragment with a fragment of identical length but unrelated
sequence (Fig. 6b). These results point to a powerful role of the recognition sequence in
activating non-Mu transposition. They suggest a specific stimulatory effect of the recognition
sequence on MuA transposase, independent of the physical positioning of subunits provided by
two linked recognition sites.
Hybrid complexes are stable to competitor DNA.
Transpososomes that synapse two native Mu DNA ends are extremely stable (Surette et al.,
1987). Several lines of evidence suggest that both the recognition sequences and the cleavage
sequence contribute to this stability through interactions with MuA (Baker and Mizuuchi, 1992;
Namgoong et al., 1994). However, it is unclear to what extent stability correlates with
functionality, and we wondered whether hybrid transpososomes are long-lived or transient. Our
interest in this question was part of two larger questions. (i) To understand the physical basis of
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transpososome stability: do non-Mu sequences permit assembly of long-lived transpososomes?
(ii) To understand the energetics of transposition: does a transpososome need to be long-lived to
be functional?

Both DNA mobility-shift assays and transposition assays were used to probe the stability
of hybrid transpososomes. DNA mobility-shift (or band-shift) assays were necessary because
some of the relevant complexes are inactive for transposition. Activity assays were necessary to
distinguish active from inactive complexes and to assess the longevity of complexes that were
not stable to electrophoresis.

To do these experiments, we first established a transposition assay using non-Mu donor
fragments. In place of normal MuA recognition sites, these fragments contained two copies of a
sequence derived from $X174 (Fig. 2b). The chosen ¢$X174 sequence has some resemblance to a
MuA recognition sequence, and was selected through a functional assay for its ability to be
transposed by MuA (Goldhaber-Gordon et al., 2002a). MuA transposed these fragments, albeit
very poorly and only when MuA was present at 5 - 10 times our standard concentration of 50 nM
(data not shown). Transposition of this non-Mu fragment was stimulated by a fragment
containing bona-fide MuA recognition sites (data not shown).

Band-shift assays allow us to distinguish three types of MuA-DNA complexes (Fig. 7b)
(Savilahti et al., 1995): (i) One MuA monomer bound to one DNA fragment. These complexes
are unstable to competitor DNA or heparin, (ii) MuA bound to DNA in a 2:1 ratio, also unstable
to competitor DNA or heparin. These complexes could be either MuA tetramers in a synaptic
complex, or dimeric MuA bound to a single fragment, (iii) MuA bound to DNA in a 2:1 ratio,
but stable to competitor DNA and/or heparin. This third class is likely to be synaptic complexes.

The band-shifts revealed a difference in the stability of complexes formed on an
unjoinable Mu fragment versus an R1-R1 fragment (Fig. 7b). Recall that the R1-R1 fragment
lacks the entire cleavage site sequence, while the unjoinable fragment only lacks a single "A"
from the cleavage site. There are also minor differences in the recognition sequences of these
two fragments (see Fig. 2b). Complexes formed on the unjoinable fragment were stable either to
competitor DNA (lane 6) or to heparin (lane 5), whereas those formed on the R1-R1 fragment
were stable to competitor DNA (lane 12), but not to heparin (lane 11). The R1-R1 results are the
first evidence we have seen that heparin directly destabilizes MuA complexes, as opposed to
providing a "sink" for protein has dissociated from DNA. These results also suggest that
cleavage site DNA helps stabilize synaptic complexes.

The non-Mu ($X174 derived) fragment did not by itself support the formation of
competitor-stable complexes (Fig. 7b, lane 3). Yet in the presence of the unjoinable Mu
fragment, complexes with the non-Mu fragment were stable to either heparin or competitor DNA
(lanes 8 and 9). Thus, the unjoinable fragment has a stabilizing influence on these hybrid
complexes. The R1-R1 fragment was not sufficient to stabilize complexes on the non-Mu
fragment, as assessed by band-shift assays (lanes 14 and 15). However, the next experiment
shows that some R1-R1/non-Mu hybrid complexes were stable to competitor DNA, though not
sufficiently stable to be detected by gel electrophoresis.

We next used transposition activity to probe complex stability (Fig. 7c). In this ;
experiment, detectable transposition of non-Mu fragments depended on complementation with
Mu fragments (data not shown). Complexes were assembled with a mixture of unlabeled Mu
fragments and labeled non-Mu fragments, in the absence of magnesium (to prevent
transposition). In a second, twenty minute incubation, we added an excess of competitor DNA to
challenge the preformed complexes. Finally, in a third incubation we added target DNA and
~ magnesium to initiate transposition of the non-Mu fragments.

Hybrid transpososomes survived the challenge with competitor DNA, whether the
unlabeled Mu partner was the R1-R1 or the unjoinable fragment. Control experiments confirmed
that the competitor DNA was sufficient to abolish transposition if complexes were not pre- -

35




assembled in advance of adding the competitor (data not shown). If complexes were pre-
assembled, the transposition efficiency was essentially the same irrespective of whether the
competitor was added before or together with the magnesium and the target (i.e. second or third
incubation). Thus, a functional assay reveals that transpososomes containing a non-Mu donor
DNA are long-lived, with a half-life greater than twenty minutes.

Finally, we used a similar strategy to assess the longevity of hybrid complexes with full-
sized $X174 donor (Fig. 7d). This time, the DNA present in the assembly step was $X174 RFI
and a Mu fragment. Pre-formed complexes were challenged with excess R1-R1 fragment, and
then transposition was initiated with magnesium. Substantial intermolecular product appeared,
despite the added challenge fragment and even if the original Mu fragment contained only a
single R1 site (Fig. 7d, lane 8). Therefore, active complexes formed between $X174 and a
fragment with a single R1 site are long-lived. These results show that despite all the deficiencies
of their component parts, these hybrid complexes are indeed stable transpososomes.

Mini-Mu plasmids can activate non-Mu transposition.
Armed with the knowledge that non-Mu DNA can transpose, we revisited an unexplained family
of products seen in previous studies and discovered the products to be the result of
- intramolecular transposition of $X174. These products were observed in reactions containing
mixtures of wild-type MuA and MuA with active site mutations (specifically, the D269N and
E392Q substitutions, MuADE/NQ). This mutant protein cannot perform donor cleavage or
strand transfer, but it is efficiently incorporated into stable synaptic complexes. The activity of
transpososomes containing both wild-type and mutant subunits depends on the placement of
subunits. For example, some mixed complexes are fully active; some are not active at all; and
some are able to complete cleavage and strand transfer of only one of the two Mu DNA ends
(Baker et al., 1994; Baker and Luo, 1994; Kim et al., 1995).

In transposition reactions containing a mini-Mu donor plasmid, ¢$X174 RFI DNA, MuB,
and a 1:1 mixture of MuA and MuADE/NQ, the most abundant products were the result of mini-
Mu donor transposing into ¢X174 target (labeled Mu-¢X interST in Fig. 8). But an additional
family of products appeared that ran between relaxed mini-Mu and relaxed $X174 (Fig. 8, lanes
3 and 4, labeled target ¢X-intraST and marked with a bracket). These unexplained products did
not contain sequences from the mini-Mu plasmid, as determined by Southern blot analysis (data
not shown) and by their insensitivity to Bgll, a restriction enzyme that cleaves the Mu plasmid
but not $X174 (Fig. 8, lane 4). The products did contain $X174 DNA, as again determined by
Southern blotting (data not shown) and restriction analysis (Fig. 8, lane 5). Although the mini-
Mu was not covalently joined to the final products, it was an essential component of the reaction
(Fig. 8, lane 6), reminiscent of the role of the Mu donor fragments in the reactions described
above.

These ¢pX-only products were most likely generated by hybrid complexes with the
following structure: the two donor sites were provided by a mini-Mu plasmid and a $X174
molecule, the target site was another site on the same ¢$X174 molecule, and a MuUADE/NQ
subunit was incorporated in a position that blocked joining of the mini-Mu molecule to $X174
(Fig. 8b). The resulting products were intramolecular transposition products of $X174, similar to
those characterized in Fig. 3.

Although the products of these reactions were intramolecular, the reactions required the
MuB protein (data not shown). This suggests a role for MuB in bringing together two large DNA
molecules in one transpososome. Ordinarily, the two large DNAs are a donor and a target
respectively. In this special case, both DNAs participated as donors, and one (the non-Mu) was
additionally a target.

The mutant version of MuA was needed to see intramolecular $X174 products (Fig. 8a,
lane 2). However, it is unclear whether the mutant protein stimulated non-Mu transposition, or
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simply permitted detection of a reaction whose products are normally obscured by other
products. If all of the MuA subunits have functional active sites, products of the analogous
reaction should include a mini-Mu molecule. The products would have a mobility similar,
though not identical, to standard transposition products. Thus, it is possible that non-Mu
transposition occurs as a side reaction in most transposition experiments. Regardless of which
explanation is correct, these experiments revealed non-Mu transposition under reaction
conditions that are quite different from the fragment assays described above. Thus, multiple
reaction conditions reveal the power of Mu DNA to stimulate transposition.

Discussion

We find that Mu DNA can activate MuA to transpose non-Mu DNA. Similar promiscuous
activity has been observed previously in vivo, with a donor plasmid containing a single
transposon end sequence. This "single-end" transposon improvises a second "end" from other
sequences on the same plasmid, and transposes with a frequency 100-fold above background.
Though this single-end transposon is ~1000 fold less active than a transposon with two proper
ends, a plasmid without any end-sequence is indistinguishable from transposase-free controls
(Groenen et al., 1986). The transposons Tn3, Tn1721 and Tn21 have also been shown to perform
"single-ended" transposition in vivo (Arthur et al., 1984; Avila et al., 1984; Motsch and Schmitt,
1984), and in vivo use of cryptic recombination signal sequences is well documented for Rag-
1/2(Lewis et al., 1997).

Of course, for all these transposable elements the dominant pathway requires pairing of
two bona-fide transposon ends. Promiscuous transposition may have evolved as a default
pathway, for the rare times when a transpososome begins to assemble on a single end sequence.
If a single end were to transpose without first pairing with some other DNA sequence, it would
cause chromosomal rearrangements deleterious to the host. Promiscuous transposition, in which
a nearby site is synapsed with a transposon end and the two transpose together, would be less
harmful. For transposons that remain integrated at one location for many host generations,
preserving the host genome is almost as important as preserving their own.

Alternatively, promiscuous transposition may be irrelevant in the wild, as the presence of
one transposon end usually means another end is nearby. Nonetheless, the promiscuous activities
exposed in artificial settings reflect an important aspect of transposases' natural activity. For
example, the Mu synaptic complex is extremely stable, which helps ensure that transposition
does not abort before both ends have transposed (Surette et al., 1987). Some of the protein-
protein and protein-DNA interactions that stabilize native synaptic complexes presumably
contribute to synapsing promiscuous sites. The transposase is designed to tenaciously bind two
pieces of DNA, and promiscuous activities are likely a consequence of this tenacious binding.
DNA recognition sites help organize MuA subunits.

A DNA fragment containing two MuA recognition sites strongly activates non-Mu transposition.
A shorter fragment with only one recognition site is far less effective, even if protein and DNA
concentrations are well above the Kq for simple binding. These results suggest that one important
function of the MuA recognition sites, both for standard Mu transposition and for non-Mu
transposition, is to spatially constrain two MuA subunits. By bringing two monomers into close
proximity to each other, the DNA sites can contribute greatly to driving transpososome
assembly.

Other studies also highlight the importance of Mu DNA in spatially organizing the MuA
monomers to form an active tetramer. First, under stringent reaction conditions tetramer
assembly requires at least two recognition sites at each transposon end (Baker and Mizuuchi,
1992; Namgoong et al., 1994). Transpososome assembly is also sensitive to the spacing between
these two required recognition sites (Namgoong et al., 1994). Second, again under stringent
conditions, the sites at the two ends must be inverted relative to each other. This orientation
requirement suggests an additional level of organization, in which the two ends together establish
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the orientation of all four MuA subunits (Baker and Mizuuchi, 1992; Craigie and Mizuuchi,
1986). Third, the accompanying paper suggests that the recognition sites help position MuA
subunits relative to the cleavage sites.

On the full Mu transposon, the R1 and R2 sites bring together and position two MuA
subunits. The L1 and L2 sites probably function similarly. Although L2 is 80 base-pairs from L1,
the DNA-bending protein HU brings L1 and L2 together for assembly (Lavoie et al., 1996).
MuA recognition sites are allosteric activators of transposition.

A fragment with just one MuA recognition site is sufficient to activate transpos1t10n of non-Mu
DNA. This fragment can pair with $X174 RFI DNA to form a MuA transpososome, which is
active for transposition even after challenge with a competitor DNA. These results are consistent
with and extend a previous study, showing that under permissive reaction conditions a plasmid
with a single MuA recognition site could support assembly of MuA tetramers detectable by
protein crosslinking (Baker and Mizuuchi, 1992).

A single recognition site, absent the nearby cleavage site, is unlikely to constrain the
position of more than one MuA subunit. Chemical and nuclease protection patterns strongly
suggest that a MuA monomer contacts the length of an entire recognition site (Zou et al., 1991).

- Multiple subunits could make overlapping contacts, but an extensive overlap seems unlikely.
Thus our single-site R1 fragments are unlikely to have provided much energy towards organizing
the subunits of the transpososome. The ability of these R1 fragments to activate transposition
points to an additional, more specific role of the individual recognition sites. The simplest
explanation is that interactions with the recognition sequence induce a conformational change in
MuA necessary for transposition. Most likely, this conformational change allosterically activates
transpososome assembly. Although a single recognition site may directly affect only one MuA
molecule, allosteric changes in that molecule can cooperatively recruit other MuA molecules to
the complex -- some bound to non-Mu DNA. It is also possible that the recognition sites induce
conformational changes that are important for a post-assembly step, such as DNA cleavage or
strand transfer.

The role of the cleavage site.

Previous studies of MuA indicated a role for the cleavage site in assembling stable synaptic
complexes (Namgoong et al., 1994; Watson and Chaconas, 1996). Results of this study support
that conclusion (Fig. 7b). Why, then, is the cleavage site not an important feature of activator
fragments for transposition of non-Mu DNA? We can offer two thoughts on this topic. (i)
Participation in super-stable complexes may not be ideal for an activator fragment, as complexes
between two fragments compete with formation of hybrid complexes. (ii) Chapter 3 describes 18
of the sites from ¢$X174 that transposed as part of hybrid transpososomes (Goldhaber-Gordon et
al., 2002a). The cleavage site sequence is a strong feature among these sites. Thus, the two
halves of the complexes in our studies complement each other. The Mu DNA fragment provides
the recognition sites, to align two subunits and promote allosteric changes in MuA. The non-Mu
DNA provides the cleavage site sequence, which serves as the actual site of transposition and
may also provide stabilizing contacts to the complex.

Sequence-specific activation of other proteins

The MuA recognition sites perform a complex set of functions. They provide a structural buttress
for the transpososome, arranging multiple protein subunits with precision. They also individually
activate MuA subunits, probably by inducing conformational changes that are transmitted from
the protein's DNA binding domain to the other domains involved in forming a functional
transpososome.

There are many other contexts in which DNA sequences provide an assembly-board for
protein-protein interactions. For example, DnaA sites scaffold the initiation machinery at the
OriC origin of replication (Messer et al., 2001). Many bacterial repressors multimerize through
cooperative binding to neighboring recognition sites, and eukaryotic transcription usually -
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involves an even more elaborate set of protein complexes which fully assemble only when
constrained by DNA (Ptashne and Gann, 1997). In some of these cases, DNA sequences direct
the function of a protein complex simply by providing spatial organization for that complex,
without additionally inducing allostery. For example, the commonly used yeast two-hybrid assay
relies on the fact that the Gal-4 transcription factor uses DNA simply to position itself at a gene
promoter. Likewise, the lambda repressor has an experimentally-alterable linker connecting its
DNA binding domain to its cooperativity (protein-protein interaction) domain, making it unlikely
that DNA allosterically induces cooperative binding of repressor (Astromoff and Ptashne, 1995).

Nonetheless, DNA promoted allostery may be wide-spread as a means of directing a
protein activity to a specific DNA sequence. For example, some restriction enzymes cleave the
DNA at a fixed distance from a recognition site. The specificity of these enzymes probably relies
on allosteric changes transmitted from the DNA-binding domain to the catalytic domain (Wah et
al., 1997). Some transcriptional regulators, for example Ets-1 and the glucocorticoid receptor, are
also effected by DNA promoted allostery (Lefstin and Yamamoto, 1998). Binding of Tn5
transposase to its recognition sequence promotes protein dimerization by altering a helix
connected to a C-terminal protein interaction domain (Davies et al., 2000). In addition, upon
forming a synaptic complex Tn5 transposase makes significant changes in its DNA contacts,
both within the recognition site and around the cleavage site, suggesting changes in the protein
structure (Bhasin et al., 2000).

Transposases are a particularly interesting example of DNA promoted allostery, as
potentially are site-specific recombinases, DNA repair complexes such as MutSHL, and certain
restriction enzymes, like Fokl, that may multimerize only on DNA (Bitinaite et al., 1998; Hallet
and Sherratt, 1997; Sixma, 2001). These proteins all function in catalytic pathways, but their
activities require pre-assembly into multimeric protein-DNA complexes. Thus, DNA promoted
conformational changes could function at multiple points along the pathway, including the
assembly step and subsequent reaction steps. It will be interesting to learn whether the allosteric
changes induced by the MuA recognition sites directly affect the cleavage and strand transfer
reactions, or are primarily required for assembly of a functional complex.

Figure legends

Fig. 1. Model of transpososome assembly. Individual MuA monomers bind specifically to six
recognition sites, three at either end of the Mu transposon. Four of these monomers form a stable
tetramer, synapsing the ends of the transposon and engaging the cleavage sites. One monomer is
shown in white, to highlight the crisscross structure. (Components not drawn to scale, in this and
all schematic figures.)

Fig. 2. Mu donor fragments. A. Fragments containing 50 base-pairs from the right end of Mu
support transpososome assembly. Mimicking transposition of a complete transposon, MuA can
synapse two fragments and join them to opposite strands of a target DNA. The DFT product
results from successful transposition of both fragments; the SFT product results if one fragment
fails to transpose. B. Sequences of fragments used in this study. The fragments are shown with
the transferred strand on top, but that strand is listed 3' to 5'. The important differences among
most of these oligonucleotides is the length of the transferred (top) strand on the 3' end. The
darker box highlights the sequence of the native R1 site, lighter box the native R2 site, and bold
lettering the cleavage site. Some experiments used fragments with the same names but slightly
different sequence than those shown here; see experimental procedures. Additional fragments are
also listed in experimental procedures, as is the complete sequence of the uncleaved fragment.
Fig. 3. Transposition of a non-Mu DNA molecule ($X174 RF1). 4. Ethidium bromide stain of
an agarose gel showing non-Mu transposition products. Transposition of $X174 RFI DNA was
activated by an unjoinable (UJ) Mu fragment. On this gel, intramolecular transposition products
migrated near linear $X174. But with TBE running buffer, as opposed to the TAB buffer used in
the gel shown here, the same products very clearly separated from linear DNA (data not shown).
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A reaction with a pre-cleaved (PC) fragment is shown for comparison. The DFT product of that
reaction migrates with linear $X174. Fragment and MuA concentrations were each 50 nM. B.
Two-dimensional gel electrophoreses supported the identification of the intra- and inter-
molecular transposition products. Transposition products were formed with an unjoinable
fragment and $X174 DNA. Electrophoreses in the first dimension was on a native agarose gel as
in Fig. 2a; the second dimension was alkaline (denaturing) agarose, and was visualized by
southern blotting. Here, an ethidium bromide stain of the first dimension is shown positioned
horizontally across the autoradiogram of the second dimension. The ethidium stain is not of the
actual gel-slice that was used for the second dimension, but it is the same DNA sample. Circular
and linear strands are labeled based on standards (specifically, yield from supercoiled and nicked
'DNA). "Dimer" is labeled based on its slow migration.
Fig. 4. Non-Mu transposition is due to hybrid synaptic complexes. 4. Non-Mu transposition
is probably due to synapsis of a fragment containing MuA recognition sites and a $X174
molecule. B. In support of this model, preincubation of MuA with the unjoinable fragment
inhibited formation of intermolecular transposition products. In a 1 hour incubation step, 100
nM MuA was incubated without DNA (lane 1), with $X174 DNA and 50 nM unjoinable
fragment (lane 2), just with $X174 (lane 3), or just with unjoinable fragment (lane 4). The
missing DNA components were added to the reactions for a subsequent 20 minute incubation.
Only the preincubation with the unjoinable fragment caused significant inhibition of
transposition (lane 4). For this figure and all that follow, unless noted otherwise, products were
visualized by Vistra-green staining of an agarose gel. C. Graph of product concentration vs.
Jfragment concentration shows a fragment optimum. The total DNA concentration was
maintained constant at 1440 nM, by balancing the Mu fragment with a fragment of identical
length but unrelated sequence. The Mu fragment was R1-R1 (see Fig. 2b), and the incubation
time was four hours, to permit this reaction to be compared to the one shown in Fig. 6b. The
graph shows % of DNA converted to “intermolecular” product as a function of [Mu fragment].
Fig. 5. Cleavage site is not a necessary feature of the Mu fragment. 250, 50 or 5 nM fragment
was incubated with MuB, ¢$X174, and 50 nM MuA. Depending on which Mu fragment was used,
we saw three types of products: 1) The figure-eight intermolecular product described above, 2)
The product labeled with a tailed-circle, which contained (data not shown) a $X174 dimer (as
determined by two dimensional gel electrophoresis) and a Mu fragment (as determined by
radiolabeling the Mu fragment). This tailed-circle product has some linear character, as defined
by its relative migration in gels with different running buffers and by its sensitivity to
exonuclease V (data not shown). This product probably results from pairwise transfer of a
fragment and $X174, and/or from reuse of a figure-eight product as a target in a second round of
transposition, and 3) The standard product of transposition of a fragment pair (DFT), which runs
with linear product. (Aside note: at fragment concentrations above the MuA concentration, DFT
products are visibly reduced (lane 2). This is probably due to failure of MuA to saturate the
recognition sites. Inhibition of non-Mu transposition is visible at much lower fragment
concentrations.)
Fig. 6. Single-site fragments can activate transposition. 4. 1440, 480 or 160 nM R1 fragment
was incubated with MuB, $X174 and 50 nM MuA for two hours. The longer incubation time
was necessary to see products with the short fragment. (Aside note: some linear target is visible,
due to contaminating nuclease activity in the MuB prep which becomes apparent with long
incubation times. The background levels of visible ¢$X174 dimer are also high, a result of
nuclease nicking of supercoiled dimer which exists in the $X174 prep but is normally obscured
by relaxed monomeric $X174.) B. Linked sites are better activators than unlinked sites. Varying
concentrations of R1-R1 fragments (squares), or R1 fragments (triangles) were incubated with
MuB, $X174 and 50 nM MuA for 4 hours. A DNA fragment of appropriate length (46 bp for the
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R1-R1 experiment, 22 bp for R1) and unrelated sequence was used to maintain total [DNA] at
1440 nM. The graph shows % of DNA converted to “intermolecular” product as a function of
[Mu fragment].

Fig. 7 Hybrid transpososomes are stable to competitor DNA. 4. Summary of experimental
design. Transpososome complexes were assembled, challenged with an excess competitor DNA
fragment, and assayed for stability. B. Band shift assays directly address complex stability. In a
first incubation, complexes were formed by incubating 50 nM labeled fragment and 50 nM
unlabeled fragment with 150 nM MuA for 40 minutes. In some cases the labeled and unlabeled
were the same fragment -- both were included to keep the DNA concentration constant between
experiments. During a second 60 minute incubation, preformed complexes were challenged with
0.2 pg heparin (h: lanes 2, 5, 8, 11, 14) or 800 nM cold R1-R1 fragment (d: lanes 3, 6, 9, 12 and
15). Complex stability was then confirmed by gel electrophoresis and autoradiogram. MuB,
target DNA and MgCl, were not included at any point in this experiment. C. Transposition
assays reveal that hybrid transpososomes are long-lived. In this autoradiogram, the only visible
product results from strand transfer of a non-Mu fragment into a $X174 target. Complexes were
assembled by incubating 200 nM MuA with 50 nM labeled non-Mu fragment and 50 nM

. unlabeled Mu fragment, for 4 hours. The absence of divalent metal at this step prevented
transposition (assembly on precleaved fragments does not require divalent metal). In a second
twenty minute incubation, excess competitor DNA (500 nM unlabeled, unjoinable fragment) was
added to the reactions shown in lanes 1 or 2, to challenge the stability of preformed complexes.
In a third incubation, target DNA and MgCl, were added, as well as competitor DNA to
reactions shown in lanes 3 and 4. Numbers above the gel refer to the incubation step for which
competitor DNA was added (see Fig. 7a). Lanes 1 and 3: during the first incubation the
unlabeled fragment was unjoinable; lanes 2 and 4: it was R1-R1 fragment. D. Transposition
assays reveal stability of transpososomes formed on ¢X174 RFI DNA. In a first incubation,
150nM MuA was incubated for one hour with 570 nM MuB, ¢$X174, and Mu fragment, in 10
mM CaCl; to permit assembly but prevent transposition. Either the R1-R1 fragment was present
at 8 nM (lanes 1-4), or the R1 fragment was present at 1.4 pM (lanes 5-8). In a second
incubation, excess competitor DNA (500 nM R1-R1 fragment) was added to the reactions shown
in lanes 4 or 8, to challenge the stability of preformed complexes. In a third incubation, MgCl,
was added, along with 300 nM additional MuB, to initiate transposition. Numbers above the gel
refer to the incubation step for which excess competitor DNA was added (see Fig. 7a). Lanes 1.
and 5 confirm that no transposition occurred in the absence of magnesium. Lanes 3 and 7
confirm that the competitor DNA competed successfully.

Fig. 8. Non-Mu transposition can be activated by mini-Mu plasmids. 4. Agarose gel of
plasmid reactions. Reactions were first incubated at 30°C to allow transposition and then
incubated at 37°C (with or without an appropriate restriction enzyme). A bracket marks the
products of intramolecular transposition of $X174. BglI (lane 4) uniquely cleaves the Mu
plasmid, while XAol (lane 5) uniquely cleaves $X174. DNA species are labeled as follows: Mu-
¢X interST = intermolecular transposition products with mini-Mu donor and $X174 target; $X
intraST = intramolecular transposition product containing only $X DNA; subscripts: N = nicked,
L = linear, S = supercoiled; Mu = mini-Mu plasmid pMKS586; ¢X = $X174 RFI; A(wt) =
wildtype Mu transposase; A(DE/NQ) = defective active site version of Mu transposase. Lane 6 is
taken from a different gel than lanes1-5. B. Model of transpososome that produced the
intramolecular strand transfer products (labeled ¢gX-intra ST in Fig. 8a). The probable reason
for mini-Mu plasmid failing to join to target is inclusion of active-site mutant MuA.

41




Target DNA

Donor DNA

MuDNA §

1R3
R2

R1
'de de

cleavage -}AT T% cleavage
Host DN,U

Figure 1, Activation by MuA Recognition Sites
Page 42




Mu donor fragment
A ag!
I’,ngﬂDNA
1
' ’
A3 -
"7 [ mansposttion.
Single fragment SDs
transferred (SFI} | w = =
> “a Double fragments
¢ ] OR transferred (DFT)
' ! R "
M A - - "Q
B cleavage/
strand transfer

.. .gEtt cggacatctcttc Caaagtgﬂtatttacgc tEtgh’
ctagtgaag

ft:'t'!;ca'cgata atgegaaaacl’

ctagtgaag

crtagtgaag

acttcoctgaagtgoggtettatgetttotgaagtgoggtettatgetttge
ctagtgaaggact tcacgeragaatacgaaagact tcacgccagaatacgaaacg

Figure 2, Activation by MuA Recognition Sites
Page 43

UC uncleaved
PC precleaved
UJ unjoinable
RI-R1

R1

non-Mu



A‘

nicked

Intermolecular
product intramolecular
nier- _~supercolled
molecular :
e
1D native
n
o
nicked =3
=
intra- “‘;D é
molecutar{ ear =
cO OFT) E Dimer
stper- Clreular straned
N coiled
® ‘ Linear strand
D Inter- nicked intra-  supercolled
lane 1 2 3 4 5 molecular molecular
MuA + + . &« OO@Q%W_
MuB + - -+ + + * }
Fragment 1 U] U pPC - -
5 ! ] ) clreular and linked Greular
Hnear monomers MoNoMmers
0 dimer flinear), dimer (linear),
circular monomer smaller products

Figure 3, Activation by MuA Recognition Sites
Page 44




Figure 4, Activation by MuA Recognition Sites
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Figure 5, Activation by MuA Recognition Sites
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Figure 6, Activation by MuA Recognition Sites
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Figure 7, Activation by MuA Recognition Sites
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Chapter 3. Sequence and Positional Requirements for DNA Sites in a Mu Transpososome

Transposition of bacteriophage Mu uses two DNA cleavage sites and six transposase recognition
sites, with each recognition site divided into two half sites. The recognition sites can activate
transposition of non-Mu DNA sequences, if a complete set of Mu sequences is not available. In
this chapter I present analyses of 18 sequences from a non-Mu DNA molecule, selected in a
functional assay for the ability to be transposed by MuA transposase. These sequences are
remarkably diverse. Nonetheless, when viewed as a group they resemble a Mu DNA end, with a
cleavage site and a single recognition site. Analysis of these “pseudo-Mu ends” indicates that
most positions in the cleavage and recognition sites contribute sequence-specific information that
helps drive transposition, though only the strongest contributors are apparent from past
mutagenesis data. The sequence analysis also suggests variability in the alignment of recognition
half-sites. Transposition assays of specifically designed DNA substrates support the conclusion
that the transposition machinery is flexible enough to permit variability in half-site spacing, and
also perhaps variability in the placement of the recognition site with respect to the cleavage site.
This variability causes only local perturbations in the protein-DNA complex, as indicated by
experiments in which altered and unaltered DNA substrates are paired.

Specific contributions by colleagues:

This chapter appeared in the Journal of Biological Chemistry-on March 8, 2002, Vol. 277, No.
10, pp. 7703-7712. The authors were Ilana Goldhaber-Gordon, Michael H. Early, Matthew K.
Gray and Tania A. Baker. Michael Early contributed figure 5a and some of the experiments for
figure 5b. Matthew Gray, in collaboration with me, wrote the perlscript that is described in the
text and that was used to generate the data for Table I.
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Introduction

Some of the most fundamental of biological processes occur within nucleoprotein complexes.
These processes include recombination, replication, transcription, and RNA splicing. The
nucleoprotein complexes are often large and elaborate, containing features that permit
sophisticated regulation. As a result, dissecting the chemistry of interactions within a complex is
a challenging task, but one that is critical to understanding biological function.

Transposition of bacteriophage Mu, like that of other transposons, occurs within
complexes called transpososomes. Transpososomes mediate at least two sequential chemical
reactions, on pathway towards transferring the transposon DNA from one site to another. The
two reactions are: (i) DNA cleavage, in which a nick is introduced precisely at the end of the
transposon, on the 3' strand, and (ii) DNA strand transfer, in which the nicked strand is joined to
a separate DNA molecule called the target (Chaconas, 1999; Haren et al., 1999). The reaction
sites on the transposon DNA, or “donor DNA?”, are defined by specific DNA sequences, but Mu
target sites are not very sequence-specific (Mizuuchi and Mizuuchi, 1993).

Transpososomes contain multiple subunits of a transposase protein, bound to DNA
sequences from both of the transposon's ends (Haren et al., 1999). These protein-DNA
complexes are also called "synaptic complexes", because they bring together the two ends of the
transposon DNA. The phage Mu transposase, MuA, is monomeric in solution, but forms a
tetramer upon binding to specific DNA recognition sites near the transposon ends (Mizuuchi et
al., 1992; Surette et al., 1987).

Each end of the Mu transposon has three MuA recognition sites: R1, R2 and R3 on the
right end and L1, L2 and L3 on the left, not all of which are essential for transposition (Allison
and Chaconas, 1992; Baker and Mizuuchi, 1992; Craigie et al., 1984; Groenen et al., 1985;
Lavoie et al., 1991). Five of the six sites are related by a degenerate 22 base-pair consensus
sequence. The exception is L2, which is missing roughly half of the 22 base-pair sequence. In the
transpososome tetramer, three of the MuA subunits are bound specifically to the R1, L1 and R2
sites. The fourth subunit probably binds the L2 site, but this contact is not as stable as that of the
other three subunits and can be competed away by excess DNA (Lavoie et al., 1991) (Mizuuchi
et al., 1991). Additional subunits, not essential for catalysis, may be loosely associated with the
R3 and L3 sites. In vitro, MuA can transpose "donor fragment" molecules—short DNA
molecules carrying only the R2, R1 and cleavage sites (Fig. 1a) (Savilahti et al., 1995). These
fragments support assembly of MuA tetramers, which synapse pairs of fragments.

MuA specifically binds its DNA recognition sites through its N-terminal domain (Fig.

. 1b) (Nakayama et al., 1987). This proteolytically defined domain contains three independently
folding subdomains, Ia, 1B, and Iy, each of which has a helix-turn-helix (HTH) motif (Clubb et
al., 1994; Clubb et al., 1997; Schumacher et al., 1997). Domain Ia binds to an internal enhancer-
like site that is not essential in vitro. Domains If and Iy interact with the recognition sites and are
essential. Each DNA recognition site can be thought of as two half-sites: the outer half-site is
bound by domain Iy and the inner half by IB. This bipartite DNA binding has at least two
consequences. It permits the recognition sequences to be unusually long, and therefore rare, and
it allows for nanomolar binding affinities to the combined site (Schumacher et al., 1997). Itis

_ also possible that the bipartite structure achieves some additional, as yet undiscovered function.

The cleaved phosphodiester bond at the end of the transposon is separated from the
outermost recognition site (R1 or L1) by five-base-pairs, the last two base-pairs being 5'CA
(often described by the 5°TG complement). Thus, Mu has separate cleavage sites and recognition
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sites. Whereas the recognition sites are bound by domains If and Iy of MuA, the cleavage sites
are contacted by the protein's active site which is in domain Ila.

Within the synaptic complex, individual MuA subunits bind a cleavage site and a
recognition site on opposite DNA ends. Specifically, the MuA subunit bound to the R1 site
engages the left-end cleavage site, and the subunit bound at L1 engages the right-end cleavage
site (Fig. 1b) (Aldaz et al., 1996; Namgoong and Harshey, 1998; Savilahti and Mizuuchi, 1996;
Williams et al., 1999). This intertwined structure suggests that the various MuA domains and
subunits function interdependently in a transpososome.

There are many unanswered questions about interactions between the protein and DNA
components of the transpososome. For example, there is no direct structural information about
the geometry of the protein-DNA interactions. On another level, although considerable
mutagenesis has been performed on the MuA recognition sites (Burlingame et al., 1986; Groenen
and van de Putte, 1986), the sites are long and our understanding of sequence requirements is
incomplete.

In chapter 2, I described transposition of DNA molecules that have no defined MuA
recognition sites (Goldhaber-Gordon et al., 2002b). This unconventional activity depends on
MuA recognition sites provided in frans on a donor fragment or a donor plasmid, so that
"hybrid" synaptic complexes can assemble between the Mu DNA and a site on the non-Mu DNA
(Fig. 1¢). Here, we describe the sequences of 18 sites on $X174 RF1 that were transposed by
MuA. These 18 sequences are extremely diverse. Nonetheless, looking at the most commonly
represented nucleotide at each position, we find that as a group the 18 sequences resemble a Mu
end with a “TG” cleavage site and a single MuA recognition site. We deduce from these 18
sequences the fundamental sequence requirements for transposition. Additionally, we draw
conclusions about the arrangement of the individual DNA sites that contribute to the
transpososome. Our conclusions, initially based on sequence analysis, are supported and
extended through analysis of the transposition activity of defined DNA fragments. Our data point
to localized regions of flexibility in the Mu transpososome.

Experimental Procedures

Proteins and DNA. MuA (Baker et al., 1993) and MuB (Yamauchi and Baker, 1998) were
prepared as described. $X174 RF1 was purchased from New England Biolabs. Oligonucleotides
(fragment donors or PCR primers) were purchased either from MIT/HHMI biopolymers lab or
from GeneLink, and fragment donors were purified by denaturing PAGE. Donor fragment
sequences were as follows: unjoinable Mu
fragment:gttttcgcatttatcgtgaaacgctttcgegtttttcgtgegeegetic/ctagtgaageggegeacgaaaaacgegaaagegt
ttcacgataaatgcgaaaacg,wild-type:
gttttcgcatttatcgtgaaacgcetitcgegtttttcgtgegeegettca/ctagtgaageggegeacgaa
aaacgcgaaagcgtttcacgataaatgcgaaaac, fragment HSI:
gttttcgcattttacgtgaacgctttcgegttttttcgtgegecegcettca
/ctagtgaagcggcgcacgaaaaaacgcgaaagegttticacgataaaatgcgaaaac, fragment HSD: gttttcgcatttacgtg
aaacgctttcgegtttttcgtgegecgcettca/ctagtgaageggegeacgaaaaacgegaaagegtttcacgtaaatgegaaaac,
fragment HSN:
gttttcgcatttatcgtgaaacgctttcgegttttttgetcceggettca/ctagtgaagecgggageaaaaaacgegaaagegtitcacgataa
a tgcgaaaac, fragment 17a:
cgtttcgtattctggegtgaagtctitegtattctggegtgaagtcctica/ctagtgaaggacttcacgecagaata
cgaaagacttcacgccagaatacgaaacg, fragment 17b:
cgtttcgtattctggcgtgaagtcttitgtcttctggegtgaagtecttca/
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ctagtgaaggacttcacgccagaagacaaaagacttcacgccagaatacgaaacg, fragment 17¢:
cgtitgtaatcctggegtgaagtctttgt aatcctggegtgaagtecttca
/ctagtgaaggacttcacgccaggattacaaagacttcacgecaggattacaaacg, fragment 17d:
cgtttaagattctggegtgaagtctttaagattctggegtgaagtcctica/ctagtgaaggacttcacgecagaatcttaaagacttcacgeca
gaatcttaaacg, fragment CSI:
gttttcgcattatcgtgaaacgetticgegttittcgtgegeegecttca/ctagtgaacggegeacgaaaaacg
cgaaagcgtticacgataaatgcgaaaac, fragment CSD: gttttcgeatttatcgtgaaacgctttcgegtttttcgtgegeegttca/
ctagtgaaggacttcacgccagaagacaaaagacticacgeccagaatacgaaacg

Isolation of pseudo-ends. The short target had the sequence: 5’ccagtgctggaaagataccggcaggee
cgcgeacaccggecccagatatatgagcagecaacgacecggeegggaggg, annealed to a precise complement.
This sequence was derived from an insertional hotspot in pBR322 (Mizuuchi and Mizuuchi,
1993), but was modified to remove any 3 base-pair sequence that resembled parts of a MuA
recognition site. This short target [240 nM] was incubated with 15 ng/ul MuB and 0.2 mM ATP
at 30°C for 20 minutes, under standard transposition buffer conditions (Goldhaber-Gordon et al.,
2002b). If MuB was not included in this step, we saw no transposition into the short target (data
not shown). ATP-y-S was then added to 2 mM, and the reaction was incubated for another 20
minutes at 30°C. If ATP-y—S was not added, transposition into the short target was reduced (data
not shown). We then added $X174 RF1 to 10 ng/ul, unjoinable fragment to 5 nM, and MuA to
50 nM, and continued incubating for two hours. Reactions were stopped with SDS/EDTA,
phenol/chloroform extracted, and ethanol precipitated.

For the two sequences obtained without cloning, ~2.5 ug of DNA were used in a 50 pl
thermal cycling reaction, using a "touchdown" protocol. Annealing temperature was reduced by
1° every 2 cycles for 26 cycles, starting at 60°C, and then amplification continued 12 more cycles
with annealing temperature 47°C. The primers were ccagtgctggaaagatac (anneals to the short
target) and either gtagaaatgccacaagcc (to obtain sequence 17) or ggcttgtggcatttctac (to obtain
sequence 18). The products were run on a 1.5% MetaPhor (FMC Bioproducts) preparative
agarose gel. In each case a ~700 bp band was excised and purified with a Qiagen gel extraction
kit. It was then amplified in a second round of PCR (20 cycles, 49°C annealing temp), and
sequenced with an Amersham Pharmacia cycle sequencing kit.

For the sequences obtained by cloning, the transposition products were purified away
from unused fragments (both the unjoinable Mu fragment and the target fragment) on a Superose
6 HR column before being subjected to the "touchdown" PCR. This time, annealing temperature
was decreased by 0.5°C every cycle for the first 20 cycles, followed by 12 cycles at annealing
temperature of 51°C. Products were purified with a Qiagen PCR Purification kit. The products
were then simultaneously digested with EcoR[ and an appropriate second enzyme, cloned into a
pUC19 vector, and transformed into DH5a cells. Clones were sequenced at the MIT/HHMI
biopolymers sequencing facility.

The target primer contained an EcoRI site: tagaattccagtgctggaaagataccgge. The X174
primer was one of the following, containing one of the following restriction sites: Aatl] sites:
tgtgtgactattgacgtccttecee or cgtacggggaaggacgtcaatagtc; Pst/ sites: gattggegtatccaacctgeagag or
gaagcgataaaactctgcaggttgg; BamHI sites: taggatccatgcectttcccatcttgget or
taggatccaagatgggaaaggtcatgeg or taggatcctgctatgaggcettgtggea or taggatccacaagectcaatageaggttt.
Sequences 1, 2 and 3 (Fig. 2) were obtained from faulty priming of the $X174 primer to an
incorrect sequence on ¢$X174 that happened to be similar to the primer sequence and happened to
be near the transposition joint. :
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Transposition reactions. Unless otherwise indicated, transposition reactions were done
essentially as described (Goldhaber-Gordon et al., 2002b), except that protein and DNA
concentrations were as follows: 200 nM donor fragment, 500 ng $X174, 200 ng MuB. MuA
concentrations were as indicated in Fig. legends. These conditions were optimized for
transposition of fragments carrying pseudo-MuA-recognition sites.

Results :

Individual pseudo-ends have identifiable cleavage sites.

Using MuA transposition assays, we identified 18 non-Mu sequences that could function
analogously to the Mu DNA end sequences. These 18 "pseudo-Mu ends" were located on $X174
RFI DNA, but the results presented in chapter 2 suggest that any large DNA molecule could
have yielded a similar group of pseudo-ends (Goldhaber-Gordon et al., 2002b). In addition to the
large (5386 bps) $X174 DNA, the transposition assays used to isolate pseudo-Mu ends required
two types of DNA fragments (Fig. 1c). An 80 base-pair fragment served as a transposition target.
The sequence of this fragment was based on a preferred target-site from plasmid pPBR322
. (Mizuuchi and Mizuuchi, 1993), but the original plasmid sequence was modified slightly to
remove any minor sequence similarity to Mu DNA. We also needed a source of native MuA
recognition sites, to permit transposition of the non-Mu DNA. For this purpose we used a DNA
fragment that contained two MuA recognition sites (R2 and R1) but lacked the pA3' from the
cleavage site, and therefore could not participate in the covalent chemistry of transposition. I
showed in chapter 2 that this fragment, called an "unjoinable fragment", efficiently activates
non-Mu transposition (Goldhaber-Gordon et al., 2002b).

The 80-mer target fragment was incubated with MuB, a Mu protein which controls
selection of transposition targets (Maxwell et al., 1987). Subsequently, MuA transposase, the
unjoinable Mu DNA fragment, and ¢$X174 RFI DNA were added. DNA products in which the
$X174 DNA became covalently joined to the target fragment were then amplified with a primer
to the target and one of several primers designed to arbitrary locations on $X174 (Fig. 1¢). This
method yielded two PCR products that were sufficiently abundant to be directly sequenced.
Sixteen additional sites were identified after cloning and sequencing.

The sequences obtained are listed in Fig. 2, beginning with the 5' complement of the
nucleotide that was joined to target DNA. In sixteen cases, that complement was a "T", and in
the remaining two cases it was an "A". Furthermore, in 8 cases (out of the 18) the following
nucleotide was a “G.” Thus, these sequences revealed that functional pseudo-Mu DNA ends
have cleavage sites that are close in sequence to the 5'TG of the natural cleavage sites.

Several additional lines of evidence confirm that these sequences are indeed pseudo-Mu
ends; that is, that despite low similarity to the ends of the Mu genome, they served as
transposition donor sites (not all data shown). (i) In control experiments, a 5' label on the target
80-mer revealed some target fragment joined to $X174 DNA. (ii) To be functional, the 80mer
target needed to be pre-incubated with MuB. Since DNA molecules bound by MuB are preferred
by MuA as transposition targets, these data support the claim that $X174 DNA was transposing
into the 80-mer, rather than vice versa. (iii) For the two sequences analyzed directly (without
cloning), we could clearly read on the sequencing gel roughly 100 bp of $X174 sequence. Then
the $X174 sequence ended abruptly, and we could read multiple sequences from the 80-mer
target, overlapping with each other on the sequencing gel. This sequence pattern suggests a
family of transposition products, corresponding to a single site on $X174 recombining with
multiple sites on the small target DNA. (iv) To control for faulty priming of the target primer on
$X174 DNA, we rejected clones that did not include target sequence beyond the target primer.
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(v) We also cloned and sequenced DNA that had been treated as in our experiment, except that
MuA and B were omitted from the transposition reactions. We were reassured that these controls
did not yield sequences that we would have considered to be transposition products. (vi) Finally,
as described below, further sequence analysis affirms that these 18 sequences, as a group,
resemble a Mu DNA end.

The pseudo-Mu ends have weak similarity to a MuA recognition site.

A striking feature of the sequences in Fig. 2 is that most of them do not strongly resemble a MuA
recognition site. All of the 16 pseudo-ends isolated by cloning (rather than direct sequencing)
were located within 400 base-pairs of the PCR primer that isolated them. All but three were
located within 250 base-pairs of their respective primers. This close proximity to an arbitrary set
of primers suggested that use of a different set of PCR primers would have resulted in isolation
of a different group of sequences, indicating minimal requirements for DNA to function as a
transposition substrate in these experiments.

We developed a scoring system to address the resemblance of pseudo-ends to a
consensus sequence derived from native MuA recognition sites (right side of Fig. 2). Sites were
scored 1 point for a match to the consensus at a position where a nucleotide is specified, and half
a point if only purine or pyrimidine is specified. For analys1s of a single 22 base-palr recognition
site, without the cleavage site, the highest possible score is 17.5.

For the 18 pseudo-ends, the mean score was 6.50 points for the putative outer-site (i.e.
nucleotide positions 6-27, equivalent to R1 or L.1) (Table 1, row 1). This is indeed low,
compared to, for example, the 13.5 points found for the natural R1 site. However, the mean score
for all 10,772 possible sites on the two strands of $X174 is 5.41, and the standard deviation for
randomly chosen groups of 18 such sites is 0.42. Thus, the pseudo-ends, as a group, are 2.6
standard deviations better than a typical group of 18 (Table 1, last column; [6.5-5.41]/0.41 =
2.6). A random group of 18 sequences will score this well 0.5% of the time.

We next conducted the same analysis for the putative inner site (i.e. nucleotide positions
28-49, equivalent to R2 or L2). The results of this calculation gave a mean score of 4.61 (Table
1, row 10). For the group of 18, this is 1.9 standard deviations /ower than the expected score of
5.41 for a randomly chosen group. The lower-than-mean score is puzzling, but perhaps not
significant—a random group should score this poorly 3% of the time.

Analysis of pseudo-ends suggests alternative alignments.

The poor scores for the 18 pseudo-ends could be due to variability in the correct sequence
alignment. For example, there might be flexibility in the placement of the recognition sites
relative to the cleavage site. In addition, recall that the recognition sites consist of two half-sites,
bound respectively by the Iy and I subdomains of MuA (Fig. 1b). Spacing between half
recognition sites could also vary. It would be interesting if the pseudo-end sequences showed
variability in their alignments, because this variability might point to areas of flexibility within
the Mu transpososome.

With this in mind, we reanalyzed the pseudo-end sequences, allowing variability in the
spacing between pairs of sites. The computer program (a perlscript) used for this analysis can be
made available on request. The point system used by the program to score sites was the same as
described above.

Allowing variability between the two halves of the outer recognition site greatly
improved the point score of the pseudo-end group. With flexibility of £1 nucleotide between half
sites, the group of 18 pseudo ends scored more than 4 standard deviations better than random
groups of 18 (Table 1, row 6). On the order of 10™% of random groups of 18 sites would score
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this well. Note that if MuA could not permit variability in the spacing of the two half-sites, an
analysis that did permit variability would worsen the sites' mean score compared to a random
group. If we accept the hypothesis that these 18 sequences were not randomly selected, then the
fact that allowing flexibility improved the group’s score from 2.6 standard deviations (just
significant) to 4.2 (highly significant) strongly suggests that MuA bound some of these sites in
an unorthodox register.

Allowing variability in the spacing between cleavage site and outer recognition site did
not improve the relative mean score for the pseudo-end population (Table 1, rows 2&3). On the
other hand, this variability did not significantly decrease the score either. We will return to this
point below. :

Analyzing the $X174 sequences adjacent or nearly adjacent to those shown in Fig. 2
failed to reveal a set of inner recognition sites (equivalent to R2) (Table 1, rows 10-13, and data
not shown). Note that we would not have detected a set of inner sites located at arbitrary
distances from the outer sites. Most likely, in our experiments the transpososomes did contain
four DNA-bound MuA subunits — two bound to ¢$X174 and two bound to a Mu fragment — but
the second $X174-bound subunit relied on cues from the other three subunits to position it in the
transpososome.

Transposition of diverse sequences

It is worth noting that some individual pseudo-ends continued to score poorly, even allowing
variable alignments (data not shown). For example, with variability of +1 nucleotide between
half-sites, sequences 2 and 3 continued to score only 3.5 and 4 points, respectively. Several
others scored 5 or 6 points. Also note that not a single nucleotide was absolutely required among
the 18 pseudo-ends; even at position one, two pseudo-ends contained an A rather than a T. We
suggest that almost any sequence can transpose at some frequency, but that similarity to a Mu
end determines the transposition frequency.

To test this assertion, we constructed precleaved donor fragments designed to not
resemble Mu sequences except at the cleavage site. A radiolabel on the fragments showed that
they did transpose, though at just barely detectable levels after an hour incubation. By
comparison, a fragment with recognition sites taken from sequence 17 in Fig. 2 produced a
similar amount of transposition product in only 7 minutes. A wild-type fragment, however,
produced ten times as much product in two minutes or less. (Data not shown. Fragment
sequences listed in experimental procedures. The "sequence 17" fragment is used again for Fig. 4
below, and also in chapters 2 and 4.

Phasing flexibility is permitted between half-sites.

Table 1 suggested that, under our experimental conditions, MuA can recognize half-sites with
non-native alignments. We performed two experiments to further test this hypothesis. First, we
designed precleaved donor fragments with base-pair insertions or deletions between half sites.
This experiment is the conceptually obvious one, but its results are only suggestive, as explained
below. Second, we manipulated the sequence of a pseudo-recognition site whose half-sites
seemed to be one base-pair out-of-phase with each other. This second experiment provided more
conclusive evidence in favor of flexibility.

In both sets of experiments, each donor fragment was assayed at multiple MuA
concentrations. This was done because high MuA concentrations were necessary to see activity
for the less-active fragments, but the high MuA made quantitation difficult for the more-active
fragments. Also in both sets of experiments, transposition assays were done as single time-points
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rather than time courses. As a result, we cannot say whether variability in transposition
efficiencies reflected varying rate constants or varying end-points.

Fragment HSI ("half-site insertion"; Fig. 3a&b) contained an added "A/T" at roughly the
boundary between the halves of each of R1 and R2. This fragment transposed at approximately
70% the efficiency of wild-type DNA (Fig. 3c, lanes 4-6). Fragment HSD (half-site deletion) had
an A/T removed at each half-site boundary (Fig. 3a&b), and it transposed at ~50% the efficiency
of a wild-type fragment (Fig. 3¢). These results showed that fragments with altered half-site
spacing can transpose, albeit with slightly reduced efficiencies. However, these results do not
indicate whether MuA recognized fragments HSI and HSD with a rigid or a flexible alignment.
Did the protein bind the optimal sequence, perhaps stretching or pinching to accommodate the
altered spacing? Or did the protein recognize the rigid alignment, sacrificing sequence-specific

“contacts at the inner half of R1 and all of R2? As shown in detail in Fig. 3a, because the
recognition sites contain stretches of repeating "A" a single base-pair insertion or deletion does
not entirely remove specific contacts from the inner half-site.

We designed another fragment (fragment HSN -- "half-site null"), in which the inner half
of the R1 site was exchanged for an "anti-consensus sequence", designed to contain the
nucleotides most underrepresented at each position in the consensus (Schumacher et al., 1997)
(Fig. 3a&b). This fragment transposed at only ~20% the efficiency of the wild type DNA —
considerably worse than either fragment with altered spacing (Fig. 3¢). The difference in
efficiency between HSN and either HSI or HSD suggests that MuA did bind flexibly to
fragments HSI and HSD. But we hasten to add that this experiment is not fully conclusive, since
we cannot evaluate the stringency of the substitutions in fragment HSN.

Note that this experiment did conclusively show that, for the strand transfer reaction, the
natural spacing is the best of the three spacings tested here, and is probably the best possible
spacing altogether. This is true whether MuA bound fragments HSI and HSD with a rigid or a
flexible alignment. If the latter, the reduced transposition efficiencies of 70% for fragment HSI
and 50% for HSD would be due to an energetic cost for components of the transpososome to
assume a less-than ideal geometry.

We next used a pseudo recognition site to test the possibility of flexible half-site spacing.
Sequence 17 in Fig. 2 scored relatively well as a MuA recognition site; 8.5 out of 17.5 possible
points. However, a deletion of one nucleotide near the half-site boundary would dramatically
improve the sequence match, producing a new score of 13, compared to 13.5 points for the
native R1 site (Fig. 4a). Does MuA bind this particular pseudo-recognition site with its domain
IP3 one nucleotide out of register, in order to maximize sequence-specific contacts? We could test
this hypothesis with base-pair mutations at positions that contribute favorably to the flexible
alignment but not to the rigid alignment. We constructed fragment 17a, containing tandem copies
of the recognition sequence from pseudo-end 17. Fragments 17b, 17c and 17d were variants of
17a, designed to remove some of the advantage of flexible binding (Fig. 4b). Note that the
cleavage site sequence on these fragments was taken from the natural Mu right end, rather than
from sequence 17. '

The changes made to generate fragment 17b were particularly conservative. Fragment
17b differs from the original sequence (fragment 17a) at just two positions: positions 21 and 24.
Each of the two mutations improves the fragment's rigid alignment with the MuA consensus
sequence, but weakens the flexible alignment. Consideration of published mutagenesis data and
of the preferences seen among the sequences listed in Fig. 2 also indicates that the two changes
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in fragment 17b should weaken the flexible alignment but not the rigid alignment (see Table 2
and Fig. 6, below).

In five independent experiments, fragment 17a transposed at least twice as efficiently as
any of the other three (Fig. 4c). These results show that the mutations in fragments 17b, ¢ and d
were at positions that, in the original sequence, had communicated sequence-specific information
to the transpososome. Given that these positions already did not match the consensus sequence in
arigid alignment, the simplest explanation is that these nucleotides function in the original
sequence via contacts involving flexible binding.

Although fragment 17a transposed more efficiently than its variants, it was substantially
less efficient than a wild-type fragment substrate (data not shown.) This could be due in part to a
penalty for changing the relative spacing of the two half-sites, as discussed above. In addition,
although fragment 17a is a good match to the consensus sequence when aligned flexibly, it is
still not a perfect match.

Spacing between recognition site and cleavage site is at least as stringent as between
recognition half sites.

The statistical analysis in Table 1 did not indicate variability in spacing between the R1
and cleavage sites, but neither did it rule out this possibility. To directly investigate the effect of
cleavage site position on transposition, we constructed two fragments with altered R1-to-
cleavage site spacing. The native Mu ends contain five nucleotides between outer recognition
site and cleavage site: fragment CSI (cleavage-site insertion) contained six nucleotides and
fragment CSD (cleavage-site deletion) contained four nucleotides. The fragments were
precleaved, so these experiments again probed the strand transfer but not the cleavage reaction.
In addition, to prevent an improper cleavage reaction this set of experiments were performed in
calcium rather than magnesium. Calcium supports strand transfer but not cleavage (Savilahti et
al., 1995).

Fragments CSI and CSD transposed at approximately 45% and 10% the efficiency of
wild-type, respectively (Fig. Sa&b). Thus, our results indicate a tolerance for an improperly
spaced cleavage site. However, alterations in cleavage site spacing were at least as deleterious as
alterations in half-site spacing (Fig. Sa&b).

Changes in cleavage site spacing alter the distribution of transposition products.

Inspection of Fig. 5a reveals that fragments CSI and CSD produced an increase in single
fragment transfer (SFT) products as compared to double fragment transfers (DFT). This change
in product ratio is distinct from the decrease in total amount of product discussed above. We
expect that both SFTs and DFTs require synapsis of two fragments, but that SFTs are produced
when one of the two fragments fails to transpose. Even wild-type fragments produce SFTs,
though it is not clear what causes the transposition failures that lead to wild-type SFTs. The
additional SFTs caused by alterations in cleavage site spacing is likely due to architectural
imperfections in the transpososome — for example, failure to engage the DNA cleavage site in the
protein's active site.

Are the effects of altered spacing transmitted across the transpososome, such that if one
fragment in a complex is imperfect its synapsis partner also suffers? This question interests us
because it probes the degree of rigidity in the transpososome structure, by asking whether the
transpososome accommodates these DNA imperfections through local versus global changes. To
address the question, we performed transposition reactions containing pairwise mixtures of the
cleavage-site-insertion, the half-site-insertion, and the wild-type fragments (Fig. 5¢). In each
case, one type of fragment was radiolabeled, and the other was unlabeled and present at ten-fold
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higher concentration. We found that the transposition frequencies of the labeled fragments were
independent of the identity of the fragment in excess (Fig. Sc, white bars). Thus, under these
conditions, the synaptic partners do not influence each other's transposition efficiencies.

Unlike the total transposition efficiency, the percentage of the total product that
comprised SFTs depended only on the identity of the unlabeled, excess fragment (Fig. 5c, dark
bars). For example, whenever CSI was the unlabeled partner, we saw the highest percentage SFT
(~70%). Note that only radiolabeled products are visible in these experiments. Therefore, the
dependence of SFTs on the unlabeled fragment indicates that labeled and unlabeled fragments
paired-up indiscriminately. Taken together, these data suggest that the alterations in sequence
described here are accommodated through localized, rather than global, perturbations in
transpososome structure. This experiment also shows that the structure of an active
transpososome can accommodate some asymmetry between its two halves.

Discussion

Functional pseudo-Mu DNA ends reveal sequence requirements for transposition.

‘ The Mu transpososome engages multiple DNA sites, including several 22bp recognition
sites and two separate cleavage sites (Craigie et al., 1984). Defining the relevance of each

nucleotide position in this array of sites is a tremendous task. Several labs have conducted

mutagenesis and chemical protection assays of the Mu DNA ends, and these have gone a long

. way towards elucidating the sequence requirements for transposition (Burlingame et al., 1986;

Coros and Chaconas, 2001; Groenen and van de Putte, 1986; Lee and Harshey, 2001; Zou et al.,

1991). The present study asked the protein to select its favorite among disfavored sites, and thus

could detect subtle sequence preferences that designed mutagenesis would have been unlikely to

find.

We sequenced 18 sites on a non-Mu DNA molecule (¢$X174) that had served as pseudo-
Mu end sequences. To distill the information contained in those 18 sequences into an easily
comprehended picture, we used a Pictogram analysis developed by Chris Burge (Burge et al.,
1998). Figure 6 includes three Pictograms, each of which represents the 18 pseudo-end
sequences in a slightly different way (see figure legend for details.) The results of the Pictograms
generally agree with past mutagenesis and chemical protection assays, with some exceptions
(Table 2). One study (Groenen and van de Putte, 1986) found no effect on transposition from
individual mutations at any of 11 positions. Yet in our study, MuA favored matches to its
consensus at seven positions that did not appear important in the mutagenesis, as well as at four
positions that were not tested by mutagenesis. To illustrate the point further, the top letters of the
Pictogram are those that occur most frequently in the 18 pseudo-ends; these top letters -
correspond well to the consensus sequence derived from the natural sites (written above the
Pictogram). This agreement suggests that most base-pairs in the recognition sequence contribute
favorable energy for transposition, though in some cases the contribution may be too subtle to
detect by point mutations.

The Pictogram represents only the sequences immediately adjacent to the cleavage sites;
we found no further sequence similarity in the DNA adjacent to that. Nonetheless, we assume
that the observed transposition activity is due to MuA tetramers (ref). The absence of an
identifiable second pseudo-recognition site suggests that the position and/or sequence
requirements for an inner recognition site (R2/L.2) are less rigid than for an outer site (R1/L1).
Cleavage site sequences are highly selected.

The pseudo-ends are highly selected for their cleavage sites (Fig. 6). Among transposons in
general, cleavage sites tend to have an identical sequence on the two transposon ends. It is
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tempting to speculate that the cleavage site sequence is so constrained because it is intimately
engaged in the protein's active site and perhaps directly involved in catalysis. However, the same
would be true of the cleavage sites of modular restriction enzymes, for example the type II
enzymes Fokl and Sfil. Yet these enzymes have tightly constrained recognition sites rather than
cleavage sites (Kim et al., 1988; Williams and Halford, 2001), arguing that there is no intrinsic
mechanistic reason why the cleavage site should bear the tightest constraints. The cleavage site
of a transposon defines which base-pairs will transpose and which will stay behind. Transposases
may have evolved the ability to strongly discriminate their correct cleavage sites, so as to protect
the integrity of the transposon ends from one transposition event to the next.

The particular sequence TG/CA marks the cleavage sites of many distantly related
transposable elements, including retroviruses and bacterial insertion sequences (Esposito and
Craigie, 1998). It is not clear why this is so. The most favored cleavage site of the Sfil restriction
enzyme is also CA, but Sfil cleaves between the C and the A whereas transposases cleave after
the A (Williams and Halford, 2001). Analysis of naked DNA by computational modeling and
~ other methods reveals unique structural flexibility for the dinucleotide TG/CA (Packer et al.,
2000). It is uncertain whether this intrinsic DNA structure is relevant to enzymatic cleavage
reactions.

Flexibility and rigidity within a MuA transpososome

Within a transpososome, MuA subunits use three distinct domains to contact three DNA sites on
the transposon ends (Clubb et al., 1994; Clubb et al., 1997; Rice and Mizuuchi, 1995;

Schumacher et al., 1997). The cleavage site is contacted by the catalytic domain, and the two
halves of the recognition site are contacted by the two subdomains of the bipartite domain If-y.
How flexible are these various binding modules in their relative positioning? Statistical analyses
of the 18 pseudo-ends, together with transposition assays of specifically designed Mu end
fragments, provide a partial answer.

Why does cleavage site spacing matter? Within a transpososome, a cleavage site and its
adjacent recognition site are bound by separate MuA subunits (Aldaz et al., 1996; Namgoong
and Harshey, 1998; Savilahti and Mizuuchi, 1996; Williams et al., 1999), whereas the two half-
recognition sites are bound by tandem domains of a single subunit (Lavoie et al., 1991; Mizuuchi
et al., 1991; Schumacher et al., 1997; Zou et al., 1991). One might therefore have expected
higher tolerance for insertions near the cleavage site than within the recognition sites, but in fact
the opposite is true (Table 1 and Fig. S).

The constraints on cleavage-site position may indicate extensive intersubunit interactions.
In addition, the crystal structure of the synaptic complex of a related transposase, from Tn$,
shows that the catalytic domain and DNA-binding domain of opposite subunits lie immediately
adjacent to each other on the DNA (Davies et al., 2000). The subunits' close proximity to each
other probably limits the ability to shorten the DNA. Finally, it is possible that the catalytic
domain of MuA makes some contacts in the outer-half recognition site, overlapping the contacts
made by domain Iy of the opposite subunit. If so, moving the cleavage site may disrupt the
contacts to the catalytic domain, which could account for activity losses.

Altered DNA spacing is accommodated locally in the transpososome and affects a late
step of transposition. Mixing heterologous dsDNA fragments revealed that the spacing of sites
on one fragment does not effect its synaptic partner (Fig. 5¢). This suggests that the
transpososome accommodates altered spacing through localized changes, rather than through
global changes in protein structure that may be transmitted between subunits.
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Two lines of evidence suggest that, with the precleaved fragments used in this study,
positional-shifts affect a step that occurs after initial transpososome assembly. The results are
most striking for the fragments altered in cleavage-site spacing, and they contrast with a similar
study of the restriction enzyme Sfil, for which altering the spacer between its two recognition
sites does harm complex assembly (Embleton et al., 1999). First, base-pair insertions or deletions
in MuA fragments eause an increase in the relative number of single fragment transfers (SFTs)
compared to double fragment transfers (DFTs) (Fig. Sa&c), and an assembly defect should not
specifically increase complexes that perform SFT. Second, in the fragment-mixing experiments
(Fig. 5¢), altered and wild-type fragments seem to pair-up indiscriminately in synaptic
complexes, as judged by the extent of SFTs in these reactions. This result implies that the altered
fragments are defective at a post-synaptic step. Perhaps the altered fragments tend to fail in
engaging the cleavage site in the protein's active site. Consistent with this idea, I showed in
chapter 2 that MuA can form competitor-stable complexes on DNA fragments that lack a
cleavage site, indicating that the initial commitment to a pair of DNA molecules does not require
~ engagement of the cleavage site.

Flexibility between half-sites, at a cost. Analyses of 18 pseudo-Mu DNA ends suggest
phasing flexibility of £1 base-pair between recognition half-sites (Table 1). Transposition assays
of various DNA fragments supported this assertion (Figs. 3&4), but also implied that the natural
spacing is optimal. Others have found that adding or removing an A/T base-pair from an A/T
stretch in the middle of R1 dramatically reduces in vivo transposition, consistent with the natural
spacing being optimal (Burlingame et al., 1986).

Other protein families contain bipartite DNA binding domains, similar to domain If-y of
MuA: for example, the POU, cut, myb and paired families of transcription factors (Harada et al.,
1994; Herr and Cleary, 1995; Ogata et al., 1994; Xu et al., 1999). Pax6, a member of the paired
family, has a rigid 15 residue tether connecting the two domains that comprise its bipartite DNA-
binding domain. The tether interacts with DNA, directly contributing to binding specificity (Xu
et al., 1999). By contrast, the structures of POU proteins Oct-1 and Pit-1 both suggest flexible
tethers (Jacobson et al., 1997; Klemm et al., 1994). Consistent with the structural data, a number
of POU proteins can bind and regulate DNA sites with variable arrangements of half-sites (Herr
and Cleary, 1995; Klemm et al., 1994; Li et al., 1993; Scully et al., 2000). Yet even flexible POU
proteins usually have an optimal spacing, analogous to the situation described here for MuA.
Optimal spacing can be determined in part by the length of the amino acid tether, but also by
cooperative interactions between the protein's two DNA binding domains (Klemm and Pabo,
1996). o

NMR structures have been solved for the isolated MuA domains If (Schumacher et al.,
1997) and Iy (Clubb et al., 1997). In the domain Iy structure, the inter-domain tether is
unstructured. The tether is only 13 amino-acids, whereas the tethers in POU proteins range from
15 to 56 amino-acids. The two MuA domains have been modeled docked on DNA (Schumacher
et al., 1997), and the authors of this model suggest that upon binding DNA the tether becomes
structured and interacts directly with the DNA. This suggestion was made to explain the pattern
of nucleotides that are protected from chemical digestion when MuA is bound to its full
recognition site (Zou et al., 1991). The flexibility in half-site spacing described in this study is
perhaps most consistent with an unstructured tether. However, it is possible that the DNA-bound
tether is structured, but that the transpososome overall retains enough flexibility to accommodate

one nucleotide more or less — perhaps through changes in DNA structure rather than protein
structure.
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Biological role for flexible binding. Many transcription factors exploit their bipartite
DNA binding properties for biological regulation (Herr and Cleary, 1995; Lannoy et al., 1998;
Scully et al., 2000). There is no evidence that bipartite binding plays as significant a role in Mu
transposition, but flexible binding might play a role in interactions between MuA and the L2 site.
L2 is considered to be a half-site, because it only contains the sequences recognized by domain
IB of MuA (Fig. 2), and because its chemical protection pattern is less extensive than the other
recognition sites (Zou et al., 1991). However, positions 11, 12 and 13 of L2 read "TCA" (Fig. 2),
- which matches the consensus sequence through flexible alignment to positions 10, 11 and 12.
Thus, it is possible that MuA obtains favorable binding energy through transient contacts with
these three base-pairs.
Multiple roles of the recognition sites in transposition.
In chapter 2, I discussed two roles for the MuA recognition sites: positioning two MuA subunits
close together, and allosterically activating transposase (Baker and Mizuuchi, 1992; Goldhaber-
Gordon et al., 2002b). Here we showed that the MuA recognition sites also help define the
cleavage sites, since moving the cleavage site reduces transposition efficiency. Among-
transposons in general, each transposon has a defined spacing between cleavage site and outer
recognition site: for example, 5 bps on Tn10 (Kleckner, 1996), 8 bps on Tn7 (Craig, 1996). In
contrast, both the position and the number of recognition sites may differ on each of a
transposon's two ends. Given the complexity in length and number of transposase recognition
sites, it makes sense that they serve multiple functions during transposition.
Figure Legends
Fig. 1. Introductory schematics. Not drawn to scale. 4. Fragment transposition assays. Donor
fragments can be paired in a synaptic complex and transposed by MuA. The fragments usually
include two MuA recognition sites (e.g. R1 and R2) and a cleavage site. If both fragments are
properly transferred to the target DNA, the target appears to become linear, producing a DFT -
(Double Fragment Transfer) product. If one of the two fragments fails transfer, a supercoiled
target relaxes, producing an SFT (Single Fragment Transfer) product. Either way, if the
fragments are radiolabeled the label is incorporated in the DNA product, providing an easy assay
for transposition efficiency. In the schematic, DNA fragments are drawn parallel to each other,
for simplicity of presentation. B. DNA binding by MuA transposase. MuA transposase contains a
bipartite DNA binding domain. Its subdomains, If and Iy, recognize the inner and outer halves
respectively of a recognition site. In addition, a separate catalytic domain engages the cleavage
site on the synaptic partner. The cleavage site is shown in bold. Not shown are the reciprocal set
of interactions which are mediated by a second subunit. The DNA molecules are drawn anti-
parallel, as they appear in the crystal structure of the related Tn5 transposase. The placement of
the protein domains on the DNA in this drawing is not intended to convey information about
actual modes of binding, as the structures were all solved in the absence of DNA. C. Strategy
used to isolate non-Mu donor sequences from a "hybrid" transpososome. Synaptic complexes
were formed between a DNA fragment containing the R1 and R2 recognition sites and a larger
non-Mu DNA molecule ($X174 RF1). A separate 80 bp DNA fragment served as transposition
target. Transposition joints were specifically amplified with a pair of PCR primers, one to the
target and one to $X174.
Fig. 2. Sequences of 18 sites on a non-Mu DNA molecule ($X174 RFI) that were transposed
by MuA. The sequences are listed 5' to 3', beginning with the complement of the nucleotide that
was joined to the target. Rows 19 — 26 list the natural MuA recognition sites. The top and bottom
rows of the table list a consensus sequence derived from the 6 natural MuA recognition sites and
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the 6 natural D108 sites. In this and all figures, black squares indicate base-pairs that match this
consensus. The numbers on the right side of the table (second-to-last column) are the point
scores for the recognition sites (positions 6-27), as described in the text. The numbers in the last
row identify sites that were isolated multiple times. We know that multiple isolates represent
multiple transposition events, as opposed to sibling pairs of an identical clone, because each
transposition was into a unique target site.

Fig. 3. Evidence for flexibility between recognition half sites. 4. Summary of fragment
sequences. Shown are nucleotides 5-32 on the non-transferred strands of specially designed
donor fragments. This includes the cleavage site and the first recognition sitt—not shown is the
second recognition site and the 5' overhang. (The complete fragment sequences are described in
experimental procedures.) Fragment names are: "HSI"—half-site insertion, "HSD"—half-site
deletion, "HSN"—Half-site null. The capital "A" denotes an inserted base-pair. The point scores,
on the right side of the figure, were calculated as for figure 2. B. Schematic of the same
fragments. Light gray box — outer half-site sequence (R1 or R2). Dark gray box — inner half site
sequence (R1 or R2.) White box — spacer nucleotide. Hatched box — anti-consensus sequence. C.
" Autoradiogram showing transposition of radiolabeled fragments into $X174 target. In these
experiments, $X174 served primarily as target, not donor. Smears at high MuA concentration
result from reuse of individual target DNA molecules in multiple transposition reactions.
[fragment] = 50nM. [MuA] = 50, 100, 150 nM..

Fig. 4. Further evidence for flexibility between recognition half sites. 4. Rigid and flexible
alignments of the pseudo-recognition site from sequence 17. The arrow highlights the alignment
shift. B. Summary of fragment sequences. Donor fragments contained recognition sites based on
sequence 17 in table 2 and cleavage sites from the natural Mu right end. Capital letters represent
base-pairs that were mutated from the original sequence 17. The fragment sequences are shown
aligned with the MuA consensus sequence in two ways: a rigid alignment, and a flexible
alignment based on a one-base-pair shift after position 14. This figure does not show entire
fragments, which include two copies of the same pseudo-recognition site. The complete fragment
sequences are listed in experimental procedures. C. Autoradiogram showing transposition of
Sfragments 17a,b,c and d. [MuA] = 400, 800, 1600 nM.

Fig. 5. Analysis of effects of base-pair insertions or deletions. 4. Comparison of cleavage site
vs. half-site phasing. The autoradiogram shows the products of transposition of precleaved donor
fragments into ¢$X174 target. New fragments are CSI (cleavage site insertion) and CSD
(cleavage site deletion), which contained a base-pair insertion and a deletion, respectively,
between positions four and five. Fragments HSI (half-site insertion) and HSD (half-site deletion)
are as described in Fig. 3. Transposition reactions were performed in 10mM CaCl,, as opposed to
10mM MgCl,, to prevent donor cleavage. (The previous experiments, shown in Figs. 3 and 4,
were performed in MgCl,.) [Fragment] = 125nM. [MuA] = 100nM. B. The bar-graph
summarizes results of four experiments, including the one shown in Fig. 5a. Error bars represent
one standard deviation. C. Fragment mixing experiment reveals autonomy of the two
transpososome halves. Transposition reactions were performed with 50 nM unlabeled fragment,
5 nM labeled fragment, 150 nM MuA, and 10 mM CaCl, in place of MgCl,. White bars
represent the percentage of radiolabel that became incorporated in strand-transfer products. Dark
bars represent the percentage of the total that comprised SFTs (single fragment transfers). Bars
represent the mean of three independent experiments. Error bars represent one standard
deviation. '
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Fig. 6. Pictogram analysis of 18 pseudo-end sequences. The sequences are listed individually
in Fig. 2. The size and position of each letter in the Pictogram represent the frequency of
appearance of that nucleotide at that position on the non-transferred strand of the pseudo-ends.
The consensus sequence, listed above the pictogram, is derived from the 6 natural Mu
recognition sites and the 6 natural D108 recognition sites. Underlined letters in the consensus are
positions where the. pictogram and the consensus match. 4. Analysis of 18 pseudo-ends, without
manipulation of the sequences. B. Analysis of 18 pseudo-ends, of which sequences 1 and 5 each
had a nucleotide inserted at position 15, and sequence 17 had a nucleotide removed at position
15. These changes resulted in an improvement of > 5 nucleotides (or 3.5 points) per sequence.
We chose to manipulate the alignment of only those three sequences because similar changes to
other sequences gave improvements of no more than 3 nucleotides (or 2.5 points). C. For this
analysis, sequences 1, 5 and 17 were manipulated as in Fig. 6b. In addition, sequences that were
isolated multiple times were counted that many times in the analysis (see Fig. 2).
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Table 1. Statistical analyses of 18 pseudo-ends indicate flexibility between recognition half-sites.

1. cleavage 2.outer 3. mean 4. mean 5.stddev |6. # of
to first to inner  scorefor  scorefor  for std devs
site (nts)*  half of outer site  random random from
‘ outer site (points)c  (points)®  group random
(nts)b of 18 (points)e
(points)e

600 041
3. 600 0 040
6.33 0.39

38 677 038
706 038

5
5

outer to outer mean

innersite  toinner  score for
half of inner site
inner site

1 L

51 541 Q42
531 628

2 628 678

1 o 0to2 553 6.33

21

a&b Describes spacing parameters. We defined the outer half site as the consensus
YGTTTCAYT and the inner half site as RAARYRCGAAAC. The precise boundary
between the two half-sites is not known; the two might even overlap slightly.

“Mean point score for 18 sites listed in figure 2.
dMean point score for all 10,772 sites on both strands of $X174

eStandard deviation for the mean scores of randomly chosen groups of 18 sites,
calculated as the standard deviation for the group of 10,772 individual sites, divided by

\18.

fThe number of standard deviations between the mean for the 18 pseudo-ends and the
mean for the random population. (column 6 = (column 3+column 4/column 5)).
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Table 2. Comparison of pseudo-end sequences to previously
published data.

strongiy favorsT,  Leftend favors T>>C>A>>G
then A Right end favors T>>A>>C>>G

Namr;I left end
Left end favors T A
3 N favors T, then A Right end favors A contains T,
& rightend A

weak purine interference

protectlon butno
mter ference

Of natlve 51tes, only Ll t

strongly favors A, . and
21 R then G R2 G to A no effect weak purine interference L3 have A at this

position.

27 R no bias L1 A to G no effect

aSee legend to Fig. 2.

b Summarizes Fig. 6b&c, taking into account the consensus sequence in determining what constitutes “favoring”.

< Positions 1-3, in vitro and in vivo data (Coros and Chaconas, 2001; Lee and Harshey, 2001);position 5-27, in vivo data
(Groenen and van de Putte, 1986).

d Effects of DMS methylation (Zou et al., 1991). Interference--methylation interferes with MuA binding. Protection--
MuA protects the nucleotide from methylatxon




Figure 1, DNA Site in a Mu Transpososome
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Figure 2, DNA sites in a Mu transpososome
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Figure 3, DNA Site in a Mu Transpososome
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Figure 5, DNA Site in a Mu Transpososome
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Figure 6, DNA Site in a Mu Transpososome
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Chapter 4. DNA Recognition Sequences Are Not Critical for the Cleavage and Strand
Transfer Steps of Transposition

Confronted with thousands of potential DNA substrates, how does a site-specific enzyme restrict
itself to the correct DNA sequence? For several well-studied restriction enzymes, it has been
shown that site-recognition is inextricably linked to catalysis. MuA transposase, like a
restriction enzyme, performs a site-specific DNA cleavage reaction. MuA also performs a DNA
strand exchange, or "strand transfer" reaction. However, unlike the best-studied restriction
enzymes, transposase performs its reactions in ultra-stable, multimeric protein-DNA complexes,
that assemble only when the proper DNA sequence cues are present. Thus the commitment step
for transposition is not a cleavage event, but rather assembly of a stable complex. In this chapter
I present kinetic analyses of transposition of DNA fragment substrates containing either wild-
type transposon sequences or heavily mutated sequences. The mutations are restricted to the
recognition sites, which are contacted by a DNA-binding domain of transposase, rather than the

~ cleavage site, which is contacted by the catalytic domain. The mutations severely reduce both
the extent and the rate of assembly of active complexes. Yet if complexes are pre-assembled, the
first-order rate constants for either cleavage or strand transfer are unaffected by the mutations. I
conclude that sequence-specific contacts contribute energetically to complex assembly, but not tq
subsequent steps of transposition.

Specific contributions by colleagues:

The experiments presented in this chapter are the result of a close and fruitful collaboration with
Michael Early, who was for the past 18 months a technician in Tania Baker’s lab. The original
idea for this project was mine. I nurtured the idea for several years, and eventually I developed
the assays to test it and conducted preliminary experiments for it. The experiments that actually
appear here were almost all done by Mike Early, in close (usually daily) consultation with me.
Mike and I discussed the contents of this chapter in detail before we wrote anything, and then he
wrote the first drafts of the results section and he prepared the data figures.
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Introduction :

Enzymes that act on specific DNA sequences face a unique challenge. Surrounded by incorrect
sequences -- potential substrates chemically similar to their own -- they must select their correct
substrate. Decades of careful experimentation have suggested how this problem is solved by
some enzymes, most notably the type II restriction enzymes EcoRV, EcoRI and BamHI. In
brief, these enzymes use specific binding energy to lower the activation barrier for DNA
cleavage, so that site-specific binding is inextricably linked to catalysis (Jen-Jacobson, 1997,
Pingoud and Jeltsch, 1997). Like restriction enzymes, members of the transposase protein family
perform site-specific modifications of DNA. But the molecular basis of the transposases' site-
specificity is less well understood.

MuA transposase transposes the genome of bacteriophage Mu. To do so, MuA cleaves
the 3' end of the Mu DNA away from its surrounding sequence, and then in a one-step "strand
transfer" reaction it inserts the cleaved 3' end into a new DNA molecule called the target. All
told, transposition requires 4 reactions of MuA: one cleavage and one strand transfer at each end
of the Mu DNA (Chaconas, 1999; Mizuuchi, 1992). A single MuA subunit performs both
- reactions for one end, using a single active site (Namgoong and Harshey, 1998; Williams et al.,
1999).

MuA has evolved complex strategies to ensure that it always transposes the entire Mu
genome, and only the Mu genome. For example, MuA contains several DNA-recognition
domains and a separate catalytic domain (Nakayama et al., 1987). The DNA-recognition
domains bind selectively to sites internal to the Mu DNA, ensuring correct placement of MuA on
the DNA. The catalytic domain engages the very end of the Mu DNA, cleaving precisely at the
junction between the Mu DNA and the non-specific sequence that flanks it (Figure 1a). The Mu
genome actually has three MuA recognition sites close to each of its ends, each of which can be
bound by a separate MuA monomer. The six sites share a 22 base-pair consensus sequence,
more than long enough to be unique within a host genome (Craigie et al., 1984). These long
sites are bound by independently folding, tandem domains of MuA, domains If and Iy (Clubb et
al., 1997; Schumacher et al., 1997). I specifically binds the inner half of the recognition
sequence, and Iy binds the outer half (Schumacher et al., 1997). (A third DNA-binding domain,
Ia, binds an enhancer-like sequence, which is dispensable in vitro and will not be discussed
further in this paper (Leung et al., 1989; Mizuuchi and Mizuuchi, 1989).) DNA cleavage occurs
5 base-pairs outside of the first recognition site, and is marked by the cleavage site sequence
5'(T/A)CAY.

MuA functions as part of a large protein-DNA complex called a transpososome or a
synaptic complex (Craigie and Mizuuchi, 1987; Surette et al., 1987). At the core of the
transpososome are four MuA subunits (Lavoie et al., 1991; Mizuuchi et al., 1992), at least two of
which simultaneously bind both ends of the Mu DNA (Figure 2a) (Aldaz et al., 1996; Savilahti
and Mizuuchi, 1996). 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 to find a target DNA, but it also
stimulates other steps of transposition (Adzuma and Mizuuchi, 1991; Baker et al., 1991;
Naigamwalla et al., 1998; Surette et al., 1991). Additional monomers of MuA may also
associate themselves with the core transpososome, stimulating its activities (Wu and Chaconas,
1997). :

The core transpososome is remarkably stable, resisting long incubations with competitor
DNA or high levels of heat or urea. Yet in the absence of its recognition sequences, MuA is
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monomeric, inactive, exchanges between DNA sites with a rapid kosr. Thus the recognition
sequences stimulate multimerization of MuA and cause four MuA subunits to commit to each
other and to their bound recognition sites (Goldhaber-Gordon et al., 2002b; Kuo et al., 1991;
Lavoie et al., 1991; Mizuuchi et al., 1991; Mizuuchi et al., 1992; Surette et al., 1987).

Returning to our original topic, MuA transposase, and transposases in general, differ
fundamentally from classic restriction enzymes. Transposases perform at least two types of
DNA modifications, not one. They have distinct DNA recognition domains and catalytic
domain, whereas these two functions are interwoven in a prototypical restriction enzyme. And,
perhaps most importantly, transposases commit to a DNA sequence by assembling a stable
transpososome on that sequence; DNA cleavage occurs only after this commitment. These
differences between transposases and classic restriction enzymes raise questions about how a
transposase. uses the free-energy of specific DNA binding. Many restriction enzymes utilize this
energy to lower the transition state for cleavage. Does a transposase also utilize its recognition
sequences to enable cleavage or strand-transfer? Or do the recognition sequences directly
contribute only to the commitment step, namely, assembly of a stable synaptic complex?
 Previous mutagenesis, sequence selection, and nuclease protection studies have been invaluable
in delineating the contributions of individual base-pairs within the MuA recognition sites to Mu
transposition overall (Figure 1b) (Goldhaber-Gordon et al., 2002a; Groenen and van de Putte,
1986; Zou et al., 1991). In the current study, we assess the contributions of entire halves of a
recognition site to individual steps of transposition.

MuA is particularly tractable to this type of mechanistic study. A "fragment assay", in
which short (~50 base-pair) fragments substitute for the large Mu DNA, is easy to manipulate
and quantify. The fragment substrates usually contain the first 50 base-pairs from the right end
of Mu: this includes the cleavage site and the two outermost recognition sites (referred to as R1
and R2; R1 is the site closest to the cleavage site). MuA pairs-up the fragments in synaptic
complexes, mimicking two ends of a transposon, and the fragments are cleaved and transferred
to a target DNA (Figure 1c¢). The fragments can also be synthesized to simulate pre-cleaved
ends. Transposition assays can be staged into three discrete steps, each with unique metal-ion
requirements: transpososome assembly, DNA cleavage, and DNA strand transfer. If uncleaved
Mu fragments are used, the presence of calcium in the reaction mix permits transpososome
assembly. Adding magnesium initiates cleavage, and in the absence of MuB and a target DNA
this reaction does not go on to strand transfer. If the fragments are precleaved, they can
assemble into transpososomes in the absence of divalent metal ions, and strand transfer may be
initiated by the addition of target DNA, MuB, and either magnesium or calcium (Savilahti et al.,
1995).

In order to study the contribution of the MuA DNA recognition sequence to individual
steps of transposition, we have constructed Mu fragments with multiple mutations in the R1
recognition site (Figure 1b). By following the kinetics of each reaction step performed with
these fragments, 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 mutants can be cleaved with a rate constant equal to or higher than the
rate constant for 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 whole process.
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Results

Mutant fragments are severely compromised as transposase substrates.

Our goal was to massively disrupt sequence specific contacts between MuA transposase and the
transposon end sequences, and dissect the impact on individual steps of transposition. We
designed three fragments with mutations that would severely compromise, but not eliminate,
transposition (Figure 1b). For two of the fragments, mutations were only in the R1 site, as
previous studies indicate R1 to be more important than R2 in the overall transposition process
(Goldhaber-Gordon et al., 2002a). The “outer mutant” is most severely disrupted close to the
cleavage site, in the region that is contacted by MuA domain Iy. This was the most active of the
three mutants (see below). The “inner mutant” is also disrupted in the R1 recognition site, but in
the cleavage-site distal half of R1. This region is normally contacted by domain I of MuA. The
R1-R2 mutant contains mild mutations throughout both the R1 and R2 sites. Not all fragments
were used in all experiments.

Each of the three mutants was, as planned, a poor transposition substrate. Under our
. standard reaction conditions, incubation of MuA with any of these mutants did not produce
cleaved product even after a 24 hour incubation (data not shown.) Fortunately, the mutant DNA
molecules could participate in transposition if the reaction was separated into stages, so that the
buffer conditions could be optimized for each stage (Figure 2). :

. Mutant fragments are specifically compromised in assembling active complexes.

To assess the mutants’ ability to assemble into active transpososomes, we used reactions with
two stages: an assembly stage, during which time points were taken, and a cleavage stage, to
assay for active complexes (Figure 2a). During the assembly stage, transpososomes were
assembled in a large reaction volume in the presence of 10mM calcium. At various time points
we withdrew aliquots and added magnesium to 70mM to initiate fragment cleavage, and
cleavage was allowed to go to completion (see below, Figure 4). The high Mg®* concentration
during the cleavage stage prevented further complex formation, as shown in Figure 2b by the
lack of cleavage after 0 minutes of assembly. Thus, the final extent of cleavage in this second
stage reflected the success of transpososome assembly during the first stage.

Of the two mutants tested in this assay, both assembled very slowly into active
complexes. After more than 24 hours, only 15% of the outer mutant and 5% of the inner mutant
had assembled into active complexes (Figures 2b and ¢, and the average of 3 experiments). By
that time, the assembly reactions on these mutant fragments had slowed considerably but did not
yet appear to reach full completion (Figure 2d). By contrast, assembly with wild-type sequences
was essentially complete within two hours, with an average of 70% of fragments assembled into
active complexes (Figures 2b and c).

Although the mutant reactions had not fully reached completion after 27 hours, they had
slowed sufficiently to see that they would never reach the levels of active complexes possible
with wild-type fragments (Figures 2¢ and 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. Adding additional MuA to these reactions prior to initiation of cleavage did not
significantly increase the yield of cleaved product, so the low end-point is not simply due to loss
of MuA activity (data not shown). More likely, the end-point is low because the mutant
fragments become trapped in dead-end complexes. These hypothetical complexes could be
inactive transpososomes, or they could be MuA-stimulated precipitates.

Since the accessory protein MuB would be present during an irn vivo assembly, we also
performed our assembly assays in the presence of this protein. MuB is known to directly
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stimulate both transpososome assembly and strand transfer (Baker et al., 1991; Mizuuchi et al.,
1992; Surette and Chaconas, 1991), and under some conditions it stimulates cleavage (Mizuuchi
et al., 1992; Naigamwalla et al., 1998). In our assembly reactions, addition of MuB and ATP
stimulated the rate of assembly on wild-type sequences, but had no obvious effect on mutant
fragments (data not shown). Thus with or without MuB, DNA sequence strongly contributes to
the rate and efficiency of transpososome assembly.

Recognition site sequence does not contribute directly to DNA cleavage.

Classically, substrate specificity directly impacts enzyme catalysis. But MuA is not a catalyst,
because it performs its reactions in stable transpososomes that remain associated with their DNA
substrates after the reactions are complete (Surette et al., 1987). So we wondered whether
recognition site sequence directly impacts the cleavage rate, distinct from the assembly rate. To
answer this question, we assembled transpososomes for 18 hours, and began taking time points
after initiating cleavage (Figure 3a).

The cleavage data for all fragments fit well to a first-order rate equation (Figure 3b).

Remarkably, the first-order rate constants for each of the three mutant fragments were equal to or
~ even slightly higher than that for the wild-type fragment (Table 1). This can be seen visually by
normalizing each data set to its asymptote, and thereby comparing the relative rates for each
fragment type (Figure 3c). _

To confirm our assumption of first-order or pseudo-first-order kinetics, we diluted the
assembly mixture an additional ten-fold when initiating cleavage. This resulted in a ten-fold
dilution of MuA and DNA during the cleavage stage, but no change in concentrations of other
reaction components. The dilution did not change the rate constant, whether for wild-type
fragments (Figure 3d) or for outer mutant fragments (data not shown), confirming the first-order
fit.

The cleavage reactions reached completion with only a small percentage of mutant
fragments cleaved (Table 1), fully consistent with the results of the assembly assays. Given the
lengthy assembly and rapid cleavage, we find it most likely that the loss of activity occurred
during the assembly stage and not during the cleavage stage, as discussed above. To test this
assumption, we assayed cleaved complexes for their ability to participate in strand transfer after
an extended incubation in cleavage buffer. If complexes are destabilized or inactivated by the
cleavage buffer, the extended incubation should reduce strand transfer efficiency. Complexes
were assembled on uncleaved fragments, either wild-type or outer mutant, and then allowed to
complete cleavage. MuB and target DNA were then added to half the reaction mix; the other
half sat for an additional three hours in cleavage buffer before the addition of MuB and target.
The additional three hour incubation in the cleavage buffer prior to initiation of strand transfer
did not significantly change the extent of strand transfer (data not shown). We conclude that the
cleavage buffer does not especially cause transpososome instability. Together, this experiment
and the dilution experiment (Figure 3d) strongly support our model of first-order or pseudo-first-
order kinetics, confirming the similarity in rate constants for mutant and wild-type cleavage
reactions (Table I).

Recognition site sequence does not contribute directly to strand transfer.

Since MuA transposase mediates two DNA modifications, we also investigated the contribution
of recognition site sequence to the second modification, strand transfer. This was done using
“pre-cleaved” transposon fragments, synthesized to terminate at the cleavage site. Assembly was
conducted in the absence of divalent metal ions, because pre-cleaved fragments do not require
divalent metal ions to assemble into active complexes, and because calcium (used above for
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assembly of uncleaved complexes) supports strand transfer. Strand transfer was initiated by
diluting the assembly reaction 1 in 10 into transposition buffer containing 70mM magnesium,
target DNA, MuB and ATP (Figure 4a). The dilution and the high magnesium concentration
prevented further assembly (data not shown). The strand transfer reactions are harder to quantify
than the cleavage reactions, and only the outer mutant gave data of sufficient quality for analysis.

The strand transfer data also fit well to a first-order equation (Figures 4b and c¢). In an
experiment with wild-type fragments, diluting the assembly mixture an additional ten fold upon
initiation of strand transfer did not change the first-order rate constant for strand transfer (data
not shown). This dilution experiment supports the first-order analysis.

The rate constant for the mutant fragment was indistinguishable, within error, from wild-
type. As with cleavage rates, this can be seen visually by normalizing each data set to the
asymptote for that set, and directly comparing the relative rates of strand transfer (Figure 4c).
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. The strand transfer rate constant was
0.4 min™, roughly four times the cleavage rate constant (Table I).

Delimiting the rate determining steps under our reaction conditions.

Differences in metal ion requirements allowed us to separate transposition into its three
primary stages: assembly, cleavage and strand transfer. Each of those stages includes many
smaller reaction steps, for example binding of substrate, discharging and binding of metal ions, .
conformational changes in the protein and the DNA, and the actual covalent modifications of the
DNA. Many of these smaller steps could follow first-order kinetics. Since most of our
conclusions rely on determined first-order rate constants, we were curious to know which steps
were rate determining in these reactions.

This analysis proved simplest for the strand transfer reactions, because MuB and target
concentrations played a role in the rate of strand transfer (Figure 5). In reactions with wild-type
fragments, diluting MuB ten-fold compared to the standard conditions greatly decreased the
strand transfer rate. Diluting target by the same amount had no effect, but when botih MuB and
target were diluted, the rate decrease was even 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 (Adzuma and Mizuuchi, 1988). 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 MuB
stimulation is required for robust transposition in vivo (Chaconas et al., 1984; Coelho et al.,
1982). :
We also performed several experiments to delimit the rate determining step for the
cleavage reactions. Magnesium association was a possible rate determining step, since
magnesium was present in great excess over the transpososomes and therefore its association
was pseudo-first-order. If magnesium association was rate limiting, the apparent first-order rate
constant would include a term for the magnesium concentration, and doubling the magnesium
concentration would double the rate constant. In fact, if we doubled the magnesium chloride
concentration during cleavage (from 70mM to 140mM), the rate constant increased, but only by
50%. Increasing [MgCl,] to 210mM caused another 25% increase in rate constant (Table I).
Similar increases in sodium chloride concentration did not alter the reaction rates (data not
shown). Thus, the rate determining step does involve magnesium ions, but not in a simple way.

Dissociation of a Ca®* ion, to be replaced by Mg?*, could also be rate limiting. If so, we
would expect that removing calcium prior to initiating cleavage ought to enhance the reaction
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rate. To test this possibility, we added a 10 minute incubation with 15mM EDTA before
initiating cleavage. This allowed 10 minutes for calcium to dissociate before we added
magnesium and could begin taking time points. But rather than enhancing the cleavage rate, the
incubation with EDTA slowed the cleavage rate constant by roughly a factor of 2, even if
calcium was subsequently added back to its original concentration at the start of cleavage (data
not shown). The final extent of cleavage was not substantially reduced, so we do not think that
the EDTA incubation caused massive disassembly of the transpososomes. It may have caused
temporary rearrangements in the transpososomes that were slow to repair themselves upon
resupply of divalent metal ion. At any rate, these results suggest that calcium dissociation is not
rate limiting for cleavage, but they are not conclusive because we do not understand why EDTA
slowed the reaction.

We also asked whether the presence of MuB would influence cleavage rates. Generally,
cleavage experiments in this study did not include MuB. Adding MuB and ATP to the cleavage
stage, or to the assembly stage prior to a cleavage time-course, did not change the rate of
cleavage (data not shown).

It is likely that the rate determining step for cleavage is a conformational change in the
transpososome, necessary to engage the DNA cleavage site precisely in the protein’s active site.
In support of this, we found that mutations near the cleavage site (either mutation of position 2
from G+C to AT, or a mismatch mutation at position 1 from T*A to A*A, Figure 1b) do
significantly slow cleavage rates (Figure 6 and Table 1). Unlike the recognition sites, the
cleavage sites are intimately engaged in the MuA active site (see chapter 5 of my thesis).
Presumably, the wrong cleavage site nucleotide can disrupt the local structure of the active site
and inhibit the cleavage reaction. Thus our results suggest that the rate determining step in the
cleavage experiments involves both the active site and the cleavage site.

All told, we cannot say whether the rate determining step under these conditions is the
same as under physiological conditions. In fact, cleavage reactions can be more rapid than
reported here if the transposon sequences are contained within a circular plasmid (Mizuuchi et
al., 1992). Thus it is possible that recognition site mutations do slow the physiological rate
determining step of cleavage, and that that slowing is masked by a still slower step ir vitro.
However, if so the slowing must be mild, since a dramatic slowing of any step of cleavage would
have slowed the entire cleavage reaction, and would have been detected here.

With either wild-type or mutant fragments, most complexes that are active for cleavage are
also active for strand transfer.

Since the recognition site mutations did not directly influence the cleavage or strand transfer
steps of transposition, we wondered if they function at the transition between the two.

Uncleaved wild-type or outer-site mutant fragments were assembled into transpososomes and
assayed for cleavage. Then MuB and target DNA were added for an additional incubation, and
we assayed the extent of strand transfer. With each fragment, ~70% of cleaved complexes went
on to participate in strand transfer. Thus for mutant and wild-type fragments alike, the majority
of active complexes are fully active for all steps of transposition. Altogether, we conclude that
specific binding energy between MuA and its recognition sequence does not directly contribute
to its covalent modifications of DNA: not to the cleavage step, nor to the strand transfer step, and
not to the transition between the two.

Discussion ,

MuA recognition sites regulate assembly.
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Once MuA transposase and the Mu DNA assemble into a transpososome, they remain in that
complex until actively removed (Levchenko et al., 1995; Mizuuchi et al., 1992; Surette et al.,
1987). Thus assembling the transpososome is a commitment step in transposition, and is subject
to many levels of regulation. In particular, the MuA recognition sites, located at the ends of the
Mu DNA, are essential for assembly, ensuring that only the correct DNA, i.e. the Mu ends, is
transposed (Baker and Mizuuchi, 1992). The current study presents the first kinetic analysis of
transpososome assembly on mutant transposon end sequences. We find that mutations in the R1
recognition site dramatically reduce assembly rates. Presumably, assembly on a fully
randomized sequence (no intact recognition sequence) would be poorer still.

The effect is primarily not at the level of simple binding. MuA has high non-specific
DNA binding activity, and the mutant DNA fragments were fully occupied by MuA under our |
experimental conditions (unpublished results). Rather, past studies indicate that the recognition
sites stimulates 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 (Baker and
Mizuuchi, 1992; Goldhaber-Gordon et al., 2002b; Namgoong et al., 1994).

MuA recognition site sequence is not critical during post-assembly events.

Mutations in the recognition site sequences did not reduce the relative rates of cleavage or of
strand transfer, nor did they reduce the ability to transition from cleavage to strand transfer. The
mutations did reduce the final extent of these reactions; as compared to fragments with wild-type
sequences, fewer mutant fragments were cleaved or transferred overall. This result is most easily
interpreted as an assembly defect — i.e. fewer of the mutant fragments were assembled into
stable, active complexes, therefore fewer of them participated in later reaction steps. But for
those that did assemble into active complexes, their ability to continue on with cleavage or strand
transfer was unimpaired by their sequence modifications, as indicated by the first order rate
constants for cleavage and for strand transfer. These results suggest that, once a transpososome
is assembled, the fine structure of the MuA DNA binding domain does not greatly impact the
catalytic domain. :

Cleavage constants for two of the mutant fragments (outer mutant and R1-R2 mutant)
were slightly higher than for wild-type. (The error on the third mutant was too great to detect
this subtle difference). Precleaved R1-R2 mutant fragments are known to form transpososomes
that are stable to competitor DNA but not to other chemical challenges (Goldhaber-Gordon et al.,
2002b), and most likely the same is true for all the mutants used in this study. It is possible that
the mutations raise the free energy level of the pre-cleavage complexes (the “SSC” or “type 0”
complexes) more than they do the transition state for cleavage, which could explain the enhanced
rate of cleavage .

Comparison to other proteins.

Like MuA transposase, restriction enzymes also have high affinity for non-specific DNA
sequences. Though their affinity for cognate sequences can be several orders of magnitude
higher than for non-specific sequences, this difference does not account for the far greater rate
enhancements for cleavage of cognate vs. non-cognate sites (Engler et al., 1997; Maxwell and
Halford, 1982). However, in several cases it has been shown that the mode of binding is unique
at the cognate site. For example, EcoRV and EcoRI each severely distorts the DNA at their
cognate sites, and this distortion is necessary to activate cleavage (Kim et al., 1990; Winkler et
al., 1993). BamHI only mildly distorts its DNA site, but the protein itself is altered by cognate
binding (Newman et al., 1995). For all three of these restriction enzymes, it is believed that the
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free-energy of interactions between the enzyme and its cognate site lowers the activation barrier
to cleavage. Interactions at non-specific sites do not have the same effect (Jen-Jacobson, 1997;
Pingoud and Jeltsch, 1997; Vipond and Halford, 1993).

Unlike these restriction enzymes, MuA is a modular protein (Nakayama et al., 1987).
This modularity makes it easy to believe that the fine structure of MuA’s N-terminal DNA-
binding domain does not directly influence the catalytic domain. Realize, however, that the
protein’s modularity does not require separation of function between domains. For example, the
N-terminal DNA-binding domain undoubtedly influences other domain’s inter-subunit
interactions, since recognition-site binding triggers transpososome assembly (Baker and
Mizuuchi, 1992; Goldhaber-Gordon et al., 2002b).

Like MuA, many other proteins (i) have modular structures, (ii) assemble into multimeric
complexes only when bound to specific DNA sequences, and (iii) when in the multimeric form
perform reactions on nearby sequences. MuA itself is part of a large family of transposases that
share many properties, including the need to function within multimeric synaptic complexes
(Rice and Baker, 2001). Two families of site-specific recombinases, the lambda integrase family

~ and the gamma-delta resolvase family, are also prime examples. Another example is a restriction

enzyme: Fokl is modular, is monomeric in solution, and appears to function as a dimer (Bitinaite
et al., 1998). Any of these other proteins could be like MuA, in that their recognition sequences
may contribute directly only to complex assembly and not to subsequent reaction steps.
Chimeras of Fokl's catalytic domain and another protein's DNA-binding domain are able to
cleave DNA efficiently (Huang et al., 1996; Kim et al., 1996; Kim and Chandrasegaran, 1994;
Kim et al., 1997; Kim et al., 1998), showing that the fine structure of the DNA-binding domain is
not directly critical for cleavage. Similarly, chimeras between two related site-specific
recombinases, Gin invertase and ISXc5 resolvase, can perform recombination (Schneider et al.,
2000). Lambda integrase can function as a topoisomerase, catalyzing DNA cleavage and joining
reactions, in the absence of its specific recognition sequences (att sites) (Kikuchi and Nash,
1979). This suggests that the energy of specific binding is more important for establishing the
structure of the lambda integration complex than it is for performing covalent modification of
DNA.

In general, site-specificity requires that there be a structural distinction between the
specific protein-DNA complex and non-specific protein-DNA complexes. In some cases, that
structural difference lowers the activation barrier for cleavage of the specific DNA site. In the
case of Mu transpososomes, those structural differences allow assembly of an active complex
Materials and Methods
Proteins and DNA
MuA (Baker et al., 1993) and MuB (Yamauchi and Baker, 1998) were prepared as described.
Target DNA (¢$X174 RFI) was purchased from New England Biolabs, and DNA fragments were
synthesized by MIT/HHMI biopolymers lab and gel purified. The full sequence of the wild-type
fragment was: (non-cleaved strand) ctagtgaagcggcgcacgaaaaacgcgaaagegtttcacgataaatgegaaaac/
(cleaved strand)
gttttcgcatttatcgtgaaacgctttcgegtttttcgtgegecgcttcactagacgettggegtaatcgggegtaatge/ (precleaved
strand) gttttcgcatttatcgtgaaacgcetttcgegtttttcgtgecgecgettca. Mutant fragments were identical to
wild-type fragments, except for the changes indicated in Figure 1b and its figure legend.
Transposition reactions
Buffer conditions for all transposition reactions (assembly, cleavage, or strand transfer) were as
described (Goldhaber-Gordon et al., 2002b), unless otherwise specified. All DNA fragments

81



used in the study were 5’ labeled on the cleaved or transferred strand with T4 Polynucleotide
Kinase. During assembly, MuA was at 200 nM and DNA fragments were at S0 nM; these were
diluted 2-fold for cleavage, or 10-fold for strand transfer. During strand transfer, MuB was at
690nM and target DNA was at 2.8nM (or 10ng/ul). (In dilution experiments, the dilutions
described in the figures were in addition to the dilutions mentioned here. Thus a ten-fold
transpososome dilution for cleavage (Figure 4D) 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 in preparation for cleavage and strand transfer experiments were performed at
30°C to enhance the assembly rate.

Gel analyses

Assembly and cleavage experiments were analyzed on 8% acrylamide gels containing 0.05%
SDS and 0.5x TBE buffer. Samples were heated to 40°C before loading on gel. After
electrophoresis, gels were transferred to Whatmann paper, dried, and exposed to a Molecular
Dynamics phosphorimaging cassette. Strand transfer reactions were analyzed on agarose gels, as

~ described (Goldhaber-Gordon et al., 2002b).

Figure Legends

Figure 1. Introductory schematics. Not drawn to scale. (A) Transpososome assembly. The
recognition sites are named “R” for right end or “L” for left end, and are represented here with
boxes. Mu DNA is in grey, other DNA in black. One MuA subunit is shown in white, to
highlight the crisscross structure of the transpososome. (B) 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.
Each fragment also contained a second recognition site, not shown in the figure: the natural R2
sequence for the wild-type, outer mutant, inner mutant and cleavage-site mutant fragments, and a
repeat of the mutant sequence for the R1-R2 mutant. The fragments also contained DNA
sequences beyond the cleavage site (identical for all four fragments). (Complete fragment
sequences are listed in Materials and Methods.)

The consensus sequence (top line) is derived from the 6 naturally occurring MuA
recognition sites, plus 6 sites from the closely related phage D108 (Craigie et al., 1984). In the
consensus sequence, highlighted boxes are positions at which base-specific contacts were
suggested by a sequence selection study (Goldhaber-Gordon et al., 2002a); 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 (Craigie et
al., 1984).

The R1-R2 mutant sequence is based on a sequence from the genome of an unrelated
phage, $X174. This sequence was shown to transpose at a low level when complemented by
limiting concentrations of Mu end fragments, apparently due to fortuitous sequence similarity to
the MuA recognition sequence. The grey boxes in the R1-R2 mutant 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
(Goldhaber-Gordon et al., 2002a). Mutations in the outer and inner mutants were chosen based
on an “anti-consensus” sequence — i.e. the nucleotides that appear most infrequently in the six
natural sites. This anti-consensus binds poorly to the isolated MuA DNA binding domains
IBand Iy 000000000000 0QuO0.

(C) Transpososome assembly on DNA fragments.
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Figure 2. Mutant fragments assemble slowly into active complexes. (A) Summary of
experimental design. This is a functional assay for assembly of active complexes. The read-out
is extent of cleavage. (B) Acrylamide gel from an assembly experiment, showing bands of
cleaved and uncleaved fragments. (C) Graph of assembly rates. This is a graph from a single
assembly experiment. 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 outer mutant, and two experiments for the inner mutant. Each
data point was normalized to the asymptote for that 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.

Figure 3. Mutant fragments are cleaved with rate constants similar to wild-type. (A)
Summary of experimental design. (B) Graph of one data set for each fragment type. Data are fit
to a first order equation. Table 1 summarizes results from multiple data sets. (C) Normalization
reveals that mutant fragments are cleaved with relative rates similar to wild-type. This is the
same data as is shown in Figure B, but each point was normalized to the asymptote for its set.
The normalization shows visually what the rate constants, listed in Table 1, show numerically.
The wild-type data is highlighted with a dark line. (D) Dilution of pre-assembled
transpososomes 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 the outer
mutant fragment gave the same results.

Figure 4. Mutant fragments are transferred with strand-transfer rate constants similar to
wild-type. (A) Summary of experimental design. (B) Graph of one data set for each fragment
type. To limit the effects of scatter in the data points, each time point was analyzed on two
separate agarose gels, and the data from both gels are included on the graph. Data are fitto a
first-order equation. (C) Normalization reveals that mutant fragments are cleaved with relative
rates similar to wild-type. This is the same data as is shown in Figure B, but each point was
normalized to the asymptote for its set. The normalization shows visually what the rate constants
show numerically. ’

Figure 5. The strand transfer reaction rate is dependent on [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 superimposes excellently on a standard curve. By contrast, diluting
MuB (but not target) or target and MuB does cause substantial rate reductions. The data is 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 here, transpososome dilutions were standard
(see Figure 4a).

Figure 6. 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 to A mismatch is a single
nucleotide substitution on the uncleaved strand at the first position. The results are summarized
in more detail in Table 1.

83




v O ® o

&t o = O

[ I o 8

35 3@ we)

:(Q c E. . Ej

ot o ot o+ c-— (=]

Q D = Z e 3

= 2 S S8 =

v 7S £ w8

g &4

> . 5

P X ;';UHO.

S g TE g go)

»>° %sg§ =Zg

B2 Sog B

5""5' 3 B; e-‘-rg <)

Bg ES88 <92 ®) A

25 BeEg o it -

ReRas HR=S o o e

il R 3 s
- & 5

Q ) B

o
> >

Jiey nQ

NS TA

Jiey uuy

Recognition Site Contribute Only to Assembly
Figure 1
page 84




A.

ASSEMBLY _ timepoints . CLEAVAGE __ 2 hours
10 mM Ca++ é 70mMMg++ ﬁ STOP

MuA
Mu fragments

B.
Wild-type

27h  25h 23h 6h 4h 3h 2h 1h 30m12m 4m Om time

— cA
Outer mutant
27h  25h 23h 6h 4h 3h 2h 1h 30m 12m 4
cA
cA

C. Assembly D. Normalized Assembly
S Wild-type .
ER T oo i
I g T e g
8 50 —c‘—é 80 /A - - ;f/ Outer mutint
Eo £ / /'l/ =
s | g 60p 1
ol S L
B 30¢ E-BN
g R
z | . g i
T e 20}
:é u""‘/./-i """" ' ‘11111‘16{ mutant | ‘ .

0 500 1000 1500 0 500 1500 2500

Time (min.) Time (min.)

Recognition Sites Contribute Only to Assembly
Figure 2
page 85




A

B.

ASSEMBLY
10 mM Ca++
MuA
Mu fragments

18 hours CLEAVAGE
—ﬁ 70 mM Mg++

Cleavage

C.

timeEoints . STOP

Normalized Cleavage

4’:\ . .Wlld-t)Lpe 100
:‘gﬂ E 80
© =] uy/
&Q = 60 ié/
bt S N
& & 400
> ) ]
[~} 1
5 20 e g GQuermuant O
f‘ . Tn ner, mutant “R 1-R2 mutant :
*C::Z—Z- Tk L < I e i A L
0 50 100 0 50 100
Time (min.) Time (min.)
D. Dilution
100 L 1710 di.luticmﬂ B B : Py
) ® Standard
8
= 80
[
:
S 60
) ,
<
E:’ 401,
© 20
0 56 160 Recognition Sites Contribute
Time (min.) Only to Assembly
Figure 3

page 86




A.
ASSEMBLY 4 hours Strand Transfer timepoints

MuA Dilute 1/10 into; > STOP
Precleaved Mu fragments ’ 70 mM Mg++
MuB, ATP
Target
60 B e o ., . : s .

Wild-type |

N
[en]

20

Strand Transfer (%of fragment)

Quter mutant

Strand Transfer normalized

100 T
80 ]
60 ]
40 ]
201 7
0 10 Ti 30 50 Recognition Sites Contribute
ime (min.) Only to Assembly
Figure 4

page 87




o 1710 [target] o ;

- i B
gloo !0’ hd ////"’_ - “:
= r 1/10 [MuB}] / .
= 80l < P -
S — _ .

5 /. B // 1/10 [target] and [MuB]
L 60 e -
72}
g /
= 40 - .
Pd A
[ A
s 20 _
%)

400 800 1200

Time (min.)

Recognition Sites Contribute Only to Assembly
Figure 5
page 88




Cleavage normalized

100 +

80

60

40}

%

20

/

T T T il T T T

Wild-type

" i
/ ]

pd
~~Mismatch mutant

C-3=T mutant

. i L l 1

/

400 800 1200

Time (min.)

Recognition Sites Contribute Only to Assembly
Figure 6
page 89



Chapter 5. DNA Activation Prevents MuA Transposase From Functioning as a Non-
specific Endonuclease

A single transposase active site both hydrolyzes an end of the bacteriophage Mu DNA and joins
that end to a target DNA. A long-term goal is to understand how these distinct reactions are
orchestrated by one active site. We find that Mu DNA substrates that terminate in a dideoxy
nucleotide allow transposase to hydrolyze a target DNA, in a reaction that combines aspects of
the two natural reactions. Ordinarily, the presence of a 3’OH on the hydrolyzed ends of the Mu
DNA causes DNA joining to be favored over target hydrolysis. We also find that the ribose of
the last nucleotide of the Mu DNA activates transposase. This helps ensure the presence of the
3’0H in the transposase active site.
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Introduction

Transposases, and their cousins retroviral integrases, are unusual proteins in that they use
a single active site to perform multiple, distinct reactions. The overall function of these proteins
is to transport a transposon (or a retroviral cDNA) from one DNA location to another (figure 1).
To do so, the transposase must cleave the transposon ends away from the DNA that flanks it, and
insert the cleaved ends into the new DNA location, the transposition target (Chaconas, 1999;
Mizuuchi, 1992). Both the cleavage and insertion reactions occur in the same active site, and it
is not clear how the distinct specificities of the two reactions are maintained.

To initiate transposition, multimers of transposase assemble into complexes called
transpososomes, which hold together both ends of the transposon DNA. For transposition of the
genome of bacteriophage Mu, the transposase is the MuA protein, and it assembles into a
homotetramer when bound to specific recognition sequences near the ends of the Mu DNA
(Lavoie et al., 1991; Mizuuchi et al., 1992). Short DNA fragments containing two transposase
recognition sites ("end fragments") can also trigger transpososome assembly. The
transpososome pairs two end fragments, mimicking pairing of the two ends of the transposon
- DNA (Savilahti et al., 1995). The cleavage site is five base-pairs beyond the recognition sites,
and is marked by the sequence (T/A)CAY (figure 2a). Since the cleavage reaction defines the
ends of the transposon, the terminal 3’ nucleotide at the end of the Mu DNA is an A.

Though the two types of reactions performed by transposase are distinct from each other,
they are chemically related (figure 1). Both are one-step substitutions of the oxygen groups on a
DNA phosphate (Engelman et al., 1991; Mizuuchi and Adzuma, 1991). The major differences
between the two reactions are (i) the identity of the nucleophile and (ii) the identity of the
phosphate at the reaction's center. The first reaction, transposon cleavage, is a hydrolysis. A
water molecule serves as nucleophile, and it attacks the phosphate 3' of the cleavage site A,
freeing a 3'OH at the end of the Mu DNA. The second reaction is a DNA strand transfer. The
3'OH now serves as nucleophile, attacking a phosphate in the target DNA. The 3’OH at the end
of the Mu DNA is thus joined to the target DNA. Unlike the Mu DNA, the target DNA has little
sequence specificity. Any DNA molecule can serve as target, and although sites with the
consensus sequence 5'-C(C/T)(G/C)(A/G)G-3' are most preferred, other sites are frequently
selected (Haapa-Paananen et al., 2002).

During strand transfer, the two Mu ends attack phosphates that are precisely five base-
pairs apart from each other, on opposite strands of the target (Allet, 1979; Kahmann and Kamp,
1979; Mizuuchi and Mizuuchi, 1993). The result is similar to a staggered double strand break in
the target, except that-the transposon DNA is inserted in the break. In fact, if the nucleophile at
the strand transfer step were a water molecule, rather than a 3' hydroxyl, the target DNA would
be cleaved on both strands (see figure 3a below.)

At the heart of the transposase active site are three conserved acidic residues, the DDE
motif, essential for both cleavage and strand transfer, (Baker and Luo, 1994; Kim et al., 1995;
Krementsova et al., 1998). A single transposase subunit contributes this DDE active site for
cleavage and strand transfer of one transposon end (Namgoong and Harshey, 1998; Williams et
al., 1999). Though there are many other examples of proteins that catalyze multiple reactions,
transposases are unusual for doing so with a single active site.

What prevents transposase from hydrolyzing its target DNA, as it does the ends of the
Mu DNA? Such non-specific endonuclease activity would be counterproductive biologically, as
it would cause breaks in the host DNA while failing to promote transposition of the Mu DNA.
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Understanding the mechanism for avoiding target hydrolysis will clarify the molecular
mechanisms of the productive reactions, Mu cleavage and strand transfer.

Here we report that MuA transposase can produce double strand breaks in a target DNA.
This target cleavage activity required transposon DNA fragments that terminated in a dideoxy A,
so that they lacked the 3' hydroxyl which ordinarily serves as nucleophile for strand transfer. We
also found that the 3' terminal nucleotide on the Mu DNA activates transposase. This finding
provides insight into why strand transfer is ordinarily favored over target cleavage: the required
presence of the terminal nucleotide in the transposase active site creates a great advantage for the
attached 3°OH to serve as nucleophile.

Results
Dideoxy end-fragments support target cleavage by MuA.

We constructed transposon end fragments with pre-cleaved Mu sequences, but these new
fragments terminated in a dideoxy A (figure 2a). If not for the dideoxy A these fragments would
be good strand transfer substrates, but the missing 3’OH should prevent strand transfer.

Incubation of these “ddA” fragments with transposase and a target DNA converted the circular
~ target to a linear form. The product was susceptible to digestion with exonuclease V or lambda
exonuclease (data not shown) and its electrophoretic mobility was the same as linear target’s in
any of several running buffers (figure 2b and data not shown).

Strand transfer of normal (non-dideoxy) transposon fragments also produces a product
with similar mobility to linear target (figure 2b, lane 2). But the “ST” (strand transfer) fragments
become covalently attached to the product, so that when the fragments are radiolabled the label is
incorporated in the product. In contrast, radiolabeling ddA fragments did not result in transfer of
the label to the target, confirming the ddA fragments' inability to complete strand transfer (data
not shown). This is also reflected by a slightly faster electrophoretic mobility of the ddA
products compared to the strand transfer products (figure 2B, compare ST and ddA).

This new reaction carried the DNA sequence specificities of a Mu strand transfer
reaction. It required a complete Mu DNA end fragment; even a fragment one nucleotide short on
the 3' strand (no-A fragment, figure 2A) did not support the reaction under the conditions shown
(figure 2b lane 4). There were also no obvious sequence requirements for the target DNA:
pUC19 (figure 2b) or $X174 RFI (figure 2c) were each suitable substrates. Moreover, the target
was cleaved at many different sites, since digesting the linear product with a restriction enzyme
that cleaves once in the target sequence produced a smear of products (data not shown).
Together, these results show that transposase can introduce a sequence independent, double
strand break in a DNA molecule, in a reaction that is similar to the normal strand transfer
reaction.

Target cleavage requires the MuA active site.

The DDE residues coordinate divalent metal ions in the transposase active site (Lovell et
al., 2002). Mutations in these residues abolished target cleavage (figure 2c) without perturbing
transpososome assembly (data not shown). These results strongly suggest that target cleavage
occurs in the same active site as Mu-DNA cleavage and strand transfer. Target cleavage
required addition of magnesium or manganese to the reactions mix (data not shown).

Strand transfer substrates do not support target cleavage

Target cleavage shares features with each of the two natural transposase reactions: Mu-
DNA cleavage and strand transfer. Like Mu-DNA cleavage, the nucleophile for target cleavage
must be either a water molecule or another small molecule such as glycerol. But whereas Mu-
DNA cleavage nicks only the 3' strand, target cleavage breaks both DNA strands. Thus during
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target cleavage, as during strand transfer, both target strands are engaged in transposase active
sites. Based on these observations, we propose that target cleavage is a frustrated attempt at
strand transfer. The ddA fragments arrange the MuA active site to perform strand transfer, and
in the absence of the 3'OH nucleophile a water molecule substitutes.

If this model is correct, the nucleophile for strand transfer should ordinarily outcompete
the nucleophile for target cleavage, so that strand transfer substrates should not support target
cleavage as a strong alternative reaction. To test the model, we designed an assay to sensitively
distinguish the product of strand transfer from the product of target cleavage. The assay relied
on the fact that target cleavage products should contain complementary 5' overhangs, excellent
ligation substrates (figure 3a). To test for ligation efficiency, products of reactions with either
strand transfer substrates (ST fragments) or target cleavage substrates (ddA fragments) were 5’
radiolabled, and then lightly treated with T4 DNA ligase. The linear products of reactions with
target cleavage substrates were ligated closed (figure 3b), confirming that these products contain
complementary ends. By contrast, products of reactions with strand transfer substrates did not
ligate closed. Thus no cleavage product was detected in strand transfer reactions, to within a 35-
fold detection limit. These results indicate that the ability to perform strand transfer precludes
hydrolysis of the target DNA. Together with results discussed above, these results strongly
suggest that target cleavage is a variant of strand transfer. It occurs only when the transposase
active-site is arranged for strand transfer, but is unable to complete the normal reaction due to the
missing 3’ OH nucleophile on the Mu DNA.

Strand transfer is faster than target cleavage. _

How does the terminal 3’OH, nucleophile for strand transfer, prevent target cleavage? It
could be that strand transfer is simply a faster reaction than target cleavage, and in t each
transpososome strand transfer occurs before target cleavage has a chanve. Because the Mu DNA
is a structural component of the transpososome, its terminal 3'OH is present at a high local
concentration in or near the transposase active site. An exogenous nucleophile must bind the
active site from solution, and the extra binding step for the exogenous nucleophile could
represent a considerable disadvantage for target cleavage. If so, we would expect that even in
the absence of the terminal 3’OH, target cleavage would occur significantly more slowly than
strand transfer.

To test this model, we compared the rates of strand transfer and target cleavage.
Transpososomes were assembled in the absence of magnesium and target DNA, using either ST
fragments or ddA fragments. After addition of target DNA and magnesium, aliquots were
removed regularly to assay the extent of appearance of linear product. The target cleavage
reaction occurred with an initial rate ~7 times slower than the initial strand transfer rate (average
of 4 experiments). This result supports the idea that the high local concentration of the terminal
3’OH causes strand transfer to be favored over target cleavage. Yet it leaves open the possibility
that additional factors also favor strand transfer over target cleavage. In the previous section we
showed that, in reactions with strand transfer substrates, the strand transfer product was at least
35 times more abundant than target cleavage product (figure 3b). This is significantly higher
than the ~7-fold intrinsic rate difference, indicating that the presence of the 3°OH slows target
cleavage beyond its independently slow rate. A number of models could explain this result, but
one likely explanation is that the 3°OH directly occludes proper binding of an exogenous
nucleophile. »

The Mu DNA cleavage site strongly stimulates target cleavage.
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Transpososomes can assemble on transposon fragments that lack the terminal adenosine
(no-A fragments, figure 2a). But like ddA fragments, no-A fragments cannot participate in
strand transfer, presumably because their recessed 3'OH is unable to engage as a nucleophile in
the active site (Goldhaber-Gordon et al., 2002). We might have expected that no-A fragments
would support target cleavage, but figure 2b suggests otherwise. Thus, the terminal adenosine,
present in ddA fragments but absent in no-A fragments, must help activate transposase to
perform target cleavage.

To explore this activation further, we conducted long time courses with truncated end
fragments (figure 4a). Eventually the no-A fragment could be seen to support target cleavage,
but the reaction was ~12 times slower than the dideoxy supported reaction (see legend to figure
4). A fragment missing the entire DNA cleavage site (5 base-pairs) did not support target

‘cleavage even after a three day incubation (figure 4a; the small amount of linear DNA observed
after >20 hour incubation was also present in reactions that lacked a Mu DNA fragment, and is
presumably due to minor nuclease contaminant). These results show that: (1) the terminal A
activates transposase, but is not absolutely required for activity, and (2) the terminal 5 base-pairs
further activate transposase. The activation seen by the terminal A is not simply a result of
improved transpososome stability. Over a 6 hour period, the number of transpososomes was
similar whether the Mu fragment was ddA or no-A (figure 4b).

Since no-A fragments form stable transpososomes, but these transpososomes are
relatively inactive for target cleavage, the terminal A must directly activate catalysis. Based on
this observation, we propose that the terminal A is an important structural component of the
active site. Moreover, since transposon cleavage occurs in the strand transfer active site, we
propose that the terminal A also activates strand transfer.

Specifically the ribose of the terminal A activates transposase.

To dissect the requirements for activation by the terminal nucleotide, we constructed
dideoxy-T fragments, in which the dT+*ddA base-pair was replaced with dA«ddT (figure 2a), and
assessed their ability to support target cleavage. We expected that this substitution would inhibit
transpososome assembly (Coros and Chaconas, 2001; Lee and Harshey, 2001), so
transpososomes were preassembled in a long incubation in the absence of target DNA. After this
long preassembly, ddT fragments catalyzed target cleavage at a rate similar to catalysis by ddA
fragments (figure 4a. See also the figure legend.) This result suggests that an adenine base per
se is not required to activate transposase.

A likely possibility is that the terminal ribose is the critical feature of the terminal
nucleotide. To test this idea, we constructed end fragments that terminated in an abasic site —
that is, they contained the terminal ribose and its 3' OH but were missing the adenine base.
These abasic fragments were good substrates for strand transfer (figure 4c). Their strand transfer
rate was slightly slower than that of normal ST fragments (~0.5x the initial rate, average of 3
experiments), a rate difference that is far less than the ~12 fold decrease seen in target cleavage
rates due to removal of the entire nucleotide (figure 4a, compare ddA to no-A fragments). Thus
we conclude that a terminal base is not critical for activating strand transfer, suggesting that the
ribose (or the attached 5’ phosphate) is the critical activating feature of the terminal nucleotide.
Discussion
The terminal nucleotide activates transposase, contributing to avoidance of target cleavage.

Our results show that the terminal nucleotide of the Mu DNA — the A of the cleavage site
— activates transposase during a target cleavage reaction. Given that target cleavage requires the
DDE active site residues, we suggest that the terminal nucleotide is also important in structuring
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the transposase active site for its too native reactions: Mu-DNA cleavage and strand transfer.
This conclusion seems natural, because the 3’ oxygen of the terminal A is a direct participant in
both native reactions. Indeed, in the one co-crystal structure available for a transposase and a
transposon DNA the transposon’s terminal nucleotides are deeply engaged near the active site
(Davies et al., 2000). It is impossible to test experimentally how full removal of the terminal
nucleotide might affect the rates of the native reactions, because the terminal oxygen is a direct
participant in these reactions. Thus target cleavage experiments revealed a role for the terminal
nucleotide in catalysis that was previously not testable.

This nucleotide-dependent activation helps explain how target cleavage is avoided in
nature. We have shown that MuA transposase is capable of catalyzing sequence-independent
double strand cleavages, but the presence of the 3°’OH at the end of the Mu DNA prevents it
from doing so. We suggest that this is due to a high local concentration of the 3°’OH in the
transposase active site, providing a competitive advantage for its selection as nucleophile. In
addition, the 3’OH may directly block an exogenous molecule from binding in the position of
nucleophile. Either way, the 3’ hydroxyl’s presence is ensured by a structural contribution of the
" terminal nucleotide in establishing the active site.

The terminal nucleotide is at the heart of a model for transposition.

Based on experiments with transposon Tn10, a model has been proposed for the
movement of DNA substrates in and out of a transposase active site (Kennedy et al., 2000).
According to this model, the transposon's terminal nucleotide is held in one position in the active
site throughout the transposition process. The water nucleophile, the DNA flanking the
transposon, and the target DNA move in and out of the active site as they are needed, positioning
themselves with respect to the terminal nucleotide. This model is appealing for several reasons,
including the fact that the terminal nucleotide is the only substrate common to the multiple
reactions normally performed by a transposase: transposon cleavage and strand transfer, as well
as to two additional, related reactions that are performed by Tn10 transposase but not by MuA
(Kennedy et al., 1998). Our data fit well with this model. We suggest that the terminal
nucleotide remains in one position throughout the reactions because it is required to establish the
functional conformation of the active site.

Retroviral integrases are promiscuous in vitro.

Unlike transposases, retroviral integrases have long been known to catalyze sequence-
independent cleavage reactions: both hydrolysis and alcoholysis. Retroviral integrases are
structurally and functionally related to transposases (Rice and Baker, 2001). Integrases
ordinarily cleave several nucleotides from the 3' end of retroviral cDNA and then transfer the
cleaved strand to a target DNA. However, in the absence of a retroviral DNA substrate, some
integrases are able to cleave other DNA molecules. This non-specific cleavage can occur at
many positions on the DNA molecule, distinguishing it from retroviral cleavage which occurs at
a precise position near the end of the retroviral DNA (Katzman and Sudol, 1996).

Non-specific cleavage by integrases differs from the target cleavage reaction described
here, in that it does not require retroviral DNA to activate it. This difference is consistent with
other known differences between the in vitro activities of transposases and integrases.
Transposases are only active in the context of a transpososome which includes two DNA ends,
and transpososome assembly is highly dependent on DNA sequence (Baker and Mizuuchi,
1992). By contrast, integrases appear to function in vitro on single DNA ends (Vink and
Plasterk, 1993). In vivo, integrases, like transposaes, function in synaptic complexes and,
presumably, do not cause random hydrolysis of their host DNA. But in vitro, the success of a

95




transposase or integrase at avoiding target cleavage depends on how active the protein is in the
absence of proper DNA end sequences, when small molecules are the only nucleophiles present.
If the protein absolutely requires its DNA end sequences for reactivity, the 3'OH at the DNA
ends will inhibit target cleavage. This observation highlights the regulatory importance of the
transpososome, a DNA complex whose existence depends on transposon end sequences.
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Experimental Procedures
Protein and DNA: MuA and MuA mutants were purified as described (Baker et al., 1993).
$X174 RFI target DNA was purchased from New England Biolabs (NEB), as were all non-MuA
proteins, and pUC19 target was purchased from MCBI Fermentas. DNA fragments were
purchased from MIT/HHMI biopolymers lab, and gel purified. The abasic phosphoamidite was -
purchased from Glen Research. The purity of the abasic fragment was confirmed by Mass Spec
~ (data not shown). Transposon fragment sequences were:
gttttcgcatttatcgtgaaacgcetttcgegttttcgtgegeegettca/ctagtgaageggegeacgaaaaacgegaaagegtttcacgataa
atgcgaaaac, the underlined nucleotides varying appropriately. The “target” fragment used for
figure 4b was: gccggtatctttccageactgggecggtatctttccageactggeg/
cgccagtgctggaaagataccggeccagtgetggaaagataceggce
Dideoxy fragments: The dideoxy fragments were synthesized one nucleotide short on the 3’
ends of the "transferred" strand. After annealing to a full-length compliment, the duplex was
treated with klenow (exo’) and either ddATP or ddTTP. The DNA was boiled and cooled to
room temperature, to inactivate klenow and to reanneal the fragments. In control experiments,
phenol extraction of the klenow reaction did not improve target cleavage efficiency (data not
shown). In most of the experiments described, the transposon fragments were not radiolabeled.
However, we radiolabeled ddA fragments from three independent preparations to analyze on a
sequencing gel. Among the three preparations, 63%, 65% and 67% of the fragment had been
successfully converted to ddA (as judged by length). Therefore, for the strand transfer reaction
shown in figure 3¢ we used only 65% precleaved fragment and 35% no-A fragment, mimicking
the conditions in reactions with ddA fragments.

The "non-transferred" fragment strand contained a 4-nucleotide 5' overhang, but the
klenow treatment caused it to be shortened by 2 nts. Any fragment that we compared to a
dideoxy fragment was treated with klenow, in the absence of NTPs, which caused the same
shortening. The transposition reactions themselves were supplemented with dideoxy nucleotide
to maintain the chemical composition across an experiment (final concentration of 1.2 uM
nucleotide).

Transposition reactions. Reactions were performed as described (Goldhaber-Gordon et al.,
2002), except that target concentrations were 5 nM, fragment concentrations were 50 nM, and
MuA concentrations were 50 nM. The target DNA was $X174 RFI, except for figure 2b for
which it was pUC19. Reactions shown in figure 2¢ contained 0.2 pg/ul tRNA, to inhibit
nucleases that contaminated some of the mutant protein preps. In control experiments with wild-
type MuA, the presence of tRNA did not affect target cleavage efficiency (data not shown).
Reactions were analyzed on 0.7% HGT agarose gels (FMC bioproducts) in 1x TBE buffer,
which were stained with VistraGreen and visualized with a Molecular Dynamics Flourimager
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595. For both strand transfer and target cleavage experiments, a single band that migrated close
to linear target was counted as product.

Ligation reaction. Transposition reactions were performed for three hours in a 200 ul volume.
Reactions were stopped with SDS and EDTA, and the DNA was purified on a Qiagen PCR
Purification column. The DNA products were then treated with Calf Intestinal Phosphatase for 1
hour, again purified on a Qiagen column, and treated with T4 Polynucleotide Kinase and ATPy*>
P for one hour. The products were phenol extracted and purified on an Amersham G50 spin
column. Ligation buffer was added directly to the DNA, along with 400 units T4 DNA ligase,
and the reactions were incubated for 20 minutes at room temperature. Reactions were stopped
with SDS and EDTA and analyzed by gel electrophoresis and autoradiography.

Transpososome analyses. To analyze the number of transpososomes present in a reaction,
fragments were 5' radiolabeled on the transferred strand. Transpososomes were formed as
described in the figure legend, and loaded directly onto a 2% MetaPhor agarose gel in 0.5x TBE
buffer. The gel and the running buffer each contained 1pug/ml heparin. This method was used to
. generate figure 4b, and also to test the activity of MuA mutants used in figure 2c.

Figure legends.

Figure 1. Schematics of transposition (all figures not drawn to scale). MuA transposase
performs two distinct but related reactions that involve the Mu DNA: Mu-DNA cleavage and
strand transfer. On the left is a representation of the DNA during these reactions; on the right is
a representation of the phosphates and nucleophiles that directly participate. Grey — Mu DNA;
Black — other DNA.

Figure 2. ddA transposon fragments induce MuA transposase to cleave a target
DNA. A. Schematics of fragments used in this study. DNA fragments were constructed using
the sequence of the last 50 bps from the right end of the Mu genome. Grey boxes represent MuA
recognition sites (specifically R1 and R2 sites). The pentagon represents an abasic nucleotide.
B. The linear product of target cleavage is easily visualized with a DNA stain. Transposase,
transposon fragments and pUC19 target DNA were incubated for 20 hours in transposition
buffer. Lane 1 contains linear target, generated by restriction digest, as a size marker. ST
fragments produced a strand transfer product, which electrophoreses close to linear target. ddA
fragments produced a product that migrates precisely with linear target. C. Target cleavage
requires the MuA active site. ddA fragments and $X174 RFI target DNA were incubated with
wild-type or mutant versions of transposase for 3 hours (shown here) or 20 hours (data not
shown). In either case, no linear product was visible with the mutants. We used twice the
standard transposase concentrations in order to maximize the likelihood of seeing product. The
difference in mobility here compared to figure 2C is because it is a different target DNA.

Figure 3. Strand transfer competes with target cleavage. A. Schematic illustrating
the two types of products. Strand transfer occurs into sites 5 bps apart, on opposite strands of the
target DNA. If target cleavage uses the same mechanism, the product will contain
complementary 5' overhangs. B. Strand transfer substrates do not support target cleavage.
Because the target cleavage products contain 5° overhangs and the strand transfer products do
not, target cleavage products are more readily ligatable. Only ddA fragments produced ligatable
product; ST fragments did not. C. Strand transfer is faster than target cleavage.
Transpososomes were preassembled in the absence of target DNA and magnesium, and time
points were taken starting with the addition of these two components.

Figure 4. The terminal nucleotide of the transposon activates transposase. A. The
DNA cleavage site, and especially the terminal nucleotide, are important features of a target
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cleavage-activating fragment. However, the terminal nucleotide does not need to be an
adenosine. Transpososomes were assembled overnight, in the absence of target DNA
(magnesium was included). The next day, an additional 50 nM MuA was added, along with
target DNA, to initiate the time-course. This resulted in an intial rate for the ddA reaction that
was ~20x the rate of the No-A reaction (shown here). Failure to include the additional MuA
resulted in an initial rate of the ddA reaction that was only ~4x that of the no-A reaction, because
the ddA rate was enhanced and the no-A rate was not. Independent of this effect, reaction rates
with the ddT fragment were more variable than with other fragment used in this study,
presumably due to its deficiency during transpososome assembly. As the average of five
independent experiments, the rate of the ddT reaction was not significantly different from the
rate of the ddA reaction. (Aside note: on this long time scale both the ddA fragment and the no-A
fragment participated in some strand-transfer, but the target cleavage product was at least 20 fold
more abundant than the strand-transfer product. In the case of the ddA fragment, this minimal
strand transfer activity is probably due to contaminating deoxy nucleotide in the dideoxy stock

~ used to create the fragment. The ddT fragment was not tested for strand transfer, and the no-
cleavage-site fragment showed no strand transfer activity.) B. The no-A fragment forms stable
transpososomes, despite its failure to support vigorous target cleavage. Transpososomes were
assembled overnight, under conditions identical to those used for figure 4a, except that the
fragments were radiolabeled. The next day, along with the additional MuA, a short "target"
fragment (sequence unrelated to Mu DNA) was added to the same base-pair concentration as the
target DNA used for figure 4a. Shown here: the presence of transpososomes was confirmed by
agarose gel prior to addition of the target fragment, and again at 1 hour and ~6 hours after
addition of the fragment. The gels contained heparin to remove unstable protein-DNA
complexes. In the absence of heparin more complexes were visible, but there was still no
distinction between complexes with ddA fragments and those with no-A fragments (data not
shown). C. The adenine base of the terminal nucleotide is not a critical feature for strand
transfer. Transpososomes were preassembled as for figure 3c. The "abasic fragment" terminates
on the transferred strand with a deoxy nucleotide that does not contain a base.
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