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TnsC: an ATP-dependent regulator of Tn'7 transposition

Anne E. Stellwagen

The bacterial transposon Tn? is unusually selective in its choice of target sites. Five

Tn?-encoded proteins are used in different combinations to direct TnT transposition into

different types of target molecules. TnsABC+D directs transposition into att'TnT., a unique

site in the E. coli chromosome, while TnsABC+E directs transposition into sites unrelated

to att'TnT. and, preferentially, into plasmids undergoing conjugation. By contrast, target

molecules that already contain a copy of Tn? are "immune" to further transposition events.

The research presented in this thesis focuses on the role of TnsC in target site

selection. TnsC is a ATP-dependent DNA binding protein with no particular sequence

preferences. However, the distribution of TnsC among target DNAs is by no means

random. ThsC had been previously shown to be recruited to attTnT sites by TnsD; here I

show that TnsC is actively removed from immune targets by TnsB. Thus, TnsC's

distribution among target DNAs reflects the positive and negative features of those target

molecules. Furthermore, I show that ATP hydrolysis is necessary to achieve this

distribution: when ATP hydrolysis is blocked, TnsC is locked onto whatever target DNA it

first encounters, and TnT's target site selectivity is lost. Evidence for an ATPase activity

associated with TnsC is also presented.

I have also isolated gain-of-function mutations in TnsC that enable TnsABC to

promote transposition independent of the inputs of TnsD or TnsE; these mutant

transposition reactions were released from some or all of the usual target site constraints.

Biochemical characterization of two of the TnsC mutants revealed that the mutant proteins

had more stable interactions with the target DNA than the wild type protein and intriguingly



altered interactions with ATP. Interactions between TnsC and the TnsA+B transposase

were also characterized. The view that emerges from this work is that TmsC connects the

transposase and the target site, and that modulating the ATP state of TnsC provides a

powerful mechanism to regulate this connection.

N-l
Nancy L. Craig, Ph.D.

Chairperson, thesis committee
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Chapter 1

Introduction



Many cellular processes -- ranging from DNA replication to RNA splicing to

protein translocation -- require the coordinated actions of multiple protein (and sometimes

also RNA) components. These components are often collectively described as a protein (or

nucleoprotein) "machine". Although different machines execute very different tasks, many

share a common regulatory strategy: nucleotide binding proteins are often used to control

the machine's assembly or activity.

The research presented in this thesis will focus on the protein machinery

responsible for the transposition of TnT., a mobile genetic element in Escherichia coli. In

particular, we have explored how the TnT transposition machinery is regulated by TnsC,

the transposon-encoded ATP binding protein. To provide a framework for this research,

we will first consider several other protein and nucleoprotein machines that are regulated by

nucleotide binding components. Our goal is not to provide an exhaustive survey of all

processes involving nucleotide binding proteins, but rather to highlight some of the

advantages these proteins can confer to a machine, and some common themes in their

utilization. We will then turn to the process of transposition, discussing how ATP binding

and hydrolysis regulate the well-characterized transposition machinery of bacteriophage

Mu. Finally, we will introduce the bacterial transposon TnT, and preview the work to be

described in the remainder of this thesis.

Nucleotide binding proteins: common mechanics with diverse consequences

A large number of proteins have been characterized which can bind (and often

hydrolyze) nucleotides, and whose activity is controlled by their nucleotide binding state.

Usually, these proteins interact with either adenine or guanine nucleotides, and usually it is

the ATP- or GTP-bound forms of these proteins which are biologically active. For

example, the E. coli recombination protein RecA is capable of binding DNA with high
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affinity and initiating strand exchange when ATP-bound (Menetski and Kowalczykowski

1985). Similarly, eukaryotic signalling molecules such as Ras and the heterotrimeric G

proteins are competent for signal transduction only when they are in the GTP-bound

conformation (Bourne et al. 1990). Thus, ATP and GTP function as ligands that can

stabilize or induce the active conformation of these proteins.

Although the biological activities acquired by proteins upon nucleotide binding are

quite diverse, the mechanics by which Ras, RecA, and many other proteins bind

nucleotides are very similar. Two consensus sequence motifs, the "Walker A" motif

(GXXXXGKT/S) and the "Walker B" motif (DEXX), have been identified in a large

number of ATP- and GTP-binding proteins; three additional motifs are found exclusively in

GTP-binding proteins (Walker et al. 1982; Bourne et al. 1991; Koonin 1993). Mutations

in these sequence motifs often interfere with the protein's ability to bind and/or hydrolyze

nucleotides, which, in turn, often has profound effects on the biological activity of that

protein. Structural studies of a large number of ATP- and GTP-binding proteins have

demonstrated that the residues of the Walker A motif form a unique protein fold called the

phosphate-binding or P loop (Saraste et al. 1990; Story and Steitz 1992; Sprang 1997).

Soaking nucleotides into the protein crystal (or crystallizing the protein in the presence of a

nucleotide) revealed that residues in the P loop directly contact the O. and 3 phosphates of

ATP or GTP (or ADP or GDP). Residues in the Walker B motif are frequently involved in

positioning a magnesium ion near the Yphosphate, whereas the NKXD motif specific to

GTP binding proteins contacts the guanosine ring. Thus, very similar nucleotide binding

pockets are found in otherwise unrelated proteins.

Many nucleotide binding proteins are also nucleotide hydrolyases (NTPases), and

therefore are capable of destroying the ATP or GTP ligand to which the protein is bound.

Like nucleotide binding, the mechanism of nucleotide hydrolysis appears to be the same for

a wide variety of NTPases: a direct, in-line attack on the Y phosphate by a water molecule

-]
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(Eccleston and Webb 1982; Story and Steitz 1992; Maegley et al. 1996). However, the

conformational changes that result from nucleotide hydrolysis are widely different.

Structural studies with two GTP binding proteins -- Ras and EF-Tu -- have

provided some striking examples of the impact of nucleotide hydrolysis on the

conformation of a protein. Comparisons of the crystal structures of Ras complexed with

GDP, GTP and several types of nonhydrolyzable GTP analogs (Milburn et al. 1990; Pai et

al. 1990; Schlichting et al. 1990) reveal that two regions of the protein experience

significant conformational changes upon GTP hydrolysis. These regions, designated

"switch I" and "switch II", are located close to the Y phosphate of the nucleotide and close

to each other. The switch regions are not buried within the protein structure, but are

exposed on the outer face of the Ras protein. Therefore the GTP- and GDP-bound

conformations of Ras will present different interacting surfaces to the other components of

the signal transduction cascade.

The elongation factor Tu is substantially larger than Ras, and its conformational

changes following GTP hydrolysis are more extensive. The structure of the intact EF-Tu

protein, crystallized in the presence of a nonhydrolyzable GTP analog, has been determined

(Berchtold et al. 1993). EF-Tu was shown to have three globular domains, with domain 1

containing the nucleotide binding site. Comparison of the structure of the GTP-bound

form of EF-Tu to the previously determined structure of the GDP-bound protein

(Kjeldgaard and Nyborg 1992) suggested that GTP hydrolysis causes small (4 angstrom)

rearrangements of residues that are close to the nucleotide binding site in domain 1.

However, these local changes are amplified throughout the global structure of the protein,

resulting in large (42 angstrom) rearrangements of residues in the more distant domains 2

and 3. The different conformations of EF-Tu, like those of Ras, have different capacities

to interact with other factors. For example, the GTP-bound form of EF-Tu contains a

solvent-filled cleft between domains 1 and 2 that is the site of tRNA binding (Nissen et al.

>

.
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1995); this cleft is collapsed in the GDP-bound form of the protein.

Switching between conformations: An intrinsically slow process that can be modulated by

other cellular factors

GTP binding and GTP hydrolysis provide a means to convert or switch Ras and

EF-Tu from one conformation to another. In fact, these proteins are often called

switch conformations is quite slow; both proteins are relatively poor GTPases (Ras only

hydrolyzes a few molecules of GTP an hour, while EF-Tu has an even lower turnover

number); both proteins also have great difficulty in releasing GDP (Temeles et al. 1985;

Kalbitzer et al. 1984; John et al. 1988; Miller and Weissbach 1970). However, these rates

of nucleotide hydrolysis and exchange can be modulated by other proteins that interact with

the molecular switch.

Ras is often considered the prototypical molecular switch protein. GTP binding

switches Ras "ON", enabling it to participate in the transduction of signals from the cell

surface to the nucleus that control cell growth and proliferation (reviewed in Lowy and

Willumsen 1993). GTP hydrolysis switches Ras "OFF", and this communication ceases.

Genetic and biochemical approaches have identified cellular proteins that influence the rate

at which Ras switches ON and OFF. These proteins fall into two categories: GTPase

activating proteins (GAPs) that strongly stimulate the Ras's ability to hydrolyze GTP, and

GDP-GTP exchange factors (GEFs) that facilitate the release of GDP (Boguski and

McCormick 1993). The importance of regulating Ras activity has been underscored by the

isolation of oncogenic Ras mutants that cannot respond to these modulators. For example,

RasGly12 mutants are not responsive to GAPs and therefore are essentially locked in the

active conformation, continuously promoting cellular proliferation (Trahey and McCormick

"molecular switches" (Bourne et al. 1990). The intrinsic rates at which Ras and EF-Tu cC
~1
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1987; Adari et al. 1988; Scheffzek et al. 1997). The loss of the ability to switch Ras OFF

has grave consequences -- oncogenic Ras mutants are found in 25% of human cancers

(Barbacid 1987; Bourne et al. 1991).

A major breakthrough in understanding the effects of GAP on Ras has come in the

last year, with the solution of the co-crystal structure of Ras with Ras-GAP (Scheffzek et

al. 1997). The Ras-GAP protein was found to have inserted an arginine side chain into the

active site for GTP hydrolysis in Ras. This arginine residue is proposed to neutralize the

developing charges in the transition state and to stabilize the switch II region, so that the

attacking water molecule and the Yphosphate can be held in the appropriate positions. Co

crystal structures of two relatives of Ras and their GAP partners have also been solved;

these studies also revealed the key role of GAP's "arginine finger" in the catalysis of GTP

hydrolysis (Tesmer et al. 1997; Rittinger et al. 1997; Bourne 1997).

Harnessing a molecular switch to a protein machine

EF-Tu is a component of the protein translation machinery, responsible for bringing

aminoacyl tRNAs to the ribosome. A detailed view of the role of EF-Tu in protein

synthesis, and the role of GTP in regulating EF-Tu's activity, has been established over

Several decades (Kaziro 1978; Noller 1991; Nierhaus 1996; Green and Noller 1997).

However, the molecular switch model provides a new language with which to describe the

actions and interactions of EF-Tu (Bourne et al. 1990). EF-Tu can also be considered a

molecular switch protein, whose rates of GTP hydrolysis and GDP release are modulated

by proteins with GAP- and GEF-like activities. These modulators are themselves

components of the protein translation machinery. Therefore, the GTP cycle of EF-Tu is

harnessed to the process of protein synthesis.

The dynamics of the EF-Tu molecular switch are summarized as follows. In the
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active (GTP-bound) conformation, EF-Tu binds an aminoacyl tRNA and associates with an

mRNA-programmed ribosome. If the codon:anticodon match between the mRNA and the

tRNA is reasonably good (aka stable), the ribosome functions as a GAP, stimulating EF

Tu's GTP hydrolysis activity and switching EF-Tu into the inactive (GDP-bound)

conformation. The GDP-bound EF-Tu releases its trNA cargo and dissociates from the

ribosome; the ribosome can then shift into its "pre-translocation" state, with the tRNA

occupying the ribosomal A/A site. The incorporation of the new amino acid into the

growing polypeptide chain can then proceed. The dissociated EF-Tu molecule is recycled

through interactions with EF-Ts, an elongation factor with GEF-like activity that promotes

the release of the tightly bound GDP from EF-Tu. Another molecule of GTP can then bind

and re-activate EF-Tu, enabling it to participate in another round of amino acid delivery to

the ribosome.

The involvement of EF-Tu in protein synthesis illustrates some of the mechanical

and regulatory advantages that a molecular switch can provide to a nucleoprotein machine:

(i) Coordination of events in an assembly process. The events described above are

ordered by the conformation of EF-Tu required to execute them, and each event is

conditional on the completion of the step before. For example, (GTP-bound) EF-Tu does

not associate with the ribosome unless it has bound a tRNA molecule; the ribosome does

not shift into the pre-translocation state unless (GDP-bound) EF-Tu has dissociated etc.

The order of events is unidirectional, since the reaction that alters the conformation of EF

Tu -- GTP hydrolysis -- is irreversible.

(ii) Accuracy of substrate selection. The rate at which EF-Tu switches

conformations influences how much time is available for a mismatched trNA to be

rejected, through a process called kinetic proofreading (Thompson 1988). The rate of

–7–



dissociation of the tRNA anticodon from the mRNA codon is operationally compared to

EF-Tu's rate of GTP hydrolysis (the first proofreading step) and the rate of EF-Tu-GDP

dissociation (the Second proofreading step); any aminoacyl-tRNA that is still associated

with the ribosome following EF-Tu dissociation is incorporated into the growing

polypeptide chain.

In the original models for kinetic proofreading, EF-Tu's rates of GTP hydrolysis

and dissociation were proposed to be constant, providing internal kinetic standards against

which the codon:anticodon match could be judged (Thompson 1988). However, recent

work suggests that the EF-Tu's rate of GTP hydrolysis increases by four orders of

magnitude in the presence of a cognate tRNA as opposed to a non-cognate tRNA (Rodnina

et al. 1996). Therefore, the ribosome is now thought to be a more active participant in

tRNA selection, able to recognize good tRNA matches and to communicate that information

to EF-Tu through a GAP-like stimulation of GTP hydrolysis (Powers and Noller 1996).

(iii) Tight binding and subsequent release of a substrate. The GTP-bound

conformation of EF-Tu binds tRNA with high affinity, whereas the GDP-bound

conformation does not. Therefore, by switching between these conformations, EF-Tu can

both deliver and release the tRNA to the ribosome. The molecular switch, in fact, provides

an efficient solution to the classic "tight binding dilemma" faced by enzymes which have a

high affinity for their substrates.

(iv) Recycling of components. Release of the tRNA from EF-Tu to the ribosome

not only allows protein synthesis to continue, but also allows for the turnover of EF-Tu

itself. By exchanging GDP for GTP (with the assistance of the GEF-like protein EF-Ts),

EF-Tu is able to participate in multiple rounds of tRNA delivery to the ribosome. This

recycling strategy is much more economical for the cell than having "single use" EF-Tu

-8-



molecules which would need to be resynthesized after each round of tRNA delivery.

An ATP-based molecular switch: the clamp loader of DNA polymerase III

Whereas protein synthesis is regulated by a GTP-dependent molecular switch,

many other processes appear to utilize ATP-dependent molecular switches. A well

characterized example is the clamp loading complex that coordinates the assembly of the

DNA replication machinery. Replication of the E. coli chromosome is primarily the

responsibility of the DNA polymerase III holoenzyme (Kelman and O'Donnell 1995). The

holoenzyme contains three functional components: the core polymerase, the sliding clamp

(also called the 3 complex) and the clamp loader (also called the Y complex). The

remarkable processivity of the holoenzyme is due to the sliding clamp, a ring-shaped

structure that encircles the DNA template and tethers the polymerase to it (Stukenberg et al.

1991; Kong et al. 1992). However, the sliding clamp cannot bind DNA alone; it requires

the assistance of the clamp loader complex. When ATP-bound, the clamp loader can

assemble the sliding clamp onto DNA, preferentially onto the end of an Okazaki fragment

(Onrust et al. 1991). ATP hydrolysis then releases the sliding clamp from the clamp loader

and allows the core polymerase to join the replication complex (Naktinis et al. 1996).

Processive DNA synthesis can then begin.

The different functional activities of the ATP- and ADP-bound forms of the clamp

loader suggest that, like Ras and EF-Tu, the conformation of the clamp loader is different

in the presence of different nucleotides. ATP hydrolysis would therefore provide a means

to switch between conformations. While there are no crystal structures to visualize these

putative conformational changes, biochemical experiments have provided some clues as to

which domains of the clamp loader are likely to be involved. The clamp loader consists of

five subunits, in a ratio of Y2616'1X1\!/1 (Maki and Kornberg 1988; Onrust et al. 1995).

–9–



The Y subunit contains a Walker A motif and appears to be the site of ATP binding;

mutation of this Walker A motif severely impairs the clamp loader's ability to hydrolyze

ATP and to participate in DNA replication (Xiao et al. 1995). The 6 subunit appears to

mediate the binding of the clamp loader complex to the sliding clamp (Naktinis et al. 1995).

Interestingly, isolated 6 subunits can bind the sliding clamp in the absence of ATP,

whereas the interactions of the entire complex with the sliding clamp are profoundly ATP

dependent. O'Donnell and colleagues therefore propose that the 6 subunit is usually buried

within the inactive (ADP-bound) clamp loading complex, and becomes exposed only when

the clamp loading complex switches into the ATP-bound conformation (Naktinis et al.

1995).

Whereas ATP binding is required to assemble the sliding clamp onto DNA, ATP

hydrolysis is required to release it. The clamp loader has a weak ATPase activity that has

been shown to be maximally stimulated only when its cargo (the clamp loader) and its

preferred target site (a primer-template junction) are both present (Onrust et al. 1991).

These observations suggest that an appropriately loaded sliding clamp acts as a GAP,

switching OFF the clamp loader (perhaps by re-burying the 6 subunit) and allowing it to

dissociate from the DNA, leaving the sliding clamp behind. Disrupting the association

between the sliding clamp and the clamp loader is necessary to complete the assembly of

the holoenzyme: core polymerase appears to interact with the same surface of the sliding

clamp as does the clamp loader, and the two structures cannot bind the sliding clamp

simultaneously (Naktinis et al. 1996). Therefore, ATP hydrolysis facilitates the hand-off

of the sliding clamp from the clamp loader to the core polymerase.

The clamp loader confers many of the same advantages to the DNA replication

machinery that EF-Tu provides for protein synthesis machinery. In both cases, the

molecular switch imposes order on the events of an assembly pathway and accuracy in the

selection of substrates. The conformational changes that accompany nucleotide binding

- 10–



and hydrolysis allow both molecular switches to tightly bind their cargo (the tRNA or the

sliding clamp) and then release it. Finally, the reversible nature of these conformational

changes allows both molecular switch proteins to recycle and go through multiple rounds

of their respective processes.

The spliceosome: provocative hints of the involvement of molecular switch proteins

The spliceosome is a ribonucleoprotein machine whose assembly likely involves

ATP-dependent molecular switch proteins. The construction of the spliceosome -- which

contains several small nuclear RNAs (snRNAs) and upwards of one hundred proteins --

requires large amounts of ATP hydrolysis and large numbers of ATP-binding proteins.

However, understanding how and why ATP is involved in the assembly and activity of the

spliceosome is an ongoing challenge.

The splicing machinery assembles on a pre-messenger RNA substrate through an

ordered series of events (reviewed in Madhani and Guthrie 1994). Base-pairing

interactions mediate the initial association of snRNAs with the pre-mRNA substrate, and

subsequent rearrangements of those RNA-RNA interactions are essential to complete the

assembly of the spliceosome and to unsheathe its active site. In vitro, many of these steps

require ATP hydrolysis (Konarska and Sharp 1986; Konarska and Sharp 1987; Cheng and

Abelson 1987; Sawa et al. 1988; Vijayraghavan and Abelson 1990), and several RNA

dependent ATPases have been identified in Saccharomyces cerevisiae that appear to

participate in spliceosomal assembly and activation (Schwer and Guthrie 1991; Company

et al. 1991; O'Day et al. 1996; Xu et al. 1996; Kim and Lin 1996). It is tempting to

speculate that these ATPases could direct the ordered binding of components to the

spliceosome, much as the clamp loader directs the assembly of the replication machinery.

Alternatively, these ATPases might disrupt specific RNA-RNA interactions so that the

-11



essential rearrangements within the spliceosome can take place (Wassarman and Steitz

1992; O'Day et al. 1996).

Several intriguing reports have implicated spliceosomal ATPases in proofreading

mechanisms that ensure the fidelity of splicing. Prplé is an RNA-dependent ATPase in S.

cerevisiae that appears to be involved in the inspection of RNA substrates after the first step

of splicing (Schwer and Guthrie 1991; Burgess and Guthrie 1993). RNAs with aberrant

branch point sequences are normally prevented from continuing the splicing reaction, and

instead are shunted into a discard pathway, where they are rapidly degraded. ATP

hydrolysis appears to be important for the discrimination of these aberrant RNAs. Prple

mutants with reduced ATP hydrolysis activities were found to be less efficient at

channeling these RNAs into the discard pathway (Burgess and Guthrie 1993). As a result,

the fidelity of Splicing in prp 16 strains is compromised.

Proofreading mechanisms may also exist in mammalian systems. Recent

experiments with mammalian splicing extracts have identified a minimal RNA substrate

(containing far less sequence information than a natural intron) that can assemble with the

U2 snRNA to form a prespliceosome complex (Query et al. 1997). However, these

minimal substrates are much more sensitive to ATP hydrolysis-driven disassembly than

substrates with a full complement of 3' splice site information. Query and colleagues

speculate that this ATP-dependent destabilization may serve as a proofreading step,

discouraging U2 from associating with substrate RNAs that do not contain the appropriate

3' splicing signals.

Discriminating between the need for ATP binding versus ATP hydrolysis

Other processes involving ATP-dependent proteins that appear to function as

molecular switches include the recognition of replication origins in E. coli and yeast
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(Sekimizu et al. 1987; Bell and Stillman 1992; Klemm et al. 1997), nucleotide excision and

mismatch repair (Orren and Sancar 1990; Au et al. 1992; Sancar 1996), and DNA strand

exchange mediated by RecA or by RuvABC (Kowalczykowski 1991; West 1996). In

many of these systems, ATP binding is sufficient to complete the assembly of the protein

machinery, and then ATP hydrolysis is proposed to drive conformational changes that turn

the machinery ON. However, the nature of the ATP hydrolysis-dependent activation event

is often mysterious.

In some cases, it has been difficult to establish which step(s) in a given process

require ATP binding and which step(s) require ATP hydrolysis. Kowalczykowski and

colleagues have investigated this issue in RecA-mediated homologous recombination.

RecA is frequently studied in a three stranded model system. RecA binds to a single

stranded DNA molecule and forms a multisubunit protein filament (reviewed by

Kowalczykowski 1991; visualized by Story et al. 1992); these events require RecA to be in

a high-affinity, ATP-bound conformation. Duplex DNA then binds to the RecA filament

and strand exchange begins, accompanied by large amounts of ATP hydrolysis (ranging

from 1-1000 molecules of ATP hydrolyzed per base pair exchanged, depending on the

method of measurement).

Despite this copious amount of ATP hydrolysis, Kowalczykowski and colleagues

have produced several lines of evidence suggesting that ATP hydrolysis is not a

mechanistic requirement for strand exchange. Close to 1 kb or more of strand exchange

can occur (i) in the presence of the slowly hydrolyzable ATP analog ATPYS (Menetski et

al. 1990; also observed by Rosselli and Stasiak 1990), (ii) with a mutation in the Walker A

motif that retains RecA's ATP binding activity but reduces its ATPase activity over 600

fold (Rehrauer and Kowalczykowski 1992) and (iii) in the presence of a noncovalent

complex of ADP and AlF4 that mimics the structure of ATP (Kowalczykowski and Krupp

1995). From these results, the authors argue that the act of strand exchange requires RecA
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to be in the ATP-bound conformation, but does not require ATP hydrolysis.

Why then does so much ATP hydrolysis occur? The authors propose that ATP

hydrolysis is important for the release and recycling of RecA following strand exchange.

Conformational changes resulting from ATP hydrolysis would switch the protein into the

"low-affinity" state that can dissociate from the DNA, and subsequent ADP-ATP exchange

would enable the dissociated RecA molecules to participate in additional strand exchange

events. Thus, using a molecular switch to drive strand exchange facilitates product release

and protein turnover, two classic problems faced by enzymes that tightly bind their

substrates. In addition, ATP hydrolysis appears to be required for particular events in

strand exchange that have additional energy demands, such as transversing heterologous

regions of DNA (Rosselli and Stasiak 1991).

Transposition: target Selection by ATP-dependent accessory factors

Transposition is the process by which a discrete DNA element, or transposon,

moves from one genetic location to another. The transposon generally encodes the protein

machinery responsible for its translocation, namely "transposase" protein(s) which execute

the chemical steps of transposition and, in some cases, accessory factors which regulate the

transposase. In all reactions that have been examined biochemically, the DNA breakage

and joining events that underlie transposition do not require the energy of ATP hydrolysis

(Mizuuchi 1992). Nevertheless, several transposons encode proteins which have ATP

binding motifs, with the best-studied examples being the bacteriophage Mu and the

bacterial transposon TnT. Below, we will argue that the ATP-dependent proteins of Mu

and TnT function as molecular switches, regulating where and when transposition can

OCCUIT.

The bacteriophage Mu was the first element whose transposition was reconstituted
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in vitro (Mizuuchi 1983) and a detailed understanding of the mechanism of Mu

transposition has emerged (reviewed by Lavoie and Chaconas 1996). Two phage-encoded

proteins -- the transposase MuA and the ATPase MuB -- are responsible for Mu

transposition. MuA binds to specific recombination sequences at the ends of the

transposon (Craigie et al. 1984) and assembles those ends into a transposition-competent

synaptic structure (Mizuuchi et al. 1992). MuA then catalyzes the cleavage of the 3' ends

of the transposon and the transfer of those ends into a target DNA molecule (Surette et al.

1987; Craigie and Mizuuchi 1987). Thus, MuA alone is sufficient to catalyze all of the

chemical steps of Mu transposition. However, the Mu/A transposition machinery is very

inefficient in the absence of Mub, and is essentially limited to using target sites that are

located close to the transposon ends (Maxwell et al. 1987; Baker et al. 1991).

MuB profoundly affects both the activity and the target site selectivity of the Mu/A

transposition machinery. In its ATP-bound conformation, MuB can (i) bind target DNAs

(with no obvious sequence specificity) and (ii) allosterically activate Mu/A's cleavage and

joining activities (Chaconas et al. 1985; Baker et al. 1991; Surette and Chaconas 1991). As

a result, DNA molecules bound by MuB are preferentially used as targets by the MuA

transposition machinery (Maxwell et al. 1987; Adzuma and Mizuuchi 1988). MuB-target

DNA complexes can also serve as a scaffold to facilitate the assembly of the Mu/A synaptic

complex (Mizuuchi et al. 1995). Thus, MuB coordinates events in the Mu transposition

reaction, by coupling the assembly and activation of the MuA machinery with the process

of target capture.

Efficient Mu transposition requires ATP binding but not ATP hydrolysis. MuB can

still bind to a target DNA and stimulate Mu/A when the nonhydrolyzable analog ATPYS is

substituted for ATP in the Mu transposition reaction (Adzuma and Mizuuchi 1988; Baker et

al. 1991). These results suggest that, unlike the examples of EF-Tu or the clamp loading

complex, ATP hydrolysis is not required to complete the assembly of the Mu transposition
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machinery or to turn that machinery ON. Instead, ATP hydrolysis appears to inactivate

MuB, switching it into a conformation that cannot stimulate MuA and has no affinity for

DNA.

The ability to inactivate MuB is exploited by the Mu transposition machinery to

avoid inserting into unfavorable target molecules. Although Mu transposition can occur

into a wide variety of target sites, multiple rounds of Mu transposition into the same target

molecule are strongly discouraged (Reyes et al. 1987; Darzins et al. 1988; Adzuma and

Mizuuchi 1988). Instead, target DNAS which already contain a copy of Mu are rendered

"silent" or "immune" to the Mu transposition machinery. Target immunity is achieved by

manipulating the ATP state of MuB (Adzuma and Mizuuchi 1988). MuA, bound to the Mu

end sequences in an immune target molecule, acts like a GAP to stimulate MuB's ATPase

activity (Maxwell et al. 1987) and therefore promotes the dissociation of MuB from the

immune target DNA (Adzuma and Mizuuchi 1988). Subsequent ADP-ATP exchange

allows the MuB molecules to recycle and reassociate with other, hopefully more favorable,

target DNAs.

Thus, ATP hydrolysis is not required to activate the Mu transposition machinery,

but to regulate which target DNAs that machinery selects. When ATP hydrolysis is

blocked (i.e. in the presence of nonhydrolyzable ATP analogs), MuB becomes

constitutively active and cannot be dislodged from the Mu end-containing DNA, despite the

presence of Mu/A (Adzuma and Mizuuchi 1988). As a result, the transposition machinery's

ability to discriminate between immune and non-immune target DNAs is lost.

MuB shares many functional similarities with the molecular switches described

above, and harnessing the MuB molecular switch to the process of transposition provides

many of the same advantages that were previously discussed in the context of protein

translation and DNA replication. MuB serves as an ATP-dependent connector between the

Mu/A transposase and the target DNA, and therefore coordinates the activation of the Mu
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transposition machinery with the selection of a target site. The presumptive conformational

changes that accompany ATP binding and hydrolysis provide a means for MuB to tightly

bind a potential target DNA, but also to release that target DNA. Target release would

facilitate the recycling of MuB molecules following transposition. However, the release of

MuB from target DNAS is also important before transposition occurs, to allow the

transposition machinery some degree of target site selection.

TnT transposition: a molecular switch that responds to multiple inputs

The bacterial transposon Tn? utilizes a mechanism of transposition that is

fundamentally similar to that of bacteriophage Mu (reviewed by Craig 1996). However,

Tn? has a more elaborate strategy of target site selection and a larger arsenal of target

Selection factors than are found in Mu transposition. Among these Tn?-encoded proteins is

TnsC, an ATP-dependent accessory factor. As described below, several intriguing

observations suggest that TnsC functions as a molecular switch to regulate TnT.

transposition. However, unlike the molecular switch that regulates Mu transposition, TnsC

appears to be modulated by multiple inputs from potential target DNAs.

Tn? encodes five proteins -- TnsA, TnsB, TnsC, TnsD and TnsE -- that mediate its

transposition (Rogers et al. 1986; Waddell and Craig 1988). TnsA and TnsB constitute the

Tn? transposase. TnsB binds specifically to the recombination sequences at the ends of

Tn? (Arciszewska et al. 1991; Arciszewska and Craig 1991; Tang et al. 1991), and TnsA is

thought to be recruited to the Tn? ends through protein-protein interactions with TnsB.

Together, TnsA+B execute the chemical steps of Tn? transposition: TnsA cleaves the 5'

ends of the transposon, while TnsB cleaves the 3' ends and transfers those ends into the

target DNA (May and Craig 1996; Sarnovsky et al. 1996). However, the activity of the

TnsA+B transposase is strictly regulated by the accessory proteins TnsC, TnsD and TnsE,
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and also by the nature of the target DNA.

Different combinations of accessory proteins direct TnT transposition into different

types of target sites. ThSABC+D promotes transposition at high frequency into a single

site in the E. coli chromosome called att'TnT, whereas TnsABC+E promotes transposition

at lower frequency into chromosomal sites unrelated to attTnT (Barth et al. 1976;

Lichtenstein and Brenner 1982; Rogers et al. 1986; Waddell and Craig 1988; Kubo and

Craig 1990). TnsABC+E also preferentially directs transposition into plasmids undergoing

conjugation (Wolkow et al. 1996). The TnT transposition machinery can also be

discouraged from interacting with certain target DNAS: TnT, like Mu, recognizes and

avoids "immune" target DNAs that already contain a copy of the transposon (Hauer and

Shapiro 1984; Arciszewska et al. 1989). Thus, the Tn? transposition machinery evaluates

a potential target DNA for both positive and negative features, and selects only the most

favorable target sites for insertion.

Tn?'s target site preferences have likely contributed to its evolutionary success.

Conjugating plasmids provide a cell-to-cell transport vehicle for Tn?, allowing the element

to spread to new bacterial populations (Wolkow et al. 1996). Once in a new cell,

transposition can occur efficiently into att'TnT, which is located in the glmS operon (an

essential gene involved in cell wall biosynthesis and conserved among many bacterial

species) (Walker et al. 1984, Gay et al. 1986; Gringauz et al. 1988). Insertions into att'TnT.

do not disrupt the glmS coding sequence, and are unlikely to be deleterious to the host cell.

Thus, att'TnT provides a safe haven for Tn? in the bacterial chromosome. Target immunity

prevents multiple rounds of transposition from occurring into att'TnT. and, instead,

encourages the transposition machinery to select target sites located far away from existing

copies of Tn? (Arciszewska et al. 1989, DeBoy and Craig 1996). Together, these target

selection strategies promote both the spread and the survival of TnT.

TnsC is a key player in the process of target site selection. TnsC is an ATP
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dependent DNA binding protein that does not appear to have any particular sequence

specificity on its own (Gamas and Craig 1992; Biery, Stellwagen and Craig, manuscript in

preparation). However, TnsC's distribution among potential target DNAs is hardly

random. TnsC is recruited to att'TnT. sites through interactions with TnsD, an att'TnT

specific DNA binding protein (Bainton et al. 1993). TnsC may also be recruited to

conjugating plasmids by TnsE. By contrast, TnsC appears to be specifically removed from

target DNAs that contain Tn? ends (Chapter 3). Thus, TnsC's distribution among target

DNAs reflects the positive and negative features of those targets.

TnsC interacts not only with the target DNA but also with the TnsA+B transposase.

As first suggested by the work of Bainton et al. (1993) and more directly established in this

work (Chapter 4), TnsC physically contacts the TnsA+B transposase and stimulates its

DNA breakage and joining activities. Therefore, TnsC, like MuB, couples the activation of

the transposition machinery to the selection of the target site.

TnsC must be ATP-bound in order to connect the transposase and the target site;

however, ATP hydrolysis is not needed to complete the assembly of the transposition

machinery or to unleash its catalytic activity. Tn? transposition can occur in the presence of

nonhydrolyzable ATP analogs (Bainton et al. 1993) or with mutations in TnsC that disrupt

its Walker A or B motifs (Chapter 2; Stellwagen and Craig, unpublished observations).

However, under these conditions, Tn?'s target site selectivity is lost: transposition is

neither directed into att'TnT nor away from immune targets (Bainton et al. 1993; Chapter

3). Because of these altered reaction properties, we have long predicted that TrisC would

have the capacity to hydrolyze ATP. Evidence of a modest ATPase activity associated with

TnsC is presented in Chapter 4.

We propose that TnsC acts as a molecular switch to regulate TnT transposition, and

that the proper functioning of this switch is critical for TnsC to discriminate between

targets. Multiple rounds of ATP binding and hydrolysis would enable TnsC to bind and

- 19–



then release multiple DNA molecules, thereby sampling the population of target DNAs that

are available in the cell or the test tube. These events would increase the likelihood of TnsC

finding an att'TnT. Sequence, as well as providing a mechanism for TnsC to disengage from

an immune target. By contrast, when nonhydrolyzable ATP analogs are present, TnsC

cannot dissociate from DNA (Chapter 4) and consequently promotes transposition into

whatever DNA it first encounters (Chapter 3).

There is no crystal structure for TnsC on the horizon to help us visualize the

conformational changes that likely accompany ATP binding and hydrolysis. However,

experiments with a truncated TnsC protein suggest that ATP binding leads to the exposure

of a domain that interacts with the Tn? transposase. A deletion mutant was constructed in

which the amino-terminal half of TnsC (including the Walker A and B motifs) was

removed. The truncated TnsC protein retained the ability to interact with TnsA+B and

stimulate its catalytic activity, but these actions were no longer ATP-dependent (Chapter 4).

We propose that the deletion uncovers a domain of TnsC that is normally exposed only

when the intact TnsC protein is in an ATP-bound conformation. This hypothesis is similar

to the one advanced by O'Donnell and colleagues for the DNA polymerase clamp loader, in

which ATP-dependent conformational changes were proposed to unbury the 6 subunit

from within the clamp loader complex (Naktinis et al. 1995).

If TnsC functions as a molecular switch, then other Tns proteins could potentially

modulate TnsC's activity by influencing its interactions with ATP, much as GAPs and

GEFs influence the activity of Ras. Some preliminary support for this hypothesis comes

from the work in this thesis. For example, the removal of TnsC from immune targets was

found to be triggered by TnsB, in a reaction that depended on ATP hydrolysis (Chapter 3).

An attractive model is that TnsB functions as a GAP, stimulating TnsC to hydrolyze ATP

and thus to dissociate from immune target DNAs. By contrast, TnsD appears to increase

the amount of TnsC that is ATP-bound (Chapter 4). TnsD could be stabilizing the ATP
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bound conformation of TnsC; alternatively, TnsD could be acting like a GEF, promoting

ADP-ATP exchange.

Harnessing a molecular switch to the process of transposition confers the same

advantages to Tn? as were discussed for Mu -- the ability to coordinate events in the

assembly of the transposition machinery, and to accurately select a target substrate. Th7

has extended these principles by developing a molecular switch that is responsive to

multiple inputs. Whereas MuB only differentiates between immune and non-immune target

DNAs, TnsC evaluates multiple positive and negative features of a potential target DNA,

and directs TnT transposition into the most favorable target site available.

Organization of the thesis

My research on the role of TnsC in TnT transposition is presented in the following

chapters:

Chapter 2 describes the isolation of TnsC gain-of-function mutants that can activate

Tn? transposition in the absence of the usual target site selectors TnsD or TnsE. Some of

these TnsC mutants were found to be constitutively active, whereas others retained the

ability to respond to various target DNA signals. The characterization of these mutants

clarified our view of TnsC as the communicator of information from the target DNA to the

transposase.

Chapter 3 investigates the molecular mechanism of TnT target immunity.

Interactions between TnsB and TnsC were found to mediate this form of target site

selection. An attractive model that emerged from these studies is that TnsB promotes the

removal of TnsC from immune targets, through a mechanism that requires ATP hydrolysis.

Chapter 4 presents a biochemical characterization of wild type TnsC and two of the

TnsC mutants. The mutants were found to have increased affinities for DNA and increased
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abilities to promote transposition in vitro. Interestingly, the interactions of the mutants with

ATP were also altered (each in a different way); these properties could account for the gain

of-function phenotypes of these TnsC mutants. Interactions between TnsC and the

TnsA+B transposase were also characterized.

Finally, Chapter 5 contains some reflections about the progress that has been made

in the transposition field during the course of this work, and some of the interesting

questions about Tn? that remain to be explored.
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Chapter 2

Gain-of-function mutations in TnsC, an ATP-dependent transposition

protein which activates the bacterial transposon Tn?.
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ABSTRACT

The bacterial transposon Tn? encodes five genes whose protein products are used

in different combinations to direct transposition to different types of target sites.

TnsABC+D directs transposition to a specific site in the E. coli chromosome called att'TnT.,

whereas TnsABC+E directs transposition to non-attTnT. sites. These transposition

reactions can also recognize and avoid "immune" targets which already contain a copy of

TnT. ThsD and TnsE are required to activate TnsABC as well as to select a target site; no

transposition occurs with wild-type TnsABC alone. Here, we describe the isolation of

TnsC gain-of-function mutants which activate the TnsA+B transposase in the absence of

TnsD or TnsE. Some of these TnsC mutants enable the TnsABC machinery to execute

transposition without sacrificing its ability to discriminate between different types of

targets. Other TnsC mutants appear to constitutively activate the TnsABC machinery, so

that it bypasses target signals. We also present experiments which suggest that target

Selection occurs early in the Tn? transposition pathway in vivo: favorable attTnT targets

appear to promote the excision of TnT from the chromosome, whereas immune targets do

not allow transposon excision to occur. This work supports the view that TnsC plays a

central role in the evaluation and utilization of target DNAs.
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INTRODUCTION

Transposons are DNA elements which can move from one position to another in the

genome of their host organism. The selection of a new insertion site is usually not a

random process; instead, many transposons show characteristic preferences for certain

types of target sites. In some cases, target selection reflects the DNA sequence preferences

of the transposase itself. The bacterial transposon Tn 10, for example, preferentially inserts

into "hotspots" with a common sequence motif in vivo (Halling and Kleckner 1982), and

Tn 10 transposase binds to hotspot sequences in vitro (Junop and Haniford, 1997). In

other cases, the transposase is directed to particular targets through interactions with

cellular proteins or transposon-encoded factors. The transcription factors TFIIIB and

TFIIIC, for example, recruit the yeast retrotransposon Ty3 to insert into the promoters of

genes transcribed by RNA polymerase III (Kirchner et al. 1995), whereas bacteriophage

Mu insertions are targeted to DNA molecules bound by the phage-encoded accessory factor

MuB (Surette et al. 1987; Craigie and Mizuuchi 1987; Adzuma and Mizuuchi 1988).

Understanding how these factors modulate transposase activity to impose target site

preferences will lend insight into the spread of transposons and viruses, and may suggest

ways to manipulate those target preferences.

The bacterial transposon Tn? is distinctive in that it uses several element-encoded

accessory proteins to evaluate potential target DNAs for positive and negative features, and

to select a target site (for a recent review, see Craig 1996). Tn? encodes five genes whose

protein products mediate its transposition (Rogers et al. 1986; Waddell and Craig 1988).

Two of these proteins, TnsA and TnsB, collaborate to execute the catalytic steps of Tn?

transposition (May and Craig 1996; Sarnovsky et al. 1996); thus TnsA+B constitutes the

Tn? transposase. The activity of this transposase is modulated by the remaining proteins,
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TnsC, TnsD, and TnsE, and also by the nature of the target DNA. TnsABC+D directs

transposition at high frequency to a specific site in the E. coli chromosome called att'TnT.

(Barth et al. 1976; Lichtenstein and Brenner 1982; Rogers et al. 1986; Waddell and Craig

1988; Kubo and Craig 1990). An alternative combination of proteins, TnsABC+E, directs

transposition at lower frequency to many non-att'TnT. sites in the chromosome (Rogers et al.

1986; Waddell and Craig 1988; Kubo and Craig 1990), and, preferentially, to conjugable

plasmids (Wolkow et al. 1996). Thus, att'TnT and conjugable plasmids contain positive

signals that recruit the transposon to these target DNAs.

The TnT transposition machinery can also recognize and avoid targets that are

unfavorable for insertion. Tn? transposition occurs only once into a given target molecule;

repeated transposition events into the same target are specifically inhibited (Hauer and

Shapiro 1984; Arciszewka et al. 1989). Therefore, a pre-existing copy of Tn? in a

potential target DNA generates a negative signal which renders that target "immune" to

further insertion. The negative target signal affects both TnsD- and TnsE-activated

transposition reactions and is dominant to any positive signals present on a potential target

molecule (Arciszewska et al. 1989). Several other transposons, such as Mu and members

of the Tn3 family, also display this form of negative target regulation (Lee et al. 1983;

Reyes et al. 1987; Adzuma and Mizuuchi 1988).

Target Selection could be an early or late event in the course of a transposition

reaction. For example, a transposon could constitutively excise from its donor position,

and the excised transposon could then be captured at different frequencies by different

types of target molecules. Th10 appears to follow this course of events in vitro, excising

from its donor position before any interactions with target DNA occur (Sakai et al. 1995;

Kleckner et al. 1996). Alternatively, the process of transposon excision could itself be

dependent on the identification of a favorable target site. TnT transposition shows an early

dependence on target DNA signals in vitro; neither transposition intermediates nor
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insertion products are seen in the absence of an attTnT target (Bainton et al. 1991, 1993).

Thus, the nature of the target DNA appears to regulate the initiation of Tn? transposition in

vitro.

How are positive and negative target signals communicated to the Tn? transposase?

Dissection of the TnsABC+D reaction in vitro has implicated TnsC as a pivotal connector

between the transposase and the target DNA. TnsC is an ATP-dependent, non-specific

DNA binding protein (Gamas and Craig 1992). However, TnsC can be specifically

recruited to att'TnT targets through interactions with TnsD, an att'TnT-specific DNA binding

protein (Bainton et al. 1993). The TnsC-TnsD-attTnT complex has been visualized by

DNA protection and mobility-shift assays, and the preassembled complex can attract

insertions (Bainton et al. 1993). Direct interactions between TnsC and the TnsA+B

transposase have also been observed (Chapter 4). Therefore, TnsC may serve as a

"connector" or "matchmaker" between the transposase and the TnsD + attTnT target

complex (Bainton et al. 1993, Sancar and Hearst 1993). This connection is not

constitutive, but instead appears to be regulated by the ATP state of TnsC. Only the ATP

bound form of TnsC is competent to interact with target DNAs and activate the TnsA+B

transposase; the ADP-bound form of TnsC has neither of these activities and cannot

participate in Tn? transposition (Gamas and Craig 1992; Bainton et al. 1993). TnsC

hydrolyzes ATP at a modest rate (Chapter 4), and therefore can switch from an active to an

inactive state. The modulation of TnsC's ATP state may be a central mechanism for

regulating Tn? transposition.

The proposal that TnsC regulates the connection between the transposase and the

target site predicts that TnsC mutants could be isolated which would constitutively activate

TnT transposition. In this paper, we report the identification of gain-of-function TnsC

mutants which can activate the TnsA+B transposase in the absence of TnsD or TnsE. We

have characterized the ability of these mutants to promote insertions into various targets,
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and to respond to regulatory signals on those targets. Interestingly, one class of TnsC

mutants activates transposition in a way that is still sensitive to target signals, whereas a

second class of TnsC mutants activates transposition in a way that appears to bypass target

signals. As had been observed in vitro, the critical communication between the transposon

and the target DNA appears to be an early event in the Tn? reaction pathway in vivo,

preceding the double-strand breaks at the transposon ends that initiate transposition.
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RESULTS

Isolation of TnsC gain-of-function mutants

To focus on the contributions of TnsC to the evaluation and utilization of target

DNAs, we sought to isolate gain-of-function TnsC mutants which could activate the

TnsA+B transposase in the absence of TnsD or TnsE. Since overexpression of wild-type

TnsC does not relieve the requirement for TnsD or TnsE (Waddell and Craig 1988), these

gain-of-function mutations are predicted to affect the biochemical properties of TnsC, rather

than its expression or stability.

A visual assay for Tn? transposition has been developed to facilitate the

identification of transposition mutants (Hughes 1993; Huisman and Kleckner 1987). This

assay uses a miniTn7lac element which carries promoterless laczY genes between the cis

acting sequences at the transposon ends. The miniTh7lac element is located in a

transcriptionally silent position on a donor plasmid; cells containing this plasmid are

phenotypically Lac". When Tns functions are provided in trans, miniTnTlac can transpose

to new sites in the E. coli chromosome. Some of those transposition events place the

element downstream from active promoters, resulting in increased lacz expression. This is

observed on MacConkey lactose color indicator plates as the emergence of red (Lact)

papillae in an otherwise white (Lac") colony. Therefore, the number of papillae reflects the

amount of transposition which occurred during the growth of that colony.

Cells containing miniTnTlac and various Tns functions were patched on color

indicator plates (Figure 1). Virtually no Lact papillae were seen in cells containing only

TnsABCwt, whereas cells containing TnsABCW' + E produced many Lact papillae.

Southern blotting has demonstrated that TnsABCW' + E papillae result from translocations
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of miniTh7lac to a variety of chromosomal locations rather than from intramolecular

rearrangements of the donor plasmid (Hughes 1993). It should be noted that most

TnsABC" + D events are silent in this assay, because there is no appropriately oriented

promoter adjacent to att'TnT. which would fire into miniTh7|ac insertions in that target site

(Hughes 1993; R. DeBoy and N. L. Craig, unpublished observation).

We used this visual assay to screen for TnsC mutants which had acquired the ability

to activate Tn? transposition in the absence of TnsD or TnsE. Randomly mutagenized tnsC

was cloned into a plasmid containing triSAB; these tris genes were introduced into cells

containing miniTh7lac and evaluated for their ability to promote papillation. Six gain-of

function TnsC mutants were identified, from approximately 3000 transformants screened

(Figure 1). Transposition activated by these TnsC mutants still required the TnsA+B

transposase and intact transposon ends, and comparable levels of wild-type and mutant

TnsC proteins were observed by Western blotting (data not shown). The papillation

phenotypes of the TnsC mutants varied considerably, suggesting that different mutants

were activating different amounts of miniTnTlac transposition. Several TnsC mutants

promoted more transposition than TnsABCwt +E, with TnsABCS401 YA402 achieving the

highest level of transposition. Indeed, cells containing TnsC■ 40|YA402 produced so many

papillae that, after several days' incubation, the entire patch of cells appeared red. At earlier

time points, however, individual papillae could be seen in the TnsABCS401 YA402 patches

as well (data not shown).

The amino acid changes responsible for the mutant phenotypes were determined by

DNA subcloning and sequencing. trisC encodes a protein of 555 amino acids, with Walker

A and B motifs in the amino-terminal half of the protein (Flores et al. 1990). Walker A and

B motifs have been implicated by structural and mutational analyses to be directly involved

in nucleotide binding and/or hydrolysis in a variety of ATPases and GTPases (Walker et al.

1982; see Saraste et al. 1990 for review). The thSC mutations primarily result in single
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amino acid substitutions whose locations are scattered across the TnsC protein sequence

(Figure 2). As will be described below, the TnsC mutants segregate into two phenotypic

classes, which are indicated above and below the cartoon. Transposition reactions

activated by the Class I mutants are sensitive to immune targets and the target selection

factors TnsD and TnsE, whereas transposition reactions activated by the Class II mutants

are compromised in their responses to these signals. Interestingly, the residues affected in

two of the mutants (TnsCA225V and TnsCE233K) lie in or very close to TnsC's Walker B
motif.

TnsC mutants promote intermolecular transposition

The papillation assay is a powerful screen for transposition activity, but it does not

necessarily report only intermolecular transposition events. Internal rearrangements of the

miniTnTlac donor plasmid, which fortuitously place the miniTh7lac element downstream

from a promoter, would also produce Lact papillae. Therefore, we investigated whether

the TnsC mutants facilitate the TnsA+B transposase to do intramolecular recombination, or

whether the mutants promote intermolecular transposition.

The A hop assay measures the translocation of a miniTn?-KmR element from a
replication- and integration-defective A phage to the bacterial chromosome during a

transient infection. The miniTh?-KmR element carries a kanamycin resistance cassette with
a constitutive promoter. Therefore, the A hop assay reports the total number of

transposition events occurring into the chromosome, unlike the papillation assay, which

only scores those events which occur downstream from active promoters. TnsABC" had

no detectable transposition activity in the A hop assay, whereas TnsABCW" + E generated

2.2 x 10-7 KmR colonies/pfu, a transposition frequency at least 20-fold above the
threshold of sensitivity (Figure 3). Transposition promoted by TnsABCW' + D occurred at
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a much greater frequency, generating 1.8 x 10−4 KmR colonies/pfu. All of the TnsC

mutants could promote the translocation of miniTh?-KmR. TnsABCA225V and

TnsABC■ 40|YA402 had striking activities, promoting 8- and 50-fold more transposition

than TnsABC" + E. Other TnsC mutants promoted more modest levels of transposition.

Although all of the TnsABCmutant reactions show a gain-of-function over TnsABCwt, none

of the mutant reactions reach the level of transposition seen with TnsABCW' + TnsD.

The mating-out assay was used to explore the ability of the TnsC mutants to

promote translocations into a different type of target molecule. This assay measures the

frequency of transposition of miniTh?-KmR from the chromosome to pox-G, a

conjugable derivative of the E. coli F factor. The TnsABCW' + E machinery preferentially

selects conjugable plasmids as targets for transposition, whereas the TnsABCW' + D

machinery does not recognize pGX-G unless it contains att'TnT. Sequences (Rogers et al.

1986; Waddell and Craig 1988; Wolkow et al. 1996). The TnsC mutants could promote

transposition to pCX-G (Figure 4), with the frequencies of transposition ranging over two

orders of magnitude, from the modestly active TnsABCF233K to the strongly active

TnsABC■ 40|YA402. However, none of the mutant reactions promoted more transposition

to pCX-G than TnsABCW' + E. This is in contrast to results from the papillation and A hop

assays, in which several of the TnsC mutant reactions promoted more transposition than

TnsABCW' + E. Since the A hop assay reports the total amount of transposition in a cell,

rather than just transposition to pCX-G, we hypothesize that the majority of the

transposition events activated by the TnsC mutants are directed to the chromosome. The

distribution of TnsABCmutant transposition events between the chromosome and pCX-G is

addressed below.

Thus, we have demonstrated that the gain-of-function TnsC mutants can promote

intermolecular transposition, using two independent assays. We have also looked directly
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for intramolecular rearrangements of the miniTnTlac donor plasmid in the papillation

strains; no Lact rearrangements were seen out of 24 papillae examined (data not shown).

This suggests that the TnsC mutants primarily activate inter- rather than intramolecular

transposition events.

Response to the target Selectors TnsD and TnsE

TnsD and TnsE are required to activate the TnsABCwt machinery and to direct

transposition into particular target DNAs (Rogers et al. 1986; Waddell and Craig 1988;

Kubo and Craig 1990; Wolkow et al. 1996). The TnsABCmutant machineries, by

definition, do not require the inputs of TnsD or TnsE. However, we investigated whether

TnsD or TnsE could influence the frequencies or distribution of transposition events

promoted by the TnsC mutants.

The A hop assay was used to evaluate the effects of TnsD and an available attTnT.

site on transposition promoted by the TnsC mutants (Figure 5). All of the mutant reactions

were responsive to TnsD + attTnT, but those responses varied widely. Reactions activated

by TnsABCA225V and TnsABCF273K were strongly stimulated by TnsD + attTnT.,

promoting 500- and 5000-fold more transposition, respectively, in the presence of TnsD +

attTnT. than with TnsABCA225W or TnsABCE273K alone. The remaining mutant reactions

were less profoundly influenced by TnsD: TnsABC■ 40|F reactions showed a moderate

(50-fold) stimulation, whereas reactions activated by TnsCE233K, TnsCS40|YA402 and

TnsCA282T were somewhat inhibited in the presence of TnsD.

We also examined the effects of TnsE and the conjugable plasmid pCX-G on the

transposition events activated by the TnsC mutants. Transposition frequencies were

measured by the A hop assay (Figure 5) and the distribution of insertions between the

chromosome and pCX-G was also determined (data not shown). In the absence of TnsE,
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the vast majority of the TnsABCmutant transposition events were targeted to the

chromosome rather than pox-G. However, in the presence of TnsE, preferential insertion

into pCX-G was observed with some of the TnsC mutants. TnsCF273K-activated reactions

were most clearly affected by TnsE: 20-fold more transposition was seen with

TnsABCF273K+ TnsE than with TnsABCE273K alone, and the majority of the

TnsABCF273K+ TnsE transposition events were targeted to pCX-G. The distribution of

insertions in TnsCA*V-activated reactions was also affected by TnsE: targeting to pox

G was detected in the majority of the TnsABCA225V + TnsE reactions examined, although

the frequency of transposition was unchanged. By contrast, transposition activated by the

remaining TnsC mutants was predominantly targeted to the chromosome despite the

presence of TnsE, and the frequencies of those reactions were unchanged or modestly

inhibited by TnsE.

These differential responses suggest that the six TnsC mutants are not activating

Tn? transposition through a single mechanism. Instead, the mutants can be segregated into

two classes, based on their ability to respond to TnsD and TnsE. Transposition activated

by the Class I mutants -- TnsCA225V and TnsCF273K-- can be stimulated by TnsD and

targeted to pCX-G by TnsE. Transposition activated by the Class II mutants --

TnsCE233K, TnsCA282T, TnsCS401XA402 and TnsCS401K -- is not responsive to the

positive effects of TnsD or TmsE or both. By these criteria, TnsCS401K is proposed to be a

member of Class II: although TnsCS401K-activated reactions are somewhat stimulated by

TnsD, the distribution of insertions in TnsCS401K-activated reactions is not affected by

TnsE. The grouping of the TnsC mutants into these two classes is supported by the

differential responses of the TnsABCmutant reactions to immune targets, as described

below.

Recognition of negative target signals
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The TnT transposition machinery evaluates potential target DNAs not only for

positive signals, such as att'TnT, but also for negative signals, such as the presence of a

pre-existing copy of TnT. While TnsD and TnsE are clearly involved in the recognition of

positive target signals, the mechanism by which negative target signals are recognized is

unknown. Is this information also communicated by TnsD or TnsE, or is TnsC more

directly involved? We examined whether transposition activated by the TnsC mutants was

responsive to negative target regulation, by comparing frequencies of insertion into immune

and non-immune pCX-G targets in the mating-out assay (Table 1). Consistent with

previous observations (Arciszewska et al. 1989), TnsABCW' + E transposition showed a

strong immune response: insertions into the immune target were reduced 85-fold compared

to insertions into the non-immune target. Transposition activated by two of the TnsC

mutants -- TnsCA225V and TnsCF273K -- was also sensitive to the immune target, showing

50- and 100-fold inhibition, respectively. Thus, a minimal transposition machinery

involving only the TnsA+B transposase and TnsC can still identify and avoid immune

targets. TnsD and TnsE are not required for the recognition of this negative target signal.

Transposition activated by the four remaining TnsC mutants was not dramatically

inhibited by the immune target. Therefore, the ability to respond to immune targets

segregates the TnsC mutants into the same two classes that were proposed based on the

responses of the TnsC mutant-activated reactions to TnsD and TnsE. Transposition

activated by the Class I mutants, TnsCA225V and TnsCE273K, maintains the ability to

respond to both positive and negative target signals characteristic of wild-type TnT.

transposition. By contrast, the Class II TnsC mutants appear to promote transposition into

any target DNA they encounter.

A TnsC deletion-fusion mutant that can activate transposition
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TnsC is a multifunctional protein which can interact with both the target DNA and

the transposase (Gamas and Craig 1992; Bainton et al. 1993; Chapter 4). An early report

in the Tn? literature, which predates the identification of the tris genes, implicates a domain

of TnsC in the process of activating the TnsA+B transposase. Smith and Jones (1984)

created a Tn? element which produced TnsA and a deletion-fusion protein, in which the

amino-terminal half of TnsC (including the Walker A and B motifs) was deleted and the

remainder fused in frame to TnsB; this deletion-fusion is hereafter referred to as Tns(BCAl

293). Thsa(BCA'-293) was capable of promoting transposition, although at a frequency

1000-fold less than native TnT. Unlike TnsABCwt, TnsA(BCA1-293) transposition did not

require TnsE or intact TnsD. Thus, the Tns(BCA-293) deletion-fusion protein appears to

be a gain-of-function mutant, with the same phenotype as the TnsC point mutants isolated

in this work. However, interpretation of Smith and Jones' results is complicated by

ambiguities in their experimental design: it is unclear whether these transposition events

were targeted to att'TnT or not, or whether TnsA(BCA]-293) activity required the nearly full

length TnsD polypeptide.

We reconstructed the Tns(BCA]-293) deletion-fusion mutant using our thsABC

plasmid (Figure 6A), to confirm and extend the observations of Smith and Jones. We

found that TnsA(BCA]-293) promoted as many Lact rearrangements as did TnsABCW' + E

in the papillation assay (Figure 6B). Therefore, TnsA(BCA]-293) can, in fact, execute

transposition in the absence of TnsD or TnsE. The amount of transposition activated by the

Tns(BCA1-293) mutant was highly dependent on the transposition assay used.

TnsA(BCA-293) could promote intermolecular translocation of miniTh?-KmR from a high
copy plasmid to pCX-G, at a frequency about 200-fold less than TnsABC"DE (Table 2).

However, TnsA(BCA]-293)-activated transposition of miniTh?-KmR from the

chromosome or from a A phage was undetectable (data not shown). These variations
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suggest that transposition activated by Tns(BCA]-293) may have a greater dependence on

the donor site or the donor copy number than transposition activated by the TnsC point

Inutants.

We also investigated whether TmsA(BCA]-293) transposition reactions were

responsive to positive or negative target signals. The frequency of TnsA(BCA]-293)

transposition was not affected by the presence of TnsD + attTnT or TnsE + pCX-G in

either the papillation or mating-out assays (data not shown). Thus, Tns(BCA-293) mutant

reactions do not appear to be influenced by these target selectors. We were unable to

determine whether the Tns(BCA-293) reactions could recognize and avoid immune targets,

due to high levels of recombination between the miniTn?-dhfr on the immune target

plasmid and miniTn7-KmR on the high copy donor plasmid which confounded the

detection of transposition events.

How has Tns(BCA1-293) acquired the ability to activate transposition? Other

experiments have revealed that it is the removal of the amino-terminal domain of TnsC, not

the fusion to TnsB, which is responsible for this gain-of-activity (Chapter 4). An attractive

hypothesis is that the carboxy-terminal half of the protein interacts with the transposase to

activate transposition, whereas the amino-terminal half is required for the recognition of

target DNA signals and/or the coupling of transposition activation to those signals.

Target DNA regulates the initiation of transposition in vivo

The order of events in the TnT transposition reaction has been studied in detail in

vitro. Tn? transposition uses a cut-and-paste mechanism, in which the element is first

excised from the donor DNA by double-strand breaks, and then inserted into att'TnT.

(Bainton et al. 1991, 1993). The att'TnT target is required for both steps in the reaction
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pathway: neither excision nor insertion is observed unless an att'TnT target is present. This

suggests that the nature of the target DNA regulates the initiation of TnT transposition in

vitro. Here we have investigated whether target DNA plays a similar role in controlling

transposition initiation in vivo, by evaluating the effects of different target DNAs on the

process of Tn? excision.

Chromosomal damage caused by Tn? excision could potentially induce the SOS

response, the cellular response to DNA damage (Walker 1996), as has been observed for

other transposable elements (Roberts and Kleckner 1988; Lane et al. 1994). TnT.

transposition was evaluated in a strain in which lacz expression served as a reporter of the

SOS state of the cell. This strain contains a transcriptional fusion of lacz to the pl

promoter of a lysis-defective A prophage (Elespuru and Yarmolinsky 1979); thus, lacz

expression is inhibited by A repressor. In cells which have experienced DNA damage, A

repressor is cleaved as part of the SOS response (Roberts and Roberts 1975), and the

Subsequent increase in lacz expression can be detected on MacConkey lactose color

indicator plates or in bacterial extracts.

We observed that cells which were undergoing high frequency TnT transposition

into att'TnT. became Lact (Table 3). Mobilization of a single copy of Tn? resulted in a small

but reproducible increase in lacz expression, detectable as a change in color of these cells

on MacConkey lactose plates. However, cells containing two transposable elements -- Tn?

in the chromosomal att■ n'7 site and miniTh7-KmR elsewhere in the chromosome --

experienced more transposition events and had more lacz expression. The chromosomal

location of the miniTh?-KmR element was important: SOS induction was assayed in

strains with miniTnT-KmR elements in twelve different locations, and the amount of lacz,

expression varied considerably (data not shown). This could reflect different accessibilities

of these DNA damage sites to the SOS-inducing machinery or the DNA repair apparatus, or

the variations could reflect different transposition frequencies from these different donor
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sites. The observed Lact phenotypes were dependent on RecA, the master regulator of the

SOS response (Walker 1996), and RecBCD, a DNA unwinding enzyme which is required

to convert the double-strand breaks caused by some DNA damaging agents into SOS

inducing signals (Karu and Belk 1982; Chaudhury and Smith 1985) (data not shown).

Cells undergoing TnT transposition also had a five-fold higher frequency of spontaneous

induction of a wild-type A lysogen, another standard measure of SOS induction (data not

shown).

All of the components necessary for high frequency Tn? transposition -- a

transposon (line 2), the Tns proteins (line 3), and an att'TnT target (line 7) -- were required

to trigger the SOS response. TnsE-mediated transposition to pCX-G did not induce a

detectable SOS response, probably because these transposition events occurred at 1000

fold lower frequency than TnsD-mediated transposition to att'TnT. Taken together, these

results suggest that the process of Tn? transposition induces the cellular SOS response, and

the strength of that SOS induction correlates with the amount of ongoing transposition.

What step in the transposition pathway is responsible for SOS induction? An

attractive model is that the double-strand breaks left in the chromosome after transposon

excision trigger the SOS response. SOS induction is also observed as a consequence of

Tn 10 transposition (Roberts and Kleckner 1988), and there is strong evidence that the

excision of Tn 10 from the chromosome is the event which induces the SOS response:

Tn 10 transposase mutants which can promote excision but not insertion maintain the ability

to induce SOS (Haniford and Kleckner 1989). If the breaks in the chromosome which

result from TnT excision are similarly responsible for SOS induction, then the observation

that att'TnT targets are required for SOS induction suggests that TnT target sites are being

evaluated prior to transposon excision in vivo. This would be consistent with results in

vitro, in which breaks at the transposon ends are not observed unless att'TnT is present



(Bainton et al. 1991). Therefore we propose that target DNA regulates Tn? excision in

vivo, and that this feature of the reaction mechanism has been reproduced in vitro.

We also used the SOS induction assay to examine when negative target signals are

evaluated. An immune target which contained an att'TnT sequence and a miniTh?-CmR

element elsewhere in the plasmid was introduced into the SOS reporter strain. The

frequency of insertion into this target was reduced more than 200-fold in comparison to a

non-immune attTnT target (Table 3). Transposon excision also appeared to be inhibited:

no SOS response was observed in strains containing the immune target. Thus, negative

features as well as positive features of a potential target molecule appear to be evaluated

prior to the initiation of TnT transposition in vivo.

Finally, we examined whether the TnsC mutant reactions triggered the SOS

response. In theory, TnsC mutants might exist which primarily stimulate transposon

excision -- perhaps by facilitating the assembly of the TnsA+B transposase with the

transposon ends, or by uncoupling the initiation of transposition from target regulation.

The activity of such excision-promoting mutants might be underrepresented by insertion

based assays such as A hops or mating-outs. Tn 10 transposase mutants which specifically

activate excision have been described (Haniford and Kleckner 1989). However, no SOS

induction was detected in transposition reactions activated by any of the TnsC mutants (data

not shown). This underscores the limited sensitivity of the SOS induction assay for TnT.

transposition: DNA damage apparently needs to occur at TnsD-activated frequencies to be

detected. None of the TnsABCmutant reactions generate as much insertion as TnsABCW' +

D reactions (Figure 3); the mutant reactions also appear to be promoting less excision than

TnsABCW' + D. Therefore, the six gain-of-function TnsC mutants identified in this work

do not appear to be hyper-excision mutants, but instead promote both the excision and

insertion of TnT. Future studies may be able to exploit the SOS induction assay as a screen

to identify hyper-excision mutants among the Tns proteins.
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DISCUSSION

This work has investigated when and how target DNA regulates TnT transposition

in vivo. We have presented experiments which suggest that positive and negative target

signals are evaluated prior to Tn? excision, providing inputs that control the initiation of

transposition. Multiple transposition proteins are involved in target evaluation; here we

have focused on the contributions of TnsC. We have isolated TnsC gain-of-function

mutants which can activate the TnsA+B transposase without the target selection factors

TnsD and TnsE. The TnsC mutant-activated transposition machinery can promote

insertions into a variety of targets and, in some cases, still avoid unfavorable targets. This

work supports the view that TmsC plays a key role in target evaluation and utilization.

Target evaluation occurs early in TnT transposition

Tn? transposition is accomplished by two chemical steps, the excision of the

element from its donor site and the insertion of the element into a target DNA (Bainton et al.

1991). The nature of the target DNA could, in theory, regulate either or both of these

steps: target DNA could provide a signal that allows the transposition reaction to initiate,

and/or target DNA could be involved in late events such as the capture of the excised

transposon. We have demonstrated here that TnT transposition induces the cellular SOS

response, and we speculate that the primary event responsible for that induction is the

excision of the transposon from the chromosome. If so, then the nature of the target DNA

influences whether transposon excision will occur: favorable att'TnT targets appear to

provoke the double-strand breaks at the transposon ends which initiate TnT transposition,

whereas unfavorable targets, such as immune plasmids, do not promote these breaks.

Thus, we propose that target DNAs provide both positive and negative signals which
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control the initiation of TnT transposition in vivo. Similar conclusions have been reached

from studies of the TnT transposition reaction in vitro, in which the initiating double-strand

breaks at the transposon ends can be examined directly. No breaks occur unless the

transposition proteins have had a chance to interact with a non-immune attTnT target

(Bainton et al. 1991, 1993). Thus the reaction pathway in vitro appears to accurately

reflect the role of target DNA in vivo in regulating transposition initiation.

Coupling the initiation of transposition to the identification of a favorable target

DNA could be advantageous for the transposon and its host. If transposition only initiated

when it could be successfully completed, fewer copies of the transposon would be

unproductively excised and lost, and less damage to the host chromosome would occur.

However, this form of target regulation is not universally observed. The bacterial

transposon Tn 10, for example, follows a dramatically different reaction pathway in vitro.

Tn 10 transposase can synapse the transposon ends and initiate cleavage at those ends prior

to interactions with target DNA (Sakai et al. 1995). In fact, the Tn 10 transposase cannot

capture a target DNA unless the transposon end cleavages have occurred (Kleckner et al.

1996). Bacteriophage Mu transposase (MuA) can also synapse and nick the Mu

transposon ends prior to the introduction of target DNA into the reaction in vitro (Surette et

al. 1987; Craigie and Mizuuchi 1987). It will be interesting to determine whether these

assembly and cleavage steps remain uncoupled from target interactions in vivo. Recently,

MuA transposase mutants have been identified which impose a dependence upon target

DNA interactions on Mu transposition in vitro (Mizuuchi et al. 1995). These mutants

cannot interact with the Mu enhancer sequence, which normally promotes the assembly of

the synaptic complex. Instead, the transposase mutants require an appropriate target DNA

and the target-binding protein MuB to initiate transposition. The MuB-target complex has

been proposed to serve as a scaffold which directs the assembly of the synaptic complex.

Thus, Mu transposition as executed by these transposase mutants has become
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mechanistically more similar to TnT transposition, in which transposition initiation is

dependent on inputs from target DNA both in vivo and in vitro.

Proteins involved in target evaluation

How is an appropriate target for Tn? transposition identified? We have

hypothesized that TmsC may serve as a "connector" or "matchmaker", linking the

transposase and the target DNA in a manner regulated by the ATP state of TnsC (Bainton et

al. 1993, Sancar and Hearst 1993). ThsC has the biochemical properties necessary for that

connection: it can directly interact with target DNA (Gamas and Craig 1992) and with the

TnsA+B transposase (Chapter 4). However, wild-type TnsC is not sufficient to activate

transposition. Instead, TnT transposition is dependent on TnsD or TnsE to activate the

TnsABCW" machinery and select a target site. TnsD is an attTnT binding protein (Bainton

et al. 1993) which recruits TnsC to this target. The resulting TnsC-TnsD-attTnT complex

can then attract the transposase in vitro (Bainton et al. 1993). The mechanism by which

TnsE activates transposition is not yet known. TnsE might be preferentially localized to

conjugating plasmids and subsequently recruit TmsC to those molecules, or TmsB might

modify TnsC so that TnsC's binding activity is now directed to those targets.

Alternatively, TnsE might modify the transposase directly, without proceeding through

TnsC. However, we are attracted to the hypothesis that TnsD and TnsE provide alternative

inputs into TnsC, which in turn recruits the TnsA+B transposase to the target DNA.

The successful isolation of TnsC gain-of-function mutants reveals that the TnsABC

machinery is capable of engaging target DNA and promoting insertions without TnsD or

TnsE. However, the mutant reactions have not mimicked the abilities of TnsD or TnsE to

direct transposition into particular targets: transposition activated by the TnsC mutants does

not show the preferential insertion into conjugable plasmids seen with TnsE-activated
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reactions, nor the att'TnT. Specificity of TnsD-activated reactions. Therefore, TnsD and

TnsE are essential to recognize these positive target signals. However, we have

demonstrated that TnsD and TnsE are not required to recognize the negative signal

contained on immune targets. Transposition activated by a subset of the gain-of-function

TnsC mutants maintains the ability of wild-type Tn? transposition to recognize and avoid

targets which already contain a copy of TnT. This strongly suggests that the ability to

evaluate immune targets lies in TnsC and the transposase, not in the positive target selectors

TnsD and TnsE.

TnsC is therefore hypothesized to receive a variety of inputs -- from TnsD, TnsE

and from immune targets -- which control its activity. The activity of TnsC can also be

influenced by mutation. Six gain-of-function TnsC point mutants have been described in

this work, which segregate into two classes. The fact that we recovered different classes of

TnsC mutants with different transposition activities is consistent with the hypothesis that

there are multiple routes to activating TnsC. The Class I mutants, TnsCA225V and

TnsCF273K, enable the TnsABC machinery to execute transposition without sacrificing its

ability to respond to both positive and negative target signals. Both are substantial gain-of

function mutants, with TnsABCA225V promoting eight-fold more transposition to the

chromosome than TnsABCW' + E (Figure 3). Transposition activated by these Class I

mutants can be profoundly stimulated by TnsD + attTnT, or directed to conjugable plasmids

by TnsE, as well as being able to discriminate between immune and non-immune targets.

Thus, the gain-of-function phenotypes seen with the Class I mutants have been achieved

while preserving the ability of these TnsCs to transduce information between the target

DNA and the transposase.

The TnsC mutants which fall into the second class behave much more like

constitutively activated versions of TnsC. Some of these mutants also promote

considerable amounts of transposition: ThsaBCS40|YA402 results in 50-fold more
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transposition to the chromosome than TnsABCW' + E (Figure 3). However, the nature of

the transposition reactions promoted by the Class II TnsC mutants is quite different than

those seen with the Class I mutants. Immune and non-immune targets are used essentially

equivalently in reactions with the Class II mutants, and TnsD and TnsE are not able to

profoundly influence the frequency or distribution of these transposition events.

Intriguingly, a similar loss of responsiveness to target signals is seen when Tn?

transposition is activated by nonhydrolyzable ATP analogs in vitro. Transposition can still

occur when TnsC's ATPase activity is blocked with AMP-PNP, but those transposition

events no longer require TnsD and are no longer targeted to attTnT (Bainton et al. 1993).

Instead, any DNA molecule, including immune targets, can serve as a target for Tn?

insertion. Thus, TnsABC transposition can be constitutively activated by AMP-PNP or by

the Class IITnsC mutants. It will be interesting to explore whether the ATP interactions of

the TnsC mutants have been altered. In that regard, it is provocative that the amino acid

affected in TnsCE233K lies in one of TnsC's ATP motifs.

To be an effective communicator of multiple target DNA signals, TnsC is probably

a multidomain protein. Some parts of TnsC may be involved in contacting target DNAs,

other parts of TnsC may contact the transposase, and still other domains may bind and

hydrolyze ATP. The TnsC point mutants are scattered across the TnsC protein sequence,

and could affect any or all of these activities. We have also analyzed a TnsC deletion

mutant which may identify a domain in TnsC which contacts the TnsA+B transposase.

Based on the observations of Smith and Jones (1984), we created a Tns(BCA]-293)

deletion-fusion mutant in which the amino-terminal half of TnsC (including the Walker A

and B motifs) is removed and the remainder of TnsC is fused to TnsB. Unlike TnsABCW',

TnsA(BCA]-293) can activate transposition in the absence of TnsD or TnsE, and without

the ability to respond to these factors. Thus, Tns(BCA]-293) behaves like a Class IITmsC

mutant. The deletion may have exposed a domain which interacts with (and is now
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covalently linked to) the transposase, whereas the activity of that domain may normally be

regulated by ATP and/or inputs from target DNAs or target selection factors.

Comparison to other elements

The use of an ATP-dependent protein such as TnsC to regulate target site selection

is not unique to TnT. Bacteriophage Mu transposition is also profoundly influenced by its

ATP-utilizing protein MuB. MuB is an ATP-dependent DNA binding protein (Chaconas

1985; Maxwell et al. 1987) which is required for efficient transposition in vivo (Faelen et

al. 1978; O'Day et al. 1978). In vitro, the Mu/A transposase preferentially directs insertions

into targets that are bound by MuB (Surette et al. 1987; Craigie and Mizuuchi 1987;

Adzuma and Mizuuchi 1988). Although there is no particular sequence specificity to MuB

binding, its distribution on DNA is not random: MuB binding to target molecules that

already contain Musequences is specifically destabilized through an ATP-dependent

mechanism (Adzuma and Mizuuchi 1988). Therefore Mu, like TnT, recognizes and avoids

immune targets; moreover, MuB and TnsCA225V appear to play functionally similar roles

in regulating transposition.

Mu and TnT belong to a family of transposons which encode proteins with ATP

binding/hydrolysis motifs; other members include IS21 (Reimmann et al. 1989; Koonin

1992), Tn552 (Rowland and Dyke 1990), Tn5053 (Kholodii et al. 1995), and Tn5090

(Radstrom et al. 1994). Therefore, the strategy of using an ATP binding protein to regulate
-

target site selection may extend to the entire family. Th;053 is particularly interesting,

since it encodes three proteins which are required for its transposition: a presumptive

transposase containing a D, D(35)E motif characteristic of transposases and integrases, a

potential regulatory protein containing Walker A and B motifs, and a third protein of

unknown function (Kholodii et al. 1995). Tn5053 shows some degree of target site
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specificity, inserting predominantly into the par locus of the conjugable plasmid RP4. It is

tantalizing to speculate that the third protein of Tn5053 is a target selector, like TnsD or

TnsE, directing insertions into the par locus.

This work has illustrated the role of target DNA in controlling TnT transposition in

Vivo, and has strongly implicated TnsC as a central player in this regulation. Single amino

acid changes in TnsC can disrupt the communication between the transposon and the target

site, reducing the stringency of TnT's target site selectivity. However, close relatives of

Tn? containing functional equivalents of these TnsC gain-of-function mutants have yet to

be identified. It will be interesting to see if such elements exist, or whether the precise

targeting conferred by TnsD and TnsE is more advantageous for Tn?'s survival and

dissemination. ThsD promotes Tn? insertion at high frequency into attTnT., a safe haven in

the bacterial chromosome, whereas TnsE allows TnT access to conjugable plasmids, and

thus a means to spread through bacterial populations. Avoidance of immune targets also

promotes the spread of the element, rather than local hopping, and prevents one Tn?

element from inserting into another. We hypothesize that TnsC integrates all of these target

signals, and communicates that information to the transposase. Further genetic and

biochemical analysis of the TnsC mutants will reveal the mechanism of that

communication.
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MATERIALS AND METHODS

Media, chemicals, and enzymes

LB broth and agar were prepared as described by Miller (1972). Trimethoprim

Selection was on IsoSensitest agar (Oxoid). Lac phenotypes were evaluated on MacConkey

lactose agar (Difco). Antibiotic concentrations used were 100 pg/ml carbenicillin (Cb), 30

plg/ml chloramphenicol (Cm), 7.5 pig■ ml gentamicin (Gn), 50 plg/ml kanamycin (Km), 10

plg/ml nalidixic acid (Nal), 20 pg/ml tetracycline (Tet) and 100 pg/ml trimethoprim (Tp).

Hydroxylamine was purchased from Sigma. DNA modifying enzymes were purchased

from commercial sources and used as recommended by the manufacturer.

Bacterial strains, phage and plasmids

BR293 is E. coli F. A■ lac-pro) thirpsL A(gal - AG) + lacz plcI*434 prS7

(Elelspuru and Yarmolinsky 1979; Yarmolinsky and Stevens 1983). BR293 is identical to

NK8027 (Haniford and Kleckner 1989), and was generously provided by Nancy

Kleckner. NLC51 is E. coli F. araB) 139 A(argF-lac) U169 rpSL150 relA1 flbB5301

deoC1 ptsF25 rbSR Valº recA56 (McKown et al. 1987). CW51 is E. coli F. ara arg Alac

proXIII recA56 NalR Rifk (Waddell and Craig 1988). AKK1 is lambda 780

hisG9424:Tn 10 del 16 del 17:att'TnT::miniTh?-KmR (McKown et al. 1988). Ths

transposition proteins were provided by pCW 15 (tnSABC), pCW23 (tnSD), pCW30

(tnsE), or pCW4 (tnSABCDE) (Waddell and Craig 1988). Target plasmids were

derivatives of pCX-G, a conjugable derivative of the F plasmid that carries GnR (Johnson

and Resnikoff 1984). pCX-att'TnT. carries a (-342 to + 165) attTnT sequence (Arciszewska

et al. 1989). The immune plasmid pCX-attTnT. EP-1::miniTh?-CmR was made by
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transposing miniTh7-CmR (McKown et al. 1988) onto pOX-att'TnT using TnsABC+E to

direct the insertion into a non-att'TnT. position. Construction of the immune target plasmid

pOX-G::miniTn?-dhfr is described below. The transposon donor plasmid for the

papillation assay was pCX-G::miniTh?lac, containing promoterless laczY between the

transposon ends (Hughes 1993). The high copy transposon donor for mating-out assays

was pBMA, containing miniTh7-KmR (Bainton et al. 1993).

Manipulation and characterization of DNA

Phage and plasmid isolation, transformation, and standard cloning techniques were

performed as described by Sambrook et al. (1989). Conjugation and P1 transduction were

performed as described by Miller (1972). DNA sequencing was done on an automated

ABI sequencer. Two plasmids were constructed in this work: (1) pCX-G::miniTn?-dhfr.

MiniTn?-dhfr was constructed by replacing the Kmº cassette in plal (Arciszewska et al.

1989) with a dhfrcassette from pSD511 (Devine and Boeke 1994), which had been

amplified by PCR to add flanking Sall sites. The PCR fragment was ligated into the TA

vector (Invitrogen), the dhfrcassette was then removed by Sall digestion and inserted into

the Sall site of pDA1, replacing the KmR gene. The resulting plasmid was transformed

into NLC51 + pCW4 + pCX-G, and grown for several days to allow transposition to

occur. pCX-G plasmids which had received a miniTn?-dhfr insertion were identified by

mating into CW51 and selecting for TpR. (2) TnsA(BCA-293). The the ABC plasmid
pCW15 was briefly treated with BamhI, and molecules which had lost the 0.9 kb fragment

from the 5' end of thSC were identified by gel electrophoresis, using low melting

temperature agarose (SeaPlaque, FMC Corp., Marine Colloids Div.). Gel slices containing

these molecules were isolated and the DNA was religated to generate thSA(BCAI-293).
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SOS induction assays

SOS induction was evaluated in BR293 strains. Th7 and miniTh?-KmR elements

were introduced by P1 transduction; target plasmids were introduced by conjugation. lacz

expression served as a reporter for the SOS state of the cells, and was evaluated by

patching cells on MacConkey lactose plates at 309 for 18-36 hours. 3-galactosidase

activity was quantitated in cultures that were grown at 309, using the assay described by

Miller (1972).

Mutagenesis of tnsC

The tris ABC plasmid pCW 15 was exposed to 1 M hydroxylamine hydrochloride in

0.45 M NaOH (final pH approximately 7.0) at 370 for 20 hours (Rose et al. 1990). The

DNA was recovered by multiple ethanol precipitations, and Pvul-Sphl fragments

containing mutagenized tnsC were subcloned into untreated pCW 15, replacing the wild

type the C. These plasmids were then introduced into CW51 + pCX-G::miniTnTlac by

electroporation, and transformants were selected on MacConkey lactose plates containing

Cm. The plates were incubated at 309 for 3-4 days, and screened for the emergence of

Lact papillae, indicating transposition of miniTnTlac.

A hop transposition assay

Tn? transposition was evaluated in NLC51 strains into which thS functions were

introduced by transformation, and pCX-G was introduced by conjugation (for Figure 5).

The protocol of McKown et al. (1988) was followed: Cells were grown in LB and 0.2%
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maltose at 37° to an OD600 of 0.4–0.6 and then concentrated to 1.6 x 109 cells/ml by
>

centrifugation and resuspension in 10 mM MgSO4. 0.1 ml cells were combined with 0.1

ml AKK1 containing miniTh?-KmR at a multiplicity of infection of 0.1 phage per cell. The -

infection proceeded for 15 min at 379, and was terminated by the addition of 10 mM

Sodium citrate in 0.8 ml LB. Cells were allowed to recover with aeration for 60 min at

379, and then spread on plates containing Km and citrate. Transposition frequency is

expressed as the number of KmR colonies/pfu of AKK1.

Mating-out transposition assay

Tn? transposition was evaluated in the derivatives of BR293 used to monitor SOS

induction (Table 3), or in NLC51 strains into which ths functions were introduced by

transformation, and pCX-G or pCX-G::miniTn?-dhfr were introduced by conjugation.

MiniTh?-KmR was present in the NLC51 strains either in the chromosomal att'■ n'7 site
*

>

(Figure 4 and Table 1) or the high copy plasmid pBMA (Table 2). The protocol was
•

adapted from Waddell and Craig (1988): The donor strains described above and the - "

recipient strain CW51 were grown at 370 to an OD600 of 0.4–0.6 with gentle aeration.
*

Donors and recipients were mixed at a ratio of 1:5, and growth was continued for another º

hour. Mating was disrupted by vigorous vortexing, and the cells were diluted and plated.

The total number of exconjugants was determined by selection on GnNal plates. TnT- º
containing exconjugants were Selected on TpNal plates, and miniTh?-KmR exconjugants Y

were selected on Km.Nal plates. Transposition frequencies are expressed as the number of s
TpR- or KmR-exconjugants/total number of exconjugants. |

º
| ".
*
º

*
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TABLE 1

Sensitivity of TnsC mutant reactions to transposition immunity

Tn SC

CW't -- E

Class I mutants: TnsCA225V

TnsCE273K

Class II mutants: TnsCE233K

TnsCA282T

TnsCS401 YA402

TnsCS401 F

fold inhibition of insertion

into immune target

85

104

50

3.6

0.6

2.0

0.9

(11)

(6)

(6)

(6)

(6)

(6)

(6)

The frequencies of miniTh7-KmR transposition from the chromosome into the non

immune target p0X-G and the immune target p0X-G::miniTh7-dhfr were determined for

each TnsC species, and the fold reduction of insertions into the immune target is indicated.

TnsA+B was present in each strain. The number of trials is given in parentheses; the

variability of a given experiment was less than two fold.

re

!
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TABLE 2 _º

Tns(BCA1-293) promotes intermolecular transposition º

Tns functions transposition frequency > r.>~ *

Tn5ABCW't < 10-7 Tr.
TnsA(BCAI-293) 2.5 (+3.3) x 10-6 TO
TnsABCA225V 8.8 (+ 8.1) x 10-6 ~7
TnsABCWtDE 5.5 (+ 1.1) x 10-4

/~
Frequencies of transposition of miniTh7-KmR from a high copy plasmid to pCX-G were –2 º

} "…
determined using the mating-out assay, and are expressed as the number of KmR *

exconjugants/total exconjugants Each value is the average of three independent >

º
measurementS. s

º
º,

º
_Y

sº
º

■ º
*

//'■
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TABLE
3

Tn'7transpositioninducesthecellularSOSresponse.

transpositionfrequency"laczexpression”

transposon"target”TnT.miniTh7-KmRMacLacphenotypeMillerunits --------white64+4 --
pOX-attTnT.

----whiteND
miniThT-KmRpOX-attTnT.----whiteND TnT.-------whiteND TnT.pOX-attTnT.8.9(+3.7)

x10-3--pink79+11

i

Tn"+

miniTh7-KmRpOX-att'TnT.
6.8(+7.1)
x10-21.7(+
1.4)x10-2red218+69 #Th7+miniThi-KmRpOX-G1.5(+1.8)x

10-61.8(+1.9)x
10-5white64+9

TnT+

miniTh7-KmRpOX-attTnT.;2.3(+0.8)
x10-48.4(+2.0)
x
10-6whiteND

EP-1::miniTh7-CmR
*Tn?waslocated
inthe
chromosomalattTnTsiteand

miniTh7-KmR(whichdoesnotencodetheTnsproteins)waslocated inthe
chromosomalpositionEC-2(KuboandCraig1990)ofthepl—lacztranscriptionalfusionstrainBR293. ”Non-immunetargetswerepCX-att'TnT.andpCX-G(whichdoesnotcontainattTnT);theimmunetargetwaspCX-att'TnT. containing

a

miniTn?-CmRlocated
ina

positiondesignatedEP-1. °Transpositionfrequencywasmeasured
by
mating-outassays,witheachvaluerepresenting
theaverageofatleastfive independentmeasurements. dlaczexpressionwasevaluated

on
MacConkeylactose(MacLac)colorindicatorplates,or
quantitatedusingtheassay described

byMiller(1972),witheachvaluerepresenting
theaverageofatleastsix
independentmeasurements.

”,º *
>-is*

.
º, _ºC.º* _º,** º
º-

-

-—
-

".\, *

_**--*-S.
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_*Figure 1. Papillation phenotypes of the TnsC gain-of-function mutants.

º
-

Cells were patched on MacConkey lactose plates and photographed after three days' !

incubation at 309. TnsA+B was present in each strain; the TnsC species present is

indicated below each patch.
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Figure 1

TnsC A225V

TnsC A282T
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Figure 2. Amino acid changes in the TnsC mutants.

The TnsC protein sequence is cartooned, with the residues altered in the Class I mutants

indicated above the protein and the Class II mutants below the protein. Hatched boxes

represent Walker A and Walker B motifs.

.
T
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Figure 2

Class I TnsC mutants

TnsC |Cs 55

E233K
As

S401 F S401 YA402

A282T

Class II TnsC mutants
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Figure 3. TnsC mutants promote transposition to the chromosome. -

Frequencies of transposition of miniTh?-KmR from a M. phage to the chromosome were

measured by the A hop assay. TnsA+B was present in each strain; the TnsC species

present is indicated below each column.

–59– *





i
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Figure 4. TnsC mutants promote transposition to conjugable plasmids. ~

s
Frequencies of transposition of miniTnT-KmR from the chromosome to the conjugable

target plasmid pCX-G were measured by the mating-out assay. TnsA+B was present in *.

each strain; the TnsC species present is indicated below each column.
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Figure 5. Effects of the target selection factors TrisD and TnsE.

Frequencies of transposition of miniTh7-KmR from a A phage to the chromosome and/or

pOX-G were measured in strains containing TnsA+B and the TnsC mutants, either alone or

in combination with TnsD or TmsB. The preferred target for TnsD reactions, attTnT., was

present in the chromosomes of these strains. The preferred target for TnsE reactions,

pOX-G, was introduced by conjugation into strains containing the TnsC mutants or the

TnsC mutants + TnsE. The distribution of miniTh?-KmR insertions between the

chromosome and pox-G was determined by mating the pox-G plasmids from the KmR
products of a A hop assay into the Kms strain CW51, and testing whether Km resistance

was plasmid linked. No transposition was detected in strains containing TnsABCW' alone

or TnsABCE233K + TnsD.
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Figure 5
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Figure 6. The Tns(BCA]-293) deletion-fusion mutant.

(A) Construction of tnsA(BCAl-293) from a thSABC expression plasmid. Short arrows

labelled "Bam" indicate BamhI sites present in thSB and thSC; deletion of the intervening

fragment resulted in the fusion of the 3' half of thSC to the end of tnsb. The molecular

weights of the protein products are indicated below their respective genes; ths(BCA1-293)

encodes a protein of approximately 112 kD. Hatched boxes represent TnsC's ATP motifs,

which are deleted from the Tns(BCA1-293) mutant.

(B) Papillation phenotypes of cells containing TnsA(BCA]-293), as observed on

MacConkey lactose plates after three days' incubation at 309.
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Avoiding Self:

Chapter 3

two Tn?-encoded proteins mediate target immunity

in Tn? transposition.
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ABSTRACT

The bacterial transposon TnT exhibits target immunity, a process that prevents Tn?

from transposing into target DNAS that already contain a copy of the transposon. This

work investigates the mechanism of target immunity in vitro. We demonstrate that two

Tn?-encoded proteins -- Thsb, which binds specifically to the ends of Tn?, and TnsC, the

ATP-dependent DNA binding protein -- act as a molecular switch to impose immunity on

target DNAs containing Tn? (or just Tn? ends). TnsC binds to target DNA molecules and

communicates with the TnT transposition machinery; here we show that target DNAs

containing Tn? ends are also bound and subsequently inactivated by TnsB. Protein-protein

interactions between TnsB and TnsC appear to be responsible for this inactivation; the

target DNA promotes these interactions by tethering TnsB and TnsC in high local

concentration. An attractive model that emerges from this work is that TnsB triggers the

dissociation of TnsC from the Tn? end-containing target DNA; that dissociation depends on

TnsC's ability to hydrolyze ATP. We propose that the interactions between TnsB and

TnsC not only prevent Tn? from inserting into itself, but also facilitate the selection of

preferred target sites that is the hallmark of TnT transposition.
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INTRODUCTION

DNA molecules are the substrates for a variety of processes, including replication,

transcription, and recombination. Many positive regulatory mechanisms have been

described which favor the selection of certain DNAs as substrates for one of these

processes. In some situations, however, the positive features of a DNA can be overridden

by negative regulatory mechanisms. For example, Some transcriptional units are "silenced"

by being packaged within specialized chromatin structures which prevent interactions with

RNA polymerase (Loo and Rine 1995). Eukaryotic origins of replication also become

"silent" after initiating DNA replication, as part of the cell cycle control that permits an

origin to fire once and only once during S phase (Muzi-Falconi et al. 1996; Wuarin and

Nurse 1996).

Negative regulatory mechanisms can also influence the selection of target sites in

transposition. The bacterial transposons Tn3 and TnT and the bacteriophage Mu are

sensitive to a process called target immunity, in which a target molecule that already

contains a copy of one of these elements is prevented from receiving further insertions of

that element (Robinson et al. 1977; Reyes et al. 1987; Hauer and Shapiro 1984). Thus, the

target DNA becomes "silent" or "immune" to the transposition machinery.

The signal that confers immunity to a target DNA is provided by the ends of the

resident Tn3, Tn? or Mu element. Transposon ends contain special sequences that are the

Substrates for the DNA breakage and joining reactions that move the element from one

DNA molecule to another; transposon ends also contain binding sites for transposase, the

enzyme which executes the DNA breakage and joining reactions (reviewed by Mizuuchi

1992). The presence of Tn3, Tn? or Mu ends in a target plasmid reduces the frequency of

transposition into that plasmid 100- to 1000-fold in vivo; however, transposition into other

target molecules which do not contain transposon ends is not inhibited (Lee et al. 1983;
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Darzins et al. 1988; Arciszewska et al. 1989). Therefore, target immunity is essentially a

cis-acting phenomenon that prevents new insertions from occurring "close" to transposon

ends.

How close is "close"? In the case of TnT, large (60kb) derivatives of the E. coli F

plasmid are protected from TnT transposition when the plasmid contains TnT end

sequences (Arciszewska et al. 1989). Transposition is inhibited over even larger distances

in the E. coli chromosome: the presence of Tn? ends was shown to reduce insertions into

chromosomal sites 190 kb away (DeBoy and Craig 1996). However, transposition into a

target site 1.9 Mb from the Tn? ends was not affected, demonstrating that the Tn? ends do

not cause a global inhibition of transposition (DeBoy and Craig 1996).

The ability to discriminate between targets that are "close" and "far" from Tn? ends

may be useful in promoting the spread and survival of TnT. Short-range transposition

events would be discouraged; instead, the spread of the transposon to distant sites in the

chromosome and new plasmids would be favored. Immunity would also discourage

events that could potentially destroy TnT, such as intramolecular transposition events or the

hopping of one copy of Tn? into another. Thus, target immunity plays a key role in

determining what target sites the TnT transposition machinery will select.

The TnT transposition machinery also evaluates a potential target DNA for positive

features. Tn? transposition occurs at high frequency into a single site in the E. coli

chromosome called att'TnT. (Barth et al. 1976; Lichtenstein and Brenner 1982). Plasmids

undergoing conjugation are also preferred targets for Th7 transposition (Wolkow et al.

1996). Thus, attTnT. and conjugating plasmids contain positive signals that attract the

transposition machinery to these target DNAs. Different combinations of the Tn?-encoded

proteins TnsA, TnsB, TnsC, TnsD and TnsE are used to select these different targets:

TnsABC+D promotes transposition into attTnT, whereas TnsABC+E promotes

transposition into conjugating plasmids (Rogers et al. 1986; Waddell and Craig 1988).

–70–



Target immunity is observed in both the TnsABC+D and TnsABC+E transposition

pathways (Arciszewska et al. 1989), suggesting that the negative signal provided by a Tn?

end is dominant to the positive signals which might also be contained on a potential target

molecule.

Tn? transposition into att'TnT has been reconstituted in vitro using purified proteins

(Bainton et al. 1993), and the roles of the Tns proteins in executing TnT transposition have

been investigated. TnsA and TnsB act interdependently to catalyze the chemical steps of

Tn? transposition, thus TnsA+B constitutes the TnT transposase (May and Craig 1996;

Sarnovsky et al. 1996). TnsB binds specifically to the transposon ends (Arciszewska et al.

1991; Arciszewska and Craig 1991; Tang et al. 1991), while TnsA is likely recruited to the

transposon ends through protein-protein interactions with TnsB.

The TnsA+B transposase by itself is not catalytically active; TnsC, TnsD and an

appropriate target DNA are also required (Bainton et al. 1993; Gary et al. 1996). TnsD is

an attTnT-specific DNA binding protein which recruits TnsC, an ATPase that is also an

ATP-dependent DNA binding protein, to att'TnT targets. TnsC-TnsD-attTnT complexes, in

turn, interact with the TnsA+B transposase and activate its breakage and joining activities

(Bainton et al. 1993; Gamas and Craig 1992; Chapter 4). ThsC has been proposed to be a

key connector between the target site and the TnsA+B transposase, and the ATP state of

TnsC is hypothesized to regulate its ability to forge that connection (Bainton et al. 1993;

Chapter 2).

Tn? transposition occurs by a cut-and-paste mechanism, in which the element is

first excised from a donor site and then inserted into a target DNA (Bainton et al. 1991).

The nature of the target DNA regulates both of these steps in vitro: if an att'TnT target

molecule is omitted from the reaction, virtually no transposition intermediates or products

are seen. Target immunity is reproduced in the in vitro TnT transposition reaction (Bainton

et al. 1991, 1993); the evaluation of TnT end-containing targets also occurs early in the
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course of the reaction. No transposition products or intermediates are observed when the

target DNA contains att'TnT but also carries a TnT right end. Therefore, Tn? end

containing target DNAS are immune to TnT transposition not because they fail to capture

excised transposons, but because they fail to provoke the excision of the transposon in the

first place.

In vitro approaches have been previously used to investigate target immunity in Mu

transposition. Adzuma and Mizuuchi (1988, 1989) demonstrated that Mu target immunity

results from the redistribution of the regulatory protein MuB from target DNAs containing

Mu ends to target DNAs without ends. This redistribution is promoted by the Mua

transposase, and requires ATP hydrolysis. However, it has been unclear whether this

mechanism would be unique to Mu or whether it would apply to other transposons. In

particular, it has been unclear how Tn? -- with its multiple proteins and multiple target

Selection pathways -- might adapt this immunity mechanism.

In this work, we have investigated the mechanism of TnT target immunity. We find

that the key proteins responsible for TnT target immunity are TnsB, the transposon end

binding protein, and TnsC, the ATP-dependent target DNA binding protein. When TnsB

and TnsC are in high local concentration (i.e. when both are localized to a Tn? end

containing target DNA), immunity is imposed on that target. An attractive model that

emerges from this work is that TnsB promotes the dissociation of TnsC from Tn? end

containing target DNAs, through an ATP-dependent mechanism. Thus, TnsB appears to

impose target immunity by influencing the distribution of TnsC among potential target

DNAs. We discuss the similarities between the mechanisms by which Tn? and Mu achieve

target immunity, and we discuss how TnT exploits this mechanism not only to avoid

immune targets but also to select preferred targets for TnT transposition.
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RESULTS

Tns proteins involved in target use and target immunity

Tn? transposition has been reconstituted in vitro with TnsA, TnsB, TnsC, TnsD

and two required cofactors, ATP and Mg2+ (Bainton et al. 1993). These Tns proteins and

cofactors direct the transposition of a mini-Tm7 element from a donor plasmid to an attTnT

containing target plasmid (Figure 1). The mini-Tm7 element (mTn7) contains an antibiotic

resistance cassette flanked by functional TnT end sequences. Transposition proceeds via a

cut-and-paste mechanism, in which the element is excised from the donor site by double

strand breaks at the transposon ends and then joined to the target molecule to generate a

simple insertion.

The assembly of Tns proteins with the attTnT target DNA is a critical step in Tn?

transposition. Previous work has demonstrated that the att'TnT-specific DNA binding

protein TnsD and the ATP-dependent DNA binding protein TnsC form a complex on the

target DNA which can then interact with the TnsA+B transposase to trigger the initiation of

transposition (Bainton et al. 1993). However, TnsC-TnsD-attTnT target complexes form

very inefficiently in the presence of Mg2+. Therefore, Tn? transposition reactions are

staged: the proteins and DNAs are first incubated under low Mg2+ conditions to promote

target complex assembly (a step called the "preincubation"), then Mg2+ is added to initiate

transposition. No additional target complexes are formed after the addition of Mg2+. Only

the components of the target complex -- TnsC, TnsD, ATP and the att'TnT target DNA --

need to be present during the low Mg2+ preincubation; the presence of the donor DNA,

TnsA or TmsB at this step is not required (Bainton et al. 1993).

Having established which Tns proteins are involved in target use, our first goal in
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this work was to determine which Tns proteins are involved in target immunity. We

carried out order-of-addition experiments which were staged somewhat differently than the

reactions described above: both the donor and target DNAs were separately preincubated

with Tns proteins and then combined to initiate transposition (Figure 2A). The donor DNA

was always preincubated with the TnsA+B transposase and Mg2+. By contrast, the

proteins present during the target preincubation were varied. Any protein(s) omitted from

the target preincubation were added when the donor and target preincubations were

combined, so that the final composition of each reaction was the same but the proteins

present at the time of target complex assembly were different.

Target immunity was observed when all four Tns proteins were preincubated with

the target DNAs. 50-fold fewer insertions occurred into the target DNA containing a Tn?

right end than the target lacking Tn? ends (Figure 2B, lane 1). However, immunity was

severely compromised when TnsC and TnsD were the only proteins present in the target

preincubation: a 20-fold increase in insertions into the Tn? end-containing target was seen

(lane 2). Including TnsB in the target preincubation fully restored the discrimination

between targets with and without Tn? ends (lane 4); the presence of TnsA in the target

preincubation was not required (lane 3). Consistent with the results of Bainton et al.

(1993), omitting TnsC or TnsD from the target preincubation eliminated all insertion events

(lanes 5, 6). Similarly, omitting the target DNA without ends from the target preincubation

also blocked transposition; this target could not be utilized when it was added after the

preincubations were combined (lane 7). Taken together, these results suggest that although

TnsC and TnsD are important for target use, they are not sufficient to discriminate between

target DNAs with and without Tn? ends. TnsB, the transposon end-binding protein, must

also be present during the assembly of target complexes for Tn? end-containing targets to

be recognized and avoided.

These observations reveal that TnsB plays multiple roles in TnT transposition. As
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part of the TnsA+B transposase, TnsB is involved in promoting insertions into target

DNAs. In fact, mutational analysis suggests that the active site responsible for target

joining is likely in TnsB (Sarnovsky et al. 1996). However, the experiment above

suggests that TnsB is also involved in preventing insertions from occurring into target

DNAS which contain Tn? ends. This “regulatory” activity of TnsB does not appear to

require TnsA, in contrast to the “catalytic” activity of TnsB which is dependent on the

presence of TnsA. We will argue below that TnsB confers immunity to a target DNA by

promoting the removal of TnsC from the target and thus reducing the target's ability to

interact with the transposase.

The data in Fgure 2B suggest that the time at which TnsB is introduced into the

transposition reaction influences whether TnsB's regulatory or catalytic role predominates.

Strong target immunity was established when TnsB was able to exert its regulatory effects

prior to the initiation of Tn? transposition. By contrast, when TnsB's addition was

simultaneous with the initiation of transposition, considerable insertion occurred into Tn?

end-containing targets, suggesting that TnsB was interacting with many of these targets

catalytically. Even under these conditions, however, the targets with and without Tn? ends

were not used equivalently: 2-3 fold fewer insertions were seen into targets containing Tn?

ends than into targets lacking Tn? ends. This unequal target use may indicate that even as

some Tn? end-containing targets were being utilized by TnsA+B, others were being

inactivated by TnsB. Additional experiments probing the time requirements for

establishing target immunity are described below.

TnsD is not essential for TnT target immunity

Tn? transposition in vitro is dependent on TnsD for successful interactions with

target DNA. Previous work has demonstrated that TnsD not only provides the attTnT.
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specificity of the TnT transposition reaction but also activates the wild type TnsABC

machinery (Bainton et al. 1993). Recently, gain-of-function mutations in TnsC have been

identified which enable the TnsABC machinery to execute transposition in the absence of

TnsD (Chapter 2). In this work, we have exploited the gain-of-function mutant

TnsCA22°W. Transposition promoted by TnsABCA225W occurs into many different target

sites in vivo, yet responds to target signals and target binding proteins much like wild type

Tn? transposition (Chapter 2).

We examined target discrimination in reactions containing TnsCA225V in vitro

(Figure 2B, lanes 8-11). Although these reactions lacked TnsD, target immunity was still

observed: 30-fold fewer insertions were seen into target DNAs containing Tn? ends than

into target DNAs lacking ends when TnsA, TnsB and TnsCA225V were preincubated with

the target DNAS (lane 8). Once again, target immunity was not effectively imposed when

TnsB was omitted from the target preincubation (lanes 9, 10). However, preincubating the

target DNAs with TnsB and TnsCA225V was sufficient to allow target immunity to be

established (lane 11). These experiments suggest that TnsCA225V promotes transposition

into target DNAs in general, and that TnsB specifically discourages transposition from

occurring into target DNAs containing Tn? ends. TnsD, therefore, is not essential for Tn?

end-containing target DNAs to be recognized and avoided. While it is possible that TnsD

contributes to the immunity response in the wild type TnT transposition reaction, we

propose that TnsB and TnsC -- the transposon end-binding protein and the ATP-dependent

target DNA binding protein -- undergo the primary interactions that are responsible for Tn?

target immunity.

The insertions generated in TnsABCA225W reactions without TnsB in the target

preincubation were located in many different positions in the Tn" end-containing target

plasmid (data not shown). Including TnsB in the target preincubation reduced the level of

insertions into all of those positions. Thus, TnT target immunity is not restricted to att'TnT.
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sites in vitro, but is conferred to the entire TnT end-containing plasmid.

TnsB binding sites comprise the DNA signal that confers immunity to a target plasmid

The experiments above confirm the observations of Bainton et al. (1991) that a TnT.

right end contains the DNA signal(s) necessary for immunity to be imposed on a target

plasmid. We investigated which features of the TnT right end are responsible for the

immunity signal, and whether that signal is also present on the TnT. left end. The left and

right ends of TnT are structurally distinct (Figure 3A). Approximately 160 nucleotides

from the left end and 90 nucleotides from the right end are required for efficient

transposition (Arciszewska et al. 1989; DeBoy and Craig 1996). These sequences contain

arrays of TnsB binding sites, with three sites on the left end and four overlapping sites on

the right end (Arciszewska et al. 1991; Arciszewska and Craig 1991; Tang et al. 1991).

The terminal eight nucleotides of each end, along with the outermost TnsB binding site,

form a 30 bp inverted repeat (Lichtenstein and Brenner 1982; Arciszewska et al. 1991); the

CA-3'OH dinucleotide at the tip of each end is critical for cleavage and joining events to

occur (Gary et al. 1996).

Plasmids containing different segments from either the right or left end of Tn? were

examined in the TnsCA225V-activated transposition reaction (Figure 3B); the same general

principles have also been observed in reactions with TnsC+D (data not shown). The ability

of each plasmid to serve as a target for Th7 transposition was tested under two conditions:

(i) without TnsB in the target preincubation, to evaluate the plasmid's intrinsic target

activity, and (ii) with TnsB included in the target preincubation, to see whether the target

activity changes when immunity can operate. Thus, controlling the presence or absence of

TnsB during the target assembly period allowed immunity to be switched ON and OFF. A
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target plasmid without Tn? end sequences was also included in each reaction as a control

for transposition efficiency.

We found that the presence of either the right end or the left end of Tn? in a target

plasmid enabled immunity to be imposed on that plasmid: insertions into targets containing

R1-199 sequences or L1-166 sequences decreased 13-20 fold when immunity was

switched ON by including TnsB in the target preincubation (compare lanes 1, 2 and lanes

3, 4, Figure 3B). A truncated right end was also tested, in which the 30 bp terminal

inverted repeat was removed but three TnsB binding sites were retained. Although this

R38-199 end would not be predicted to support transposition when part of a mTn? donor,

R38-199 sequences could nonetheless confer immunity when present in a target DNA

(lanes 5, 6). Even a single TnsB binding site in a target DNA was found to affect that

target's activity (lanes 7, 8). Although the transposition efficiencies of the reactions in

lanes 7 and 8 were not identical, the activity of the target DNA containing the TnsB binding

site was relatively more affected (six-fold rather than two-fold) by the presence of TnsB

than was the target DNA without the TnsB site.

Taken together, these observations suggest that TnsB binding sites provide the

critical signal which allows immunity to be imposed on a target DNA. Additional features

of Tn? ends, such as the inverted repeat sequences at the tips of the element or the synaptic

structure that can form with a pair of Tn? ends, are thus important for catalysis but are not

required for immunity. Although it remains possiblt that these features may contribute to

the efficiency with which immunity is imposed, the binding of TnsB to a potential target

DNA appears to be the primary event which renders that target immune.

Communication between TnsB and TnsC

Target immunity is an example of "action at a distance": a Tn? end can inhibit
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insertion into an att'■ n'7 site many kilobases away in the case of plasmid targets

(Arciszewska et al. 1989), or even hundreds of kilobases away in the bacterial

chromosome (DeBoy and Craig 1996). Our working hypothesis is that an interaction

between TnsB, bound to the transposon end, and TnsC, bound near a potential insertion

site, is important in establishing target immunity. Various models have been proposed to

account for long-distance interactions between proteins bound to different DNA sites, such

as enhancers and promoters (reviewed by Wang and Giaever 1988); those same models can

be considered to explain how TnsB and TnsC might find each other on a Tn? end

containing target DNA. One class of models would propose that TmsB and TnsC

communicate along the DNA. For example, TnsB could bind to its recognition site and

nucleate an inhibitory structure that could spread down the DNA, inactivating or displacing

TnsC; alternatively, TnsC could use its ATPase activity to track along the DNA, scanning

for TnsB molecules. A second class of models would propose that TnsB and TnsC

communicate through space via protein-protein interactions; those interactions would occur

more frequently when the two proteins are both bound to a TnT end-containing target DNA

and thus are in relatively high local concentration.

A classic experiment to differentiate between communication through space and

communication through the DNA is to put the binding sites of interest on separate but

tethered DNA molecules, namely catenated circles. Such an experiment was first done to

probe the disposition of DNA sites required for target immunity in Mu transposition

(Adzuma and Mizuuchi 1989). Here we investigate whether immunity from Tn?

transposition can be conferred to a target plasmid that is catenated to (but not continuous

with) a plasmid containing a Tn? end. These experiments were performed with

TnsABC+D, to take advantage of the target site-specificity of this reaction.

To generate a target substrate for this experiment, the right end of Tn? and an

att'TnT sequence were cloned into a plasmid containing two recognition sites for Yö
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resolvase (Figure 4A). Recombination of the resulting plasmid generated two catenated

circles, one containing the Tn? end (which would bind TnsB) and the other containing the

attTnT. site (to which TnsC will be bound in the presence of TnsD). In our hands,

approximately 50% of the DNA molecules became catenated (data not shown). The

mixture of DNAs from the catenation reaction was used as targets for Tn? transposition,

allowing us to evaluate the target immunity of the unrecombined plasmid (in which attTnT.

and the Tn? end were present on the same DNA molecule) and the catenated plasmid (in

which attTnT and the Tn? end were present on separate but tethered DNA circles).

As expected, the unrecombined "att'TnT + end" plasmid was found to be immune;

insertions into the "attTnT + end" target were reduced when immunity was switched ON by

including TnsB in the target preincubation (compare lanes 2 and 3, upper arrow, Figure

4B). Interestingly, insertions into the attTnT. circle catenated to the Tn? end-containing

circle were also affected when immunity was switched ON: 10-fold fewer insertions were

seen into the catenated attTnT circle when TnsB was present in the target preincubation

(lanes 2 and 3, lower arrow). This result suggests that a Tn? end can impose immunity on

an attTnT plasmid that is tethered “close” to that end.

If the proximity of the Tn? end (and thus TnsB) to the att'TnT target site is important

in conferring immunity to that target, then unlinking the att'TnT plasmid from the end

containing plasmid would be predicted to relieve the immunity effect. The attTnT circle

was released from the Tn? end-containing circle by treating the products of the catenation

reaction with the restriction enzyme Ndel (Figure 4A). The unlinked att'TnT target plasmid

was no longer found to be immune: insertions accumulated into the unlinked attTnT target

regardless of whether TnsB was present or absent from the target preincubation (compare

lanes 4 and 5, lower arrow, Figure 4B). This result is consistent with the hypothesis that

TnsB must be in close proximity to a target DNA to impose immunity on that target.

It should be noted that the unlinked attTnT targets have undergone two changes at

–80–



once: they are no longer tethered to the Tn? end, but they are also no longer supercoiled.

Although it could be argued that both changes contribute to the loss of immunity of the

unlinked att'TnT circle, other experiments have established that DNA supercoiling is not

strictly required for immunity to be imposed on TnT end-containing target DNAs (data not

shown). However, supercoiling may influence the effectiveness with which TnsB and

TnsC interact. We consistently observe that the 4.8 kb "att'TnT + end" plasmid is less

immune as a linear than as a supercoiled molecule (Figure 4B), although smaller (2-3 kb)

plasmids are essentially equally immune when supercoiled or linearized (data not shown).

We interpret these results to suggest that the proteins responsible for target

immunity (i.e. TnsB and TnsC) interact by random collision through space. Thus, the Tn?

end-containing target DNA does not appear to be involved in propagating a signal between

TnsB and TnsC. Instead, the DNA likely serves to increase the concentration of TnsB in

the vicinity of TnsC.

TnsB can inactivate preassembled complexes on TnT end-containing targets.

In all of the experiments presented above, target immunity is most effectively

imposed when TnsB is present in the target preincubation. Why is the timing of TnsB's

addition so critical? It is possible that the establishment of target immunity requires a

specific order of events. For example, TnsB might need to bind to the target DNA before

TnsC (particularly if TnsB's mode of action were to block the binding of TnsC to Tn? end

containing targets). On the other hand, the order of events might not be important, but

some time might be required for TnsB to exert its effects.

To investigate these issues, we asked whether TnsB could impose immunity on

target DNAs that had been preassembled with TnsC, and what the time course of that

inactivation would be. These experiments were performed with the TnsCA225V mutant, to
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focus on the interactions of TnsB and TnsC in the absence of TnsD; however, we have

observed similar results in reactions with TnsC+D (see below). The staging of the

transposition reaction was altered (Figure 5A): instead of adding TnsB and TnsCA225V

simultaneously to the target preincubation, TnsCA225V was added first. After 20 min,

TnsB was added and the target preincubations were continued for various times.

Transposition was then initiated by adding the donor preincubation mix. The relative

amount of insertion into the Tn? end-containing target was determined by Southern blotting

and phosphorimager analysis; this "target reactivity" is presented graphically as a function

of the time the preincubation was extended upon the addition of TnsB.

The reactivity of Tn? end-containing targets fell sharply when TnsB was added to

the target preincubation (Figure 5B, filled circles), suggesting that TnsB can functionally

inactivate the preassembled TnsCA225V-target complexes. However, the effects of TnsB

were not instantaneous: the degree of target inactivation increased with increasing time of

exposure to TnsB. As a control for the stability of the target complexes, the preincubations

of an identical set of reactions were extended without the addition of TnsB. Under these

conditions, the Tn? end-containing target DNAs maintained at least 80% of their activity

(open circles). This result suggests that the binding of TnsCA225V to target DNA is fairly

stable in the absence of TnsB, a hypothesis that has been verified by pulse-chase analysis

(Chapter 4). However, the presence of TnsB affects the reactivity of the TnsCA225V-target

DNA complexes over time. We will argue below that TnsB affects the stability of these

complexes as well.

The ability of TnsB to inactivate the TnsCA225V-target DNA complexes was also

found to be affected by the type of ATP nucleotide present in the reaction. TnsC is an

ATP-dependent DNA binding protein with a modest ATPase activity (Gamas and Craig,

1992; Chapter 4). Nonhydrolyzable ATP analogs are known to increase TnsC's affinity

for DNA (Gamas and Craig 1992) and to compromise immunity in TnsABC+D
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transposition reactions (Bainton et al. 1993). Here, we found that TnsB was much less

successful at imposing immunity on TnsCA225V target complexes that were assembled in

the presence of the nonhydrolyzable analog AMP-PNP (Figure 5C). The reactivity of the

Tn? end-containing target dropped only two-fold upon prolonged (30 min) exposure to

TnsB (filled squares), in contrast to the 11-fold loss of activity seen in reactions with ATP

(Figure 5B, filled circles). These results suggest that the interactions between TnsB and

TnsC that confer immunity to a target DNA involve TnsC's ability to hydrolyze ATP.

TnsB can also impose immunity on target DNAs preassembled with TnsC+D (data

not shown). The rates of target inactivation were similar in reactions with TnsCA225V and

TnsC+D, and nonhydrolyzable ATP analogs severely reduced the effects of TnsB in both

reactions. In fact, with the exception of their TmsD-dependence (and thus their target site

specificity), we have found TnsABCA225V and TnsABC+D reactions to behave similarly

throughout this work. Therefore, we speculate that similar interactions underlie target

immunity in both the TnsABC+D and TnsABCA225W reactions.

TnsB promotes the recycling of target binding proteins

How does TnsB inactivate Tn? end-containing target DNAs? Some possible

mechanisms would include: (i) dissociating TnsC from the target DNA, (ii) inactivating

TnsC molecules bound to the target, or (iii) obstructing TnsC's interactions with the TnT.

transposase. A mechanism that involves the dissociation of TnsC from the target DNA

might be advantageous to TnT.: TnsC could then potentially recycle and reassociate with

other, more favorable, target DNAs, rather than being trapped on the Tn? end-containing

target. On the other hand, TnsC's interactions with TnsD might keep TnsC tethered to the

Tn? end-containing target DNA.
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We looked for evidence of the release of proteins from the Tn? end-containing

target by staggering the addition of target DNAs during the target preincubation. Here we

focus on TnsABC+D transposition reactions (Figure 6); reactions with TnsABCA225V are

discussed below. TnsC+D was preincubated with target #1 in the presence or absence of

TnsB. After 20 min, target #2 was added and the preincubation was continued. This

Second target functioned as a sink to capture Tns proteins that had been released from target

#1. Transposition was initiated by adding the donor preincubation mix, and the level of

insertion into the two targets was compared. If TnsB promotes the removal and recycling

of proteins (TnsC and/or others) from the Tn? end-containing target, then we would predict

that the use of the second target would increase when immunity was turned ON by the

inclusion of TnsB in the target preincubation. However, if TnsB causes the permanent

inactivation of proteins that associate with the Tn? end-containing target, we would expect

the use of the second target to be unchanged when immunity was applied. A limiting

concentration of TnsC was used in these experiments, so that (when immunity was OFF)

most of the protein would interact with the first target, therefore the use of the second target

would be low. By contrast, TnsD was present in excess and preincubated with both target

DNAs (see Figure 6A and legend for details), so that the use of the second target would

depend on the recycling of TnsC but not the recycling of TnsD.

Figure 6B shows the distribution of insertions between a target with TnT ends

(target #1) and a target without ends (target #2) (lanes 1-4). When the target preincubations

were done in the absence of TnsB (lane 1), the majority of insertions (81%) occurred into

target #1. This suggests that despite the prolonged target preincubation, most of the

TnsC+D remained associated with the first target DNA. However, when TnsB was

present in the target preincubation (lane 2), the use of target #2 increased (from 19 to 84%

of the total insertions), coincident with immunity being imposed on target #1. The shift in

target usage suggests that TnsB does not cause TnsC+D to become permanently inactivated
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and/or trapped on a Tn? end-containing target. Instead, functional Tns proteins appear to

become available to associate with the second target DNA.

We also examined the recycling of Tns proteins in the presence of the

nonhydrolyzable ATP analog AMP-PNP. We have previously shown that target immunity

is much less effective when AMP-PNP is substituted for ATP in the TnT transposition

reaction (Bainton et al. 1993 and Figure 5). If the redistribution of insertions between the

first and Second targets is a consequence of target immunity, then AMP-PNP should also

affect this redistribution. We observed that the commitment of insertions to the first target

preincubated with TnsC+D was very strong in the presence of AMP-PNP: 98% of

insertions occurred into target #1 (lane 3). This is consistent with previous observations

that TnsC's affinity for DNA is increased when AMP-PNP is substituted for ATP (Gamas

and Craig 1992). The commitment to the first target was maintained even when TnsB was

present in the target preincubation; the use of target #2 did not increase (lane 4). Thus,

when ATP hydrolysis was blocked, the Tns proteins appear to remain stably and

functionally bound to Tn? end-containing targets despite the presence of TnsB.

A similar redistribution of insertions has also been observed in reactions activated

by TnsCA225V in the absence of TnsD (data not shown). This result, together with the

ATP-dependence of the process, strongly suggests that TnsC is the key protein whose

distribution among DNAs is being influenced by TnsB. Therefore, we interpret the

insertion patterns seen in these experiments to reflect which target DNAs are bound by

TnsC and are therefore capable of interacting with the TnT transposase. The fate of TnsD

-- whether it remains bound to the Tn? end-containing target DNA or whether it is

dislodged along with TnsC -- has not yet been resolved.

We also investigated whether TnsB could affect TnsC's distribution among target

DNAs without Tn? ends (Figure 6B, lanes 5-8). In this set of staggered target

experiments, TnsC+D was preincubated first with a 3.2 kb target plasmid and a slightly

s
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smaller target plasmid was added second; neither of these target DNAs contained a Tn?

end. In the absence of TnsB (lane 5), the majority of insertions (95%) occurred into target

#1. However, in the presence of TnsB (lane 6), a modest increase in insertions into target

#2 was seen (from 5 to 27%), accompanied by a drop in the use of target #1. This

"evening out" of insertions between the first and second targets was not seen when AMP

PNP was substituted for ATP in these reactions (lanes 7, 8).

These experiments suggest that TnsB promotes the dissociation of TnsC from target

DNAs in general, but that the process is more extensive when a potential target DNA

contains Tn? ends, and thus has a higher local concentration of TnsB. Blocking TnsC's

ability to hydrolyze ATP appears to immobilize it on a target DNA, reducing TnsB's

effectiveness both at imposing immunity and redistributing insertions to alternative target

DNAS.
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DISCUSSION

This work has investigated the mechanism by which target DNAs containing Tn?

ends are rendered “immune” to Tn? transposition. The transposon end-binding protein

TnsB and the ATP-dependent DNA binding protein TnsC were found to be central to the

recognition and avoidance of Tn? end-containing target DNAs. ThsC interacts with both

the target DNA and the TnsA+B transposase to assemble an active transposition complex;

only after this complex is built can Tn? transposition be initiated (Bainton et al. 1993). An

attractive model (illustrated in Figure 7) that emerges from this work is that TnsB

dissociates TnsC from target DNAs containing Tn? ends, leaving those target DNAs unable

to successfully interact with the TnsA+B transposase and thus immune to Tn?

transposition. TnsC molecules that have dissociated from a Tn? end-containing target can

recycle and reassociate with other target DNAs. Therefore, target immunity is an

economical form of target site selection for TnT, resulting not in the permanent inactivation

of TnsC but in its redistribution to more favorable targets. This model has many

similarities to the model proposed for target immunity in Mu transposition (Adzuma and

Mizuuchi 1988); comparisons between these and other systems will be discussed in detail

below.

TnT target immunity: the TnsB signal

We have demonstrated that the association of TnsB with TnT end-containing target

plasmids discourages transposition from occurring into those target plasmids in vitro.

Importantly, we have also shown that TnsB can confer immunity to a target plasmid that is

catenated to (but not continuous with) a Tn? end-containing plasmid. This result argues
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strongly that TnsB and the proteins present at the insertion site (TnsC and/or others)

communicate by protein-protein interactions rather than by tracking or signalling along the

DNA. Therefore, "immune" targets are simply those DNAs which have a high local

concentration of TnsB, and consequently a high frequency of interaction between TnsB and

the proteins at the insertion site.

In the bacterial chromosome, immunity can operate over impressive DNA distances:

a TnT end can reduce the frequency of transposition into sites up to 190 kb away (DeBoy

and Craig 1996). The effects of TnsB do not appear to be uniform over this distance; an

inverse correlation was found between the magnitude of the immunity effect and the

distance between the Tn? ends and the attTnT target site in the chromosome (DeBoy and

Craig 1996). Variations in relative TnsB concentration may contribute to the effects of

distance on target immunity in vivo. Chromosomal regions in close linear and/or physical

proximity to TnT ends would be in a zone of comparatively high TnsB concentration and

thus would undergo a strong immune response. By contrast, chromosomal regions

separated from the Tn? ends by large DNA distances or chromosomal condensation would

have very few interactions with TnsB and would not be immune to insertions.

Target immunity in vitro was found to depend on the number of TnsB binding sites

present on the target DNA; the stability with which TnsB binds to those sites is likely also

involved. Furthermore, we found that time is also required to establish immunity: several

minutes were needed for TnsB to fully inactivate the Tn? end-containing targets (Figure 5).

This is the same time frame needed for a mTn? element, TnsA, and TnsB to assemble with

a target complex and initiate transposition (Bainton et al. 1993; A. Stellwagen and N. L.

Craig, unpublished observation). Thus, TnsB is involved in two processes -- target

inactivation and target use -- which appear to occur at similar rates. In the test tube,

immunity is efficiently established when these processes are temporally separated, through

the careful staging of the transposition reactions. It will be interesting and challenging to
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discover whether the timing of TnsB's interactions with target DNA complexes is also

important for target immunity in the cell.

TnT target immunity: the response to TnsB

Our experiments suggest that TnsB imposes target immunity through its interactions

with TnsC. We observed that target immunity was severely compromised in the presence

of nonhydrolyzable ATP analogs, yet TmsB itself has no known interactions with ATP

(Gamas and Craig 1992; A. Stellwagen and N. L. Craig, unpublished observation).

Therefore, ATP hydrolysis appears to be important not in the TnsB signal but in the

response to TnsB. ThsC, the only Tn?-encoded protein known to interact with ATP, is

strongly implicated to be involved in that response. Support for the critical role of TnsC

also comes from the observations of target immunity in reactions with TnsABCA225V in the

absence of TnsD. Although several mechanisms can be imagined by which TnsB could

interact with TnsC to inactivate a potential target DNA, perhaps the most attractive model to

explain the data is that TnsB triggers the dissociation of TnsC from Tn? end-containing

target DNAs.

How might TnsB affect TnsC's association with DNA? The ATP state of TnsC has

been demonstrated to regulate its DNA binding activity: TnsC+ATP is competent to bind

DNA, whereas TnsC+ADP is not (Gamas and Craig 1992). TnsC also has a modest

ATPase activity (Chapter 4), enabling TnsC to switch between the ATP- and ADP-bound

states. TnsB could promote the removal of TnsC from a potential target DNA molecule by

influencing TnsC's ATP interactions -- for example, by stimulating TnsC's rate of ATP

hydrolysis -- or by facilitating TnsC's dissociation from DNA following ATP hydrolysis.

Either possibility would explain why nonhydrolyzable ATP analogs reduce TnsC's ability

to respond to TnsB.
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The effects of ATP binding and hydrolysis on TnsC's activities are reminiscent of

the actions of molecular switch proteins, whose ability to participate in various biological

processes is controlled by ATP- or GTP-hydrolysis. A classic example of a molecular

Switch is Ras, a GTPase that regulates many signal transduction cascades (Bourne et al.

1990, 1991). GTP hydrolysis enables Ras to switch from an active to an inactive

conformation; the rate at which Ras switches between conformations is modulated by

GTPase activating proteins (GAPs) and GTP-GDP exchange factors (GEFs). We propose

that TnsC acts as a molecular switch to regulate Tn? transposition, and we are very

interested in determining whether TnsC's ATP interactions are modulated by other Tns

proteins. For example, TnsB could be the functional equivalent of a GAP, promoting ATP

hydrolysis and thus TnsC inactivation, while other factors (perhaps TnsD) might stabilize

the ATP-bound form of TnsC.

Comparison of target immunity in TnT and Mu

The proposed mechanism for TnT target immunity -- the TnsB-dependent removal

of TnsC from TnT end-containing target DNAS -- has many parallels to the mechanism of

target immunity described by Adzuma and Mizuuchi (1988, 1989) for the bacteriophage

Mu. Mu transposition is executed by the Mu/A transposase, which directs insertions into

target DNAs bound by MuB, an ATP-dependent DNA binding protein (Chaconas et al.

1985; Maxwell et al. 1987). However, MuB is actively removed from target DNAs

containing Mu ends: Mu/A, bound to the Mu end, stimulates MuB's ATPase activity and

promotes MuB's dissociation from those target DNAs (Maxwell et al. 1987; Adzuma and

Mizuuchi 1988). Thus, there are strong similarities between the interactions of Mu/A and

MuB and the interactions of TnsB and TnsC in establishing target immunity. In both

cases, immunity can be conferred to a target DNA that is catenated to a transposon end
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(Adzuma and Mizuuchi 1989 and this work), suggesting that high local concentrations of

the end-binding protein (MuA or TnsB) are responsible for immunity in each system.

These mechanistic similarities are striking since Mu and TnT proteins generally have

very little primary sequence homology, although specific proteins sometimes share

functional motifs. For example, MuB and TnsC both contain motifs commonly found in

nucleotide binding proteins (Walker et al. 1982; Chaconas et al. 1985; Flores et al. 1990),

but otherwise the amino acid sequences of Mub and TnsCare widely divergent.

MuB and TnsC also have an important functional difference: whereas MuB is

sufficient to activate its transposase, TnsC is not. Instead, Tn? transposition is dependent

on multiple target selection factors, which direct TnT transposition to different types of

target sites (Rogers et al. 1986; Waddell and Craig 1988; Wolkow et al. 1996).

Interestingly, these extra complexities do not appear to override or interfere with the basic

immunity mechanism shared by Mu and TnT. In fact, we will argue below that Th7

actually exploits the interactions that underlie target immunity to facilitate its selection of

preferred target sites.

The target immunity paradox

Target immunity poses a molecular paradox: the same proteins that discourage

transposition from occurring into target DNAs containing transposon ends are also

responsible for promoting transposition into target DNAs without ends. For example,

MuA bound to Mu ends in a donor molecule readily captures and utilizes Mub-target DNA

complexes, but MuA bound to a Mu end on a target DNA destroys the MuB-target DNA

complex (Adzuma and Mizuuchi 1988). The situation is even more perplexing for Tn3, in

which transposition and immunity are accomplished by a single transposon-encoded

protein (Gill et al. 1979; Lee et al. 1983; Maekawa et al. 1996).

-*…"
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The study of TnT target immunity may have given us some insight into this

paradox. TnT's transposition activities are distributed among many proteins, and different

combinations of these proteins appear to mediate target use versus target immunity.

Promoting transposition requires both TnsA and TnsB: the active sites responsible for

DNA breakage and joining appear to be divided between TnsA and TnsB and the catalytic

activities of TnsA and TnsB are interdependent (May and Craig 1996; Sarnovsky et al.

1996). By contrast, the requirements for target immunity appear to be more minimal:

TnsB bound to a single transposon end can interact with TnsC to prevent target use; Tns.A

does not appear to be involved. Future work is needed to determine whether the

interaction(s) between TnsA+B and TnsC that result in transposition are the same or

different from the interaction(s) between TnsB and TnsC that result in immunity. Toward

that end, it would be very interesting to screen for TnsB mutants that retain the ability to

promote transposition but fail to promote target immunity.

Comparison to other mechanisms for silencing DNA

Tn? and Mu achieve target immunity by preventing a region of DNA from being

able to engage the transposition machinery. This phenomenon is conceptually similar to

transcriptional silencing, in which regions of the chromosome -- for example, the silent

mating type loci and telomeres in yeast -- become unable to engage the transcriptional

machinery. Silent chromosomal regions are packaged in Specialized heterochromatin-like

structures that render the DNA inaccessible to many proteins, including the basal

transcriptional machinery (reviewed in Loo and Rine 1995 and Zakian 1996). Thus, genes

within silent chromatin are unable to interact with RNA polymerase, just as target sites on

immune plasmids are unable to interact with transposase. Although the outcomes of these

two processes are similar, the strategies used to achieve the "silent" state are significantly
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different: transcriptional silencing involves the assembly of an inactive protein-DNA

structure, whereas target immunity involves the disassembly of an active structure.

TnT transposition: Extending the immunity mechanism to multiple forms of target site

selection

Tn? and Mu both evaluate potential target DNAs for negative signals, namely the

presence of transposon ends. However, Tn? is uniquely able to evaluate potential target

DNAs for positive signals. Tn? transposition is preferentially directed into attTnT.

sequences or into plasmids undergoing conjugation (Barth et al. 1976; Hauer and Shapiro

1984; Wolkow et al. 1996). We propose that the interations between TnsB and TnsC

described in this work may facilitate all of these types of TnT target site selection. By

promoting TnsC's dissociation from DNA in general and from immune targets in particular

(Figure 6B), TnsB increases TnsC's ability to "sample" the various target molecules

present in the cell or the test tube. Therefore, TnsC would be more likely to find favorable

target sites (such as att'TnT) and less likely to be trapped on unfavorable targets.

Nonhydrolyzable ATP analogs, by contrast, appear to reduce TnsC's ability to

sample different target DNAs. In the presence of AMP-PNP, TnsC appears to be locked in

an active conformation; its affinity for DNA is increased (Gamas and Craig 1992) but its

ability to respond to the positive and negative features of a potential target DNA is

decreased. Tn? is markedly less successful at finding att'TnT target sites in the presence of

AMP-PNP, as well as less successful at avoiding Tn? end-containing targets (Bainton et al.

1993).

Therefore, our investigations into the mechanism of target immunity may have

revealed a theme that is common to all forms of TnT target site selection: the importance of

controlling the distribution of TnsC. Although TnsC binds to DNA with no particular
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sequence specificity (Gamas and Craig 1992), its localization among target DNAs is hardly

random. TnsC is recruited to attTnT sites by TnsD; the formation of TnsC-TnsD-attTnT.

complexes has been documented by DNA protection and mobility shift assays (Bainton et

al. 1993). ThsC may be similarly recruited to conjugating plasmids by TnsE. Finally,

experiments in this work suggest that TnsC is removed from TnT end-containing targets by

TnsB. Therefore, we speculate that TnsC's distribution is a molecular reflection of the

positive and negative features of the available target DNAs, and provides a means of

attracting the Tn? transposase to the most favorable targets.
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MATERIALS AND METHODS

DNA substrates

The donor plasmid pBMA (5.9 kb) contains a 1.6 kb mini-Tm7 element (mTnT), in

which 166 bp from the left end of Tn? and 199 bp from the right end of Tn? flank a

kanamycin resistance marker (Bainton et al. 1993). All of the target plasmids used in this

work are derivatives of puC (except the catenation plasmids, which are derivatives of

pBR322). The target plasmids pKAO4-3 (2.8 kb) and pKM2 (3.2 kb) contain the

sequences necessary for att'TnT target activity (McKown et al. 1988). The target plasmid

pla 1 1 (3.6 kb) was derived from pKM2, and contains a TnT right end (including the R1

199 sequences) located approximately 1 kb from the att'TnT site (Bainton et al. 1991). The

target plasmid pKM2L (3.7 kb) was generated in this study by cloning the HindIII-Scal

fragment from pla 19 (Arciszewska et al. 1989), containing L1-166 sequences, into

pRM2. The left end sequences in the resulting plasmid were approximately 0.8 kb from

the attTnT site. The plasmids plat 2 (2.8 kb) and pLA77 (3.1 kb) contain the sequences

R38-199 from the Tn? right end and L109-166 from the Tn? left end, respectively

(Arciszewska et al. 1989; Arciszewska et al. 1991); these plasmids do not contain attTnT.

sites.

The catenation-competent plasmid pKCAT2 (4.8 kb) was constructed in two steps.

First, an EcoRI-Sall fragment from peMA, containing R1-199 sequences, was cloned into

pNG210 (Boocock et al. 1995) to generate pKCAT1. An att'TnT site was then introduced

by replacing the Afll/I-Ndel fragment of pKCAT1 with the Afli■ I-Ndel fragment from

pKAO4-3. The right end sequences and the attTnT site were approximately 2.2 kb apart in

the resulting plasmid pKCAT2.

;
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Tns proteins

TnsA was purified as a fusion with glutathione-S-transferase (GST) and then

released from the GST moiety by thrombin cleavage (May and Craig 1996). Thsa was

stored at -800 in 25 mM HEPES (pH 7.5), 1 mM EDTA, 150 mM NaCl, 1 mM DTT, 5%

glycerol and 0.25 mM PMSF. TnsB was TnsB-Hisé (Gary et al. 1996) and was stored in

25 mM HEPES (pH 7.5), 500 mM KCI, 2 mM DTT, 1 mg/ml BSA and 25% glycerol.

TnsC was fraction III (Gamas and Craig 1992) and was stored in 25 mM HEPES (pH

7.5), 1 M NaCl, 2.5 mM DTT, 1 mM ATP, 10 mM MgCl2, 0.1 mM EDTA, 10 mM

CHAPS and 10% glycerol. Before use, TnsC was diluted 1:5 in a buffer identical to the

storage buffer except without ATP. TnsD was TnsD-His (Sarnovsky et al. 1996; P. L.

Sharpe and N. L. Craig, manuscript in preparation) and was stored in 50 mM Tris (pH

7.5), 2 mM DTT, 500 mM KCI, 1 mM EDTA and 25% glycerol.

The TnsCA225V mutation was introduced into the TnsC expression vector pPA101

(Gamas and Craig 1992) by replacing the HindIII fragment of pp.A101 with the 1.9 kb

HindIII fragment from a p(W15 plasmid containing the TnsCA225V mutation (Chapter 2).

TnsCA*V was expressed and purified using the protocol developed for TnsC (Gamas and

Craig 1992). One modification was introduced: the ammonium sulfate pellet was extracted

twice with Buffer A (containing 0.1 M NaCl) prior to resuspension in the storage buffer,

rather than the ammonium sulfate pellet being resuspended in Buffer B + 1.0 M NaCl,

reprecipitated by dialysis into Buffer B + 0.1 M NaCl, and then resuspended in the storage

buffer. This modification has also been used when purifying wild-type TnsC; no change in

protein activity has been observed but the protein yields are increased (A. Stellwagen and

N. L. Craig, unpublished observation).

:
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TnT transposition in vitro

Reactions were adapted from the procedure of Bainton et al. (1993). The final

reaction mixture (100 pul) contained 0.25 nM pEMA donor DNA, 0.83 nM each of various
---*target DNAs, 26 mM HEPES (pH 7.5), 3.3 mM Tris (pH 7.5), 2.1 mM DTT, 70 pg/ml

BSA, 0.03 mM EDTA, 0.1 mM MgCl2, 0.1 mM CHAPS, 12 mM NaCl, 15 mM KCI, 0.9

% glycerol, 4 plM PMSF, 2 mM nucleotide (ATP or AMP-PNP) and 15 mM MgAc unless

otherwise indicated. Tns proteins (1-2 pil each) were added to the following final amounts,

unless otherwise indicated: 60 ng TnsA, 25 ng TnsB, 10 ng TnsC (or 20 ng TnsCA225V)
;

and 20 ng TnsD.

The order of addition of the DNA substrates and the Tns proteins was varied in

different experiments; details are provided in the figure legends. The general strategy was

to preincubate the donor and target DNAs separately with different subsets of Tns proteins, ;
and then to combine the preincubated DNAS to initiate transposition. Target preincubations

(50 pul) usually contained TnsC and TnsD (or TnsCA225V and an equivalent volume of

TnsD buffer) in the presence or absence of TnsB (at 0.5X its final concentration, i.e. 12.5

ng). ATP (or AMP-PNP, when indicated) was added to the target preincubations; MgAc

was not. The donor preincubations (50 pul) always contained TnsA, 0.5XTmsB, and 15

mM MgAc. Donor and target preincubations were carried out for 20 min at 309 unless

otherwise indicated. The preincubations were then combined, the MgAc concentration was

adjusted back to 15 mM, and any proteins which had been omitted from the target

preincubation (i.e. 0.5X TnsB) were added. Therefore, the final composition of all

reactions in a given experiment was always the same. Reactions were incubated for

another 20 min and then stopped with the addition of 100 pul phenol:chloroform.

The DNAs from a transposition reaction were collected by ethanol precipitation,

subjected to Ndel digestion (unless otherwise indicated) and loaded on a 0.6% TBE

–97–



- **-

-** -

º -

**

- --gº
* --

- *
* *

* *
as

- * *

f"
* -- **** - - s

-º- ºr "se. "



agarose gel. 0.05 puCi of a *S-labelled DNA ladder (Amersham) was included on each

gel. Electrophoresis proceeded at 2 V/cm for 15 hours, to obtain good separation in the

relevant size range. The DNAs were transferred to Gene Screen Plus (NEN Research

Products) by capillary transfer. Blots were hybridized with a mTn?-specific probe, namely

the kanamycin resistance cassette which is contained within mTnT. Probes were labelled

by random priming with (0-32P) doTP and the Klenow fragment of DNA polymerase I

(BMB). Blots were analyzed by autoradiography using Kodak BioMax MR film or by a

Molecular Dynamics Phosphorimager.

Yö resolution reactions

The Yö resolution reactions were performed essentially as described by Reed

(1981). Reaction mixtures (100 pul) contained 3 pig proAT2, 22 mM Tris (pH 8.0), 10

mM MgCl2, 100 mM NaCl, 5% glycerol and 200 ng Yö resolvase protein (a gift from

Nigel Grindley). Reactions were incubated at 379 for 60 min. The reaction mixture was

then split, and half of the material was digested with Ndel. All reactions were stopped by

incubation with 0.4 mg/ml proteinase K in 0.25% SDS and 20 mM EDTA, followed by

heat-inactivation. DNAs were recovered by two rounds of phenol:chloroform extraction,

ethanol precipitation and resuspension in TE. The efficiency of the resolution reaction and

the concentration of the resolved and unresolved products were evaluated by agarose gel

electrophoresis.

;
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Figure 1. The Tn? transposition pathway.

The mTn? element is excised from the donor substrate (solid line) by double-strand

breaks and then joined to the target DNA (dashed line) to generate a simple insertion.

Donor molecules which have a double-strand break at the left or right end (DSB.L or

DSB.R) appear transiently as intermediates in the reaction, as does the fully excised linear

transposon (ELT). The cis-acting recombination sequences at the transposon ends are

indicated by an open triangle (left end) and a closed triangle (right end). The positions of

Ndel (N) sites in the donor and target plasmids are also indicated.

;
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Figure 2. Immunity requires TnsB to be present during target complex assembly.

A. The staging of the transposition reaction. Target plasmids with and without

transposon ends were preincubated with ATP and some or all of the Tns proteins at the

following relative concentrations: 0.5XTmsA, 0.5X TnsB, 1X TnsC (or TnsCA225V) and

1XTmsD (see Materials and Methods). A mTn? donor substrate was separately

preincubated with 0.5XTmsA and 0.5X TnsB in 15 mM Mg2+. The donor and target

preincubations were combined after 20 min. Any proteins omitted from the target

preincubation were then added to the reaction, so that all four Tms proteins were ultimately

present at 1X concentration in each reaction. The Mg2+ concentration was adjusted back to
15 mM and the incubations were continued for another 20 min. Reactions were then

stopped and the DNAs were collected and analyzed.

B. Transposition reactions. The proteins included in each target preincubation are

indicated above each lane. In lane 7, the target DNA without TnT ends was omitted from

the target preincubation, but was added when the donor and target preincubations were

combined. "T w/ end::mTn7" indicates simple insertions of mTn? into the target plasmid

containing a TnT end (pLA11); "T w/o end::mTn?" indicates simple insertions into the

target plasmid without Tn? ends (pKAO4-3).

;
:
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Figure 2A
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Figure 2B
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Figure 3. Targets containing TnsB binding sites can be rendered immune.

A. The left and right ends of TnT. TnsB binding sites (22 bp each) are indicated

by arrows. The terminal eight nucleotides of each end are indicated by grey boxes.

Nucleotide sequence positions are indicated above the ends, with the leftmost and rightmost

nucleotides designated L1 and R1, respectively.

B. Transposition reactions. Reactions were staged as cartooned in Figure 2A.

Target preincubations contained 20 ng TnsCA225V (except lanes 1-2, which contained 40

ng). 0.5XTmsB (12.5 ng) was added to the target preincubations (even lanes) or after the

donor and target preincubations were combined (odd lanes). Donor preincubations

contained 1X TnsA and 0.5X TnsB. Reaction products in lanes 1-6 were digested with

Ndel prior to electrophoresis, whereas reaction products in lanes 7-8 were digested with

Scal. Arrows indicate insertions into plasmids containing the TnT end sequences R1-199

(pLA11), L1-166 (pRM2L), R38-199 (pLA62) or L109-166 (pLA77); insertions into a

plasmid without Tn? ends (pRM2) are also indicated. Each target plasmid is a slightly

different size, therefore the insertion products are also of different sizes.

i
;
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Figure 3
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Figure 4. Immunity can be conferred to a target plasmid catenated to a TnT end-containing

plasmid.

A. Generating the catenated target substrates. The "attTnT + end" plasmid

pRCAT2 contains a TnT right end (closed triangle) and an attTnT target sequence (grey

box) between two recognition sites (res) for Yö resolvase. Resolvase-catalyzed

recombination of pKCAT2 yields two catenated circles, one containing attTnT. and the other

containing the TnT end. Treatment of the catenated product with Ndel (N) linearizes the

attTnT circle but leaves the TnT end-containing circle intact.

B. Transposition reactions. Reactions were staged as cartooned in Figure 2A. 50

ng of a target without ends (pRM2) were present in each reaction, along with

approximately 100 ng each of the "att'TnT + end" and "recombined attTnT" targets.

Transposition was evaluated with supercoiled target DNAs (lanes 1-3) or Ndel-linearized

target DNAs (lanes 4-5). However, all DNAs were digested with Ndel prior to

electrophoresis. Therefore, insertions into the catenated att'TnT target and the unlinked

att'TnT target migrate to the same position in the gel. Target preincubations contained 1X

TnsC and 1X ThsD (lanes 2-5); 0.5XTmsB was added to the target preincubation (lanes 3,

5) or added after the donor and target preincubations were combined (lanes 2, 4).

Reactions in lane 1 contained no Tns proteins. Donor preincubations were as described for

Figure 3. The upper arrow indicates insertions into the "attTnT + end" target, the lower

arrow indicates insertions into the catenated att'TnT target or the unlinked att'TnT targets.

Cartoons of these insertion products are also provided.

.
:
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Figure 4A
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Figure 4B

target DNA: s'coiled Ndel
digested

TnsB in / /

target preinc. - ~ + i + /
/

& /

-

-- att'Tn? + end
Donor — ::mTnT.

T w/o end—
-

recombined
::mTnT. "Tarºtºzºmin'■

N
N

N

-
N.

2.7 kb – DSBS N Or

i
:

– 108



Figure 5. TnsB can inactivate Tn? end-containing targets which have preassembled with

TnsC.

A. The staging of the reaction. Parallel sets of reactions were set up, in which

TnsCA225V was preincubated with a mixture of target DNAs with (pKM2L) and without

(pKAO4-3) Tn? ends. After 20 min, 0.5X TnsB was added to one set of target

preincubations but not the other; the target preincubations were then extended for 0–30 min.

Donor preincubations were as described for Figure 3. Transposition was initiated by

combining the donor and target preincubations. If 0.5XTmsB had not been added to the

target preincubation, it was added at this time. The incubations were continued for another

20 min, the reactions were then stopped and the DNAs collected and analyzed.

B. The effect of TnsB on the reactivity of Tn? end-containing target DNAs

preassembled with TnsCA225V in the presence of ATP. Reaction products were displayed

on a Southern blot and the amount of insertion into the two target DNAs was quantitated by

phosphorimager analysis. Relative target reactivity was calculated by dividing the amount

of insertion into the target with Tn? ends by the total amount of insertion into both targets.

The reactivity of the TnT end-containing target DNA after the first 20 min of preincubation

(i.e. before TnsB's introduction) was defined as 100%, and the change in 9% target

reactivity is plotted as a function of the time the target preincubation was extended in the

presence (filled shapes) or absence (open shapes) of TnsB.

C. Effect of TnsB on the reactivity of Tn? end-containing target DNAs

preassembled with TnsCA225V in the presence of AMP-PNP. Target reactivities were

determined as in (B).
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Figure 5
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Figure 6. Thsb increases the use of target DNAs added late into the target preincubation.

A. The staging of the reaction. Two target DNAs were introduced into the reaction

at different times. 1X TnsC (5 ng) and 0.5XTmsD (11 ng) were preincubated with target

#1 in the presence of ATP or AMP-PNP. After 20 min, target #2 (which had been

separately preincubated with 0.5XTmsD) was added to each reaction, and the target

preincubation was continued for another 20 min. 0.5X TnsB was added to the target

preincubation (even lanes) or added after the donor and target preincubations were

combined (odd lanes). Donor preincubations were as described for Figure 3. After a

further 20 min incubation, the reactions were stopped and the DNAs collected and

analyzed.

B. Transposition reactions. Lanes 1-4: A Th7 end-containing target (pRM2L) was

added first (T #1), a target without ends (pKAO4-3) was added second (T #2). Lanes 5-8:

A target without Tn? ends (pKM2) was added first (T #1), a different target without ends

(pKAO4-3) was added second (T #2). The nucleotide present in each reaction is indicated.
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Figure 7. Model for Tn? target immunity.

Potential target DNAs with and without Tn? ends are cartooned. The Tn? end

containing target DNA is initially bound by both TnsB and TnsC; interactions between

TnsB and TnsC are proposed to trigger the dissociation of TnsC from the TnT end

containing target DNA. Displaced TnsC molecules can recycle and reassociate with other

target DNAs, so that at equilibrium, TnsC is predominantly localized on targets without

Tn? ends. Therefore, only the target DNAs without Tn? ends are able to interact with the

mTn? transposon (drawn here with its ends synapsed and bound by the TnsA+B

transposase) and initiate transposition.

i
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Chapter 4

Biochemical characterization of TnsC

and two gain-of-function TnsC mutants.
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ABSTRACT

TnsC has been proposed to be a key regulator of the interactions between the

TnsA+B transposase and the target site. However, TnsCW" is not sufficient to activate Th7

transposition; inputs from TnsD, the att'TnT-specific target site selector, are also required.

Several gain-of-function TnsC mutants have recently been isolated that can activate the

TnsA+B transposase in the absence of TnsD. Two of these mutants have been studied in

this work. The ability of these TnsC mutants to promote Tn? transposition in vitro has

been examined, and the biochemical properties of the wild type and mutant proteins have

been compared. Both TnsC mutants were found to have increased affinities for target

DNAs and altered interactions with ATP, although intriguingly, the ATP interactions of

each mutant were distinct. We have also characterized the physical and functional

interactions between TnsC and the TnsA+B transposase. These studies provide evidence

to substantiate the hypothesis that TmsC is a connector between the Tn? transposase and the

target site. Furthermore, these studies suggest that modulating TnsC's ATP state provides

a powerful mechanism to regulate this connection.

}

-1 16



---
, - . - - ***
- -----

... ---- - - - - "*: -
--- * * *

------e." * *

-- . . . *
- --" - " ---

º

*** * * * - -

*** * * *

tree-a-ºº:-*



INTRODUCTION

Transposons are discrete DNA elements that can move from one genetic location to

another. Most elements encode one or two proteins that mediate their transposition, and

most elements can insert into a wide variety of target sites. The bacterial transposon Th7 is

unusual in that it encodes five proteins -- TnsA, TnsB, TnsC, TnsD and TnsE -- which are

used in different combinations to direct Tn? into different types of target sites (Rogers et al.

1986; Waddell and Craig 1988). Ths/ABC+D promotes transposition at high frequency

into a single site in the E. coli chromosome called att'TnT., whereas TnsABC+E promotes

transposition at lower frequency into chromosomal sites unrelated to att'TnT. and,

preferentially, into conjugating plasmids (Barth et al. 1976; Lichtenstein and Brenner 1982;

Rogers et al. 1986; Waddell and Craig 1988; Kubo and Craig 1990; Wolkow et al. 1996).

Thus, TnsABC constitutes the core transposition machinery that is required for all

transposition reactions. However TmsABC alone is inactive; inputs from TnsD or TnsE are

required to activate the TnsABC machinery and to select the target site.

In addition to recognizing positive features of a potential target DNA, such as the

presence of an attTnT sequence, the Tn? transposition machinery also recognizes and

avoids unfavorable target DNAs. For example, target DNA molecules that already contain

a resident Th7 element are "immune" to the TnT transposition machinery (Hauer and

Shapiro 1984; Arciszewska et al. 1989). Transposition immunity is observed in both the

TnsABC+D and the TnsABC+E pathways.

Reconstitution of the TnsABC+D transposition reaction in vitro (Bainton et al.

1993) has allowed the roles of the individual Tns proteins to be elucidated. Ths/A and

TnsB act interdependently to execute the catalytic steps of Tn? transposition; therefore

TnsA+B is considered the TnT transposase (May and Craig 1996; Sarnovsky et al. 1996).

TnsB binds to specific recombination sequences at the ends of the Tn? element; Ths/A is

i
}

– 117–



*y
!

ºw
- * *

... • * *****

** * _* -º

- - - -
º

º ** →

*"
º

*** * *
*

* -a - _*

- º



likely recruited to these ends through protein-protein interactions with TnsB (Arciszewska

et al. 1991, Arciszewska and Craig 1991; Tang et al. 1991). However, TnsA+B cannot

initiate TnT transposition unless TnsC, TnsD, and an att'TnT molecule are also present

(Bainton et al. 1993). TnsC is an ATP-dependent, nonspecific DNA binding protein

(Gamas and Craig 1992) that is recruited to attTnT sites through interactions with TnsD, an

att'TnT-specific DNA binding protein (Bainton et al. 1993). The TnsC-TnsD-attTnT target

complex can then interact with the TnsA+B transposase to initiate Tn? transposition.

TnsC's ability to participate in Tn? transposition is regulated by its ATP state.

TnsC must be ATP-bound in order to interact with TnsD and associate with the target DNA

(Gamas and Craig 1992; Bainton et al. 1993). Nonhydrolyzable ATP analogs can also

support Tm7 transposition. However, under these conditions, the target site selectivity of

Tn? transposition is lost. In the presence of AMP-PNP, the core TnsABC machinery

becomes capable of promoting Tn? transposition independent of TnsD (Bainton et al.

1993), and transposition is no longer directed into att'TnT. nor away from immune targets.

These observations suggest that nonhydrolyzable ATP analogs lock ThsC in a

constitutively active conformation that can direct TnT transposition into any target DNA

molecule provided.

TnsC's activity can also be influenced by mutation. We have recently isolated gain

of-function TnsC mutants that enable the TnsABC machinery to promote Tn? transposition

in vivo in the absence of TnsD and TnsE (Chapter 2). Two classes of TnsC mutants, with

distinct transposition phenotypes, were recovered. Transposition promoted by the Class I

mutants retained the ability to respond to different target DNA signals that is characteristic

of wild type Tn? transposition; transposition reactions containing Class I TnsC mutants

could still be stimulated by TnsD+attTnT. and could still avoid immune targets. By

contrast, transposition promoted by the Class II mutants occurred essentially constitutively

into any target DNA, regardless of the positive or negative features of that DNA.

}
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In this work, we have purified a representative of the Class I and Class II TnsC

mutants, and examined their ability to promote Tn? transposition in vitro. The partial

activities of the TnsC mutants were also evaluated, in an effort to understand how the

mutants had acquired their gain-of-function phenotypes. Both mutants were found to have

increased affinities for target DNAs and altered interactions with ATP, although

intriguingly, the ATP interactions were different for the different mutants. In addition, we

have characterized the interactions between TnsC and the TnsA+B transposase, and

identified a domain of TnsC that is responsible for that interaction. These studies support

the proposal that TnsC functions as a connector between the TnT transposase and the target

site, and suggest that altering TnsC's interactions with ATP provides a powerful

mechanism to regulate this connection.
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RESULTS

TnsC mutants promote TnT transposition in vitro

Tn? transposition in vitro proceeds via a cut-and-paste mechanism, in which a 2
º ºminiTn? element (mTn?) is excised from a donor DNA molecule and inserted it into an

-

attTnT-containing target DNA (Bainton et al. 1991, 1993). The mTnT element contains the

cis-acting recombination sequences from the left and right ends of Tn?; these sequences

flank an antibiotic resistance marker. As cartooned in Figure 1, the mTn? element is ;
released from the donor backbone by double-strand breaks at the transposon ends (the

donor cleavage step). Donor molecules that are broken at either the left or the right end

(DSB.L or DSB.R) appear transiently as intermediates in the reaction, as do fully excised

linear transposons (ELTs) (Bainton et al. 1991; Sarnovsky et al. 1996). The ELT is then

joined to the target molecule (the strand transfer step) to produce a simple insertion (SI).

The abilities of different combinations of Tns proteins to promote Tn? transposition

are evaluated in Figure 2. TnsA and TnsB were present in all of these reactions, yet

TnsA+B alone was inactive (lane 1). TnsABCW" was capable of initiating some

transposition events: a small number of broken donor molecules were generated, but very

few simple insertion products were seen (lane 2). By contrast, in the presence of TnsD,

the TnsABCW" machinery became extremely efficient at promoting Tn? transposition: more

than 70% of the donor molecules in the TnsABCW' +D reaction were converted into simple

insertions (lane 5).

Several gain-of-function TnsC mutants have been isolated that relieve the

dependence of the TnsABCW" machinery on TnsD in vivo (Chapter 2). Two of these

mutants were selected for biochemical characterization in this work. The Class I mutant

TnsCA225V contains a mutation in the amino-terminal half of the protein, eight residues
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away from one of TnsC's ATP motifs. Transposition promoted by TnsCA225V in vivo

retains the ability to respond to different target DNA signals and target selection factors.

The Class II mutant TnsCS40/YA402 contains a three nucleotide deletion in the carboxy

terminal half of the protein that impacts two adjacent amino acids of the wild type protein.

TnsC■ 40/YA402 promotes transposition essentially constitutively into both favorable and

unfavorable target molecules in vivo.

TnsCA225V and TnsCS401 YA402 were purified using the protocol developed for

TnsCW' (Gamas and Craig 1992), and the transposition activities of these TnsC mutants

were investigated in vitro. Both TnsCA225V and TnsCS40|YA402 were more efficient than

TnsCW' at promoting Tn? transposition in the absence of TnsD (lanes 3, 4). In fact, the

ability of the TnsABCA225W machinery to generate simple insertions rivalled that of the

TnsABCW'4-D machinery. Thus, the TnsC mutants display a gain-of-function phenotype in

vitro as well as in vivo.

TnsABCW'+D transposition reaction is notable for the tight coupling of the donor

cleavage and the strand transfer steps. Virtually all transposition reactions that are initiated

are rapidly driven to completion; very few intermediates accumulate (Bainton et al. 1991,

1993). However, the reactions containing the TnsC mutants appear to be less tightly

coupled: more double-strand breaks and ELTs were seen in reactions containing

TnsABCS401 YA402 and TnsABCA225V than in reactions containing TnsABCwt+D. This

was especially true for TnsABC■ 40|YA402, where double-strand breaks were the major

products of the reaction. These double-strand breaks do not chase into insertion products

upon prolonged incubation (data not shown), suggesting that altered properties of the

mutant reaction, not slower kinetics, are responsible for the accumulation of broken donor

molecules.

Target site selection and the impact of TnsD
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In the analysis above, the transposition reactions were digested with the restriction

enzyme Ndel prior to their electrophoresis. Ndel linearizes the substrates and products of

the transposition reaction (Figure 1), providing an excellent way to compare the efficiencies

of the wild type and mutant reactions. However, additional restriction enzyme analysis

was required to compare the target site selection of the wild type and mutant machineries.

The target plasmid used in this work contained an attTnT. site that was flanked by EcoRI

sites. Therefore, EcoRI digestion allowed us to determine whether the insertions generated

in the wild type and mutant transposition reactions were located in the small (136 bp)

fragment containing att'TnT. or the much larger (2.7 kb) vector backbone (Figure 3,

cartoon).

Insertions generated by the TnsABCW'+D machinery were found exclusively in the

att'TnT fragment (Figure 3A, lane 2), consistent with the results of Bainton et al. (1993).

By contrast, transposition promoted by the TnsC mutants was not preferentially directed

into attTnT. Instead, TnsABC■ 40|\A402 insertions found only in the vector backbone

(lane 3), and the vast majority (96%) of TnsABCA225V insertions were also located in the

vector backbone (lane 5). The remaining 4% of the TnsABCA225V insertions were found

in the attTnT fragment, although their exact location within that fragment was not

determined. Thus, while the TnsC mutants have gained the ability to stimulate Tn?

transposition in the absence of TnsD, they have not mimicked TnsD's ability to direct

insertions into att'TnT.

We also examined whether TnsD can impact the target site selection of the mutant

TnsABC machineries. Adding TnsD to the TnsABC■ 40|YA402 transposition reaction did

not increase the amount of insertion into the att'TnT fragment (lane 4). However, the target

site selection of the TnsABCA225W machinery was strongly influenced by TnsD: 65% of

the insertions generated by TnsABCA225V in the presence of TnsD were located in the
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att'TnT fragment (lane 6). These results suggest that the TnsABCA225W machinery is

responsive to TnsD, whereas the TnsABCS401 YA402 machinery is not.

Finally, we investigated whether the insertions promoted by the TnsC mutants were

preferentially localized to specific sites (other than attTnT) in the target plasmid, or whether

the insertions were randomly distributed. This question was addressed by digesting the

transposition reactions with HindIII, an enzyme that cuts once inside the mTn? element and

once in the target plasmid (see cartoon). Therefore, insertions at different positions would

generate HindIII fragments of different sizes. No prominent bands were observed when

the TnsABC■ 40|YA402 transposition reaction was digested with HindIII (Figure 3B, lane

2). Instead, a diffuse smear of products was seen upon prolonged exposure of the

autoradiogram (data not shown), suggesting that the TnsABC■ 40|YA402 insertions

occurred into a wide variety of target sites. A smear of products was also seen following

HindIII digestion of the TnsABCA225W reaction (lane 3); this smear was easier to detect

since the TnsABCA225W reaction is more efficient. Some prominent bands were visible

within the smear, suggesting that TnsABCA225W may promote transposition into some

target sites more frequently than others. However, a high-resolution analysis of these

transposition products revealed that TnsABCA225V insertions can be detected at virtually

every nucleotide position in the target plasmid (Biery, Stellwagen and Craig, manuscript in

preparation). We conclude that the TnsABCS401 YA402 and the TnsABCA225W

transposition reactions display little target site specificity.

The TnsC mutants can activate TnT transposition under adverse reaction conditions

TnT transposition is dependent not only on the Tns proteins, but also on two

essential cofactors, ATP and Mg2+ (Bainton et al. 1993). ATP plays a regulatory rather

than a catalytic role in TnT transposition, serving as a ligand to activate TnsC (Gamas and
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Craig 1992). The TnsABCW'+D machinery cannot promote transposition in the presence

of ADP (Bainton et al. 1993), and experiments with mixed ADP and ATP nucleotides have

demonstrated that ADP is, in fact, a potent inhibitor of TnsABCW4-D transposition (A.

Stellwagen and N. L. Craig, unpublished observation). Here we compared the effects of

ADP on the wild type and mutant transposition reactions (Figure 4, lanes 1-4). Like

TnsABCw4-D, the TnsABCA225V transposition reactions were strongly inhibited by ADP.

Strikingly, however, ADP did not inhibit the TnsABC■ 40|YA402 transposition machinery.

Additional experiments have demonstrated that similar levels of TnsABC■ 40|YA402

transposition are achieved in the presence of ADP, ATP, the nonhydrolyzable ATP analog
i:

AMP-PNP, or in the absence of exogenously added nucleotide (data not shown).

These observations raise the intriguing possibility that TnsCS401 YA402's ability to

participate in Tn? transposition might be independent of its nucleotide binding state.

However, all TnsC proteins are purified and stored in the presence of ATP, and are likely

introduced into the transposition reaction in an ATP-bound state. Therefore,

TnsCS40|YA402's failure to respond to ADP could also be the result of an altered affinity

for ATP. For example, TnsCS40|YA402 might be so tightly associated with the ATP

molecule with which it was purified, that it cannot exchange with the ADP molecules

present in the transposition reaction. As a result, TnsC■ 40|YA402 would be oblivious to

the presence of this inhibitor. Either of these possibilities -- independence from nucleotides

or the failure to exchange nucleotides -- could account TnsCS40 YA402's constitutively

active phenotype.

Whereas ATP is a regulator of TnT transposition, Mg2+ is primarily important for

the chemistry of the reaction. The DNA breakage and joining reactions require divalent

cations (Bainton et al. 1991, 1993), and mutational analysis has identified a cluster of

acidic residues in both TnsA and TnsB that are believed to coordinate Mg2+ in the active

sites of these transposase proteins (May and Craig 1996; Sarnovsky et al. 1996).
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However, Mg2+ also has a negative impact on TnsC and TnsD; both proteins bind DNA

very poorly in the presence of Mg2+ (Gamas and Craig 1992, Bainton et al. 1993). To

accommodate these different requirements for Mg2+, the standard in vitro transposition

reaction is staged: TnsCand TnsD are first preincubated with the target DNA under low

(0.1 mM) Mg2+ conditions to assemble target complexes; then the Mg2+ concentration is

adjusted to 15 mM and the remaining reaction components are added to initiate

transposition.

The sensitivities of the wild type and mutant reactions to Mg2+ were probed in

Figure 4 (lanes 5-8). Including 15 mM Mg2+ in the target preincubation strongly inhibited

the TnsABCW'4-D transposition reaction, consistent with the observations of Bainton et al.

(1993). However, reactions promoted by TnsABCS401 YA402 and TnsABCA225V were

much less affected. The Mg2+ resistance of these reactions could be due to the absence of

TnsD, or due to altered sensitivities of the TnsC mutants to Mg2+. We examined this latter

possibility below.

TnSC mutants bind DNA with increased affinities

The ability of the TnsC mutants to promote transposition in the presence of ADP

and/or Mg2+ suggested that the DNA binding activity of TnsCW' -- which is sensitive to

both of these cofactors -- may be altered in the TnsC mutants. Therefore, we directly

compared the abilities of the wild type and mutant TnsC proteins to bind radiolabelled

DNA, using a filter binding assay (Gamas and Craig 1992). All three TnsC proteins

readily bound the radiolabelled DNA substrate (data not shown). However, when that

DNA binding was challenged by the addition of Mg2+, differences became apparent

(Figure 5A). ThsCW's ability to bind DNA dropped sharply in the presence of increasing
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concentrations of Mg2+, consistent with the results of Gamas and Craig (1992), but

TnsCS401 YA402 and TnsCA225V were much less severely affected. These results suggest

that the Mg2+ resistance of the mutant transposition reactions is not due to the absence of

TnsD, but the altered DNA binding properties of the TnsC mutants.

Why are the mutants more resistant to Mg2+? Although the particular interactions

between the mutant proteins and the metal could be different, a more general explanation is

that the inherent affinities of the TnsC mutants for DNA might be increased. This

possibility was investigated in pulse-chase experiments. TnsC was first allowed to bind

the radiolabelled DNA substrate for 15 min. A 500-fold excess of unlabelled competitor
■ :

DNA was then added, and the incubations were continued for various times. The amount

of the radiolabelled DNA that remained bound to the protein was then determined by filter

binding. Mg2+ was not added to these experiments.

The dissociation of TnsCW" from the radiolabelled DNA was readily detected upon

the addition of cold competitor (Figure 5B); less than 30% of original DNA remained

bound by TnsCwt after 30 minutes' exposure to competitor. By contrast, TnsCS401 YA402

and TnsCA225W retained more than 80% binding to the radiolabelled substrate after the

same challenge, suggesting that these TnsC mutants have significantly slower rates of

dissociation from DNA than TnsCW'. We have also observed that the affinity with which

TnsCW' binds DNA can be modulated by changing the concentration or the type of

nucleotide present in the reaction. Lowering the concentration of ATP (from 250 puM to 10

HM) markedly increases the rate at which TnsCW" dissociates from the DNA (data not

shown). By contrast, in the presence of the nonhydrolyzable analog AMP-PNP, TnsCW"

was capable of binding the DNA as stably as the TnsC mutants (Figure 5B).

These results suggest that TnsC's affinity for DNA can be enhanced by mutation or

by changing the ATP ligand with which TnsC is associated. Both of these strategies also

enable TnsC to promote Tn? transposition in the absence of TnsD. Therefore, TnsC's
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capacity to bind DNA correlates with its ability to promote TnT transposition.

Nucleotide exchange and the impact of TnsD

The increased DNA binding affinities of the TnsC mutants could be the primary

change responsible for their gain-of-function phenotypes. However, since TnsC's DNA

binding activity is ATP-dependent, the increased affinities for DNA could also be

secondary effect, a consequence of altered interactions of the TnsC mutants with ATP.

Therefore, we investigated the capacities of the wild type and mutant TnsC proteins to bind

:

and hydrolyze ATP. TnsC's ATP binding activity was originally demonstrated by

nucleotide crosslinking and SDS-PAGE analysis (Gamas and Craig 1992). For this work,

we developed a more quantitative assay. TnsC was incubated with a mixture of hot and

cold ATP for 30 min. The protein was then recovered using G50 Sephadex spin columns;

the amount of the radiolabelled tracer that associated with TnsC was measured and the total

amount of nucleotide binding was calculated. Since the TnsC proteins are purified and

stored with ATP, we expect that this assay is not simply measuring TnsC's ability to bind

ATP but to its capacity to exchange nucleotides.

In Figure 6, TnsCW (8.6 pmoles) was found to bind 0.24 pmoles of ATP.

Assuming that each TnsC molecule is capable of binding one molecule of ATP, this would

represent 3% of the TnsC molecules having undergone (at least one round of) nucleotide

exchange. When DNA was included in the reaction, the number of TnsC molecules that

exchanged nucleotides increased to 10%, while the presence of TnsD+attTnT increased that

total to 28%. TnsD did not impact TnsC's ATP binding activity in the absence of DNA

(data not shown), and TnsD+DNA by itself did not have any significant ATP binding

activity.

These results suggest that TmsD not only recruits TnsC to att'TnT but also influences
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the ATP state (and thus the activity) of the TnsC molecules that bind attTnT. The molecular

details of TnsD's effect remain to be determined -- TnsD might be stabilizing the ATP

bound conformation of TnsC; alternatively, TnsD might be facilitating TnsC's release of

ADP. Nonetheless, this experiment provides the first evidence to support the hypothesis

that other components of the TnT transposition machinery modulate TnsC's activity by

influencing its interactions with ATP.

TnsCS40 YA402 appears to possess a similar intrinsic ability to exchange

nucleotides as TnsCW, and TnsCS40|YA402 was similarly stimulated by DNA. However,

TnsCS40|YA402's ability to exchange nucleotides was not further stimulated by TnsD.

*

These results are especially interesting in light of the previous observations that

TnsABC■ 40|YA402 transposition reactions were not inhibited by ADP (Figure 3A). Since

TnsCS40|YA402 does not appear to be deficient in nucleotide exchange, we are intrigued by

the possibility that TnsCS40/YA402 binds but is uniquely not inactivated by ADP.

TnsCA225V's ability to exchange nucleotides more closely mirrored TnsCW, being

stimulated by DNA and further stimulated by TnsD+attTnT. Thus, the TnsD modulates

both the ATP state and the target site selectivity of TnsCW" and TnsCA225V, whereas TnsD

does not modulate either of these activities with TnsCS40|YA402.

ATP hydrolysis by TnsC

Different nucleotides have tantalizingly different effects on TnsCW's abilities to

bind DNA and to participate in TnT transposition. TnsCW" is inactive in the presence of

ADP, active (but dependent on TnsD) in the presence of ATP, and constitutively active in

the presence of nonhydrolyzable ATP analogs (Gamas and Craig 1992; Bainton et al.

1993). Therefore, we have suspected that TnsC is an ATPase that switches between active

and inactive conformations upon ATP binding and hydrolysis. An ATPase activity has
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been detected in the highly purified TnsC protein samples (cited in Chapter 2). Here, we

have investigated whether that ATPase activity cofractionates with the TnsC polypeptide,

and we have compared the ATPase activities of the wild type and mutant proteins.

TnsC (Fraction II.5) was applied to a Superose 12 size exclusion column; the

analysis of fractions collected from that column is presented in Figure 6. TnsC, which has

a predicted molecular weight of 58 kD, eluted from the column as a single peak; however,

comparisons with the elution profiles of a cocktail of calibration standards revealed that the

TnsC peak did not elute at the position expected of a 58 kD globular protein (data not

shown). Instead, TnsC eluted between the positions expected for monomer and dimer

:

forms of TnsC. This may indicate that TnsC is not a globular protein; alternatively, TnsC

may exist as a dynamic mixture of monomers and dimers, and therefore may elute at a

position intermediate between those two species.

The protein composition of the column fractions was analyzed by SDS-PAGE and

silver staining (Figure 7A); these fractions were then assayed for transposition and ATPase

activity. Results from these experiments are presented in Figure 7B. An ATPase activity

(triangles) was identified that cofractionates with the TnsC protein (circles) and the

transposition activity (squares). The ATPase activity is quite modest; the estimated

turnover number in this experiment was 1.3 moles ADP/moles TnsC/hr.

We have also investigated the ability of the TnsC mutants to hydrolyze ATP.

TnsCA225V was also found to cofractionate with an ATPase activity (data not shown).

Interestingly, the TnsCA225V mutant appears to be less proficient than TnsCW" at

hydrolyzing ATP (Figure 8). This result may indicate that TnsCA225V spends more time in

an active, ATP-bound conformation than does TnsCW", which could contribute to the gain

of-function phenotype of this mutant. ThsCS40/YA402's ability to hydrolyze ATP has not

yet been resolved. Although an ATPase activity can be detected in the TnsCS40|YA402

- 129–



º -- ... - sº* *
-

* - ** - sº- **
** - * * * *- :

* * ** * si
.” -

* -
*** * * - - -

* *
-

|
º - -
; : * ~ * * *

------- *** * *

***** *

ºf zatº ºr ****
*** *.

f *-* ... •----' * *

-
****,<--º

-****
-***



protein samples, this protein does not purify as cleanly as TnsCwt and TnsCA225V, and it

has not yet been possible to unambiguously tie that activity to the TnsCS401 YA402

polypeptide.

Interactions between TnsC and the TnsA+B transposase

TnsC has been proposed to interact not only with the target DNA, but also with the

transposase (Bainton et al. 1993; Chapter 2). Since TnsA+B becomes capable of executing

Tn? transposition in the presence of the TnsC mutants (and TnsCwt + AMP-PNP), it is

attractive to speculate that these proteins directly interact. However, other possibilities can

also be imagined. For example, TnsC might bind and distort the target DNA in a way that

enables TnsA+B to gain access to the target site. In the following experiments, we

investigated whether TnsCW" can interact with the TnsA+B transposase independent of

TnsCW's interactions with the target DNA.

The conditions of the TnT transposition reaction were modified to uncouple the

donor cleavage step from its usual dependence on TnsD and an appropriate att'TnT target

site. The target DNA was omitted from the these reactions, as was the low Mg2+

preincubation step that facilitates TnsC's binding to DNA. Instead, TnsA, TnsB, TnsCW"

and the donor DNA were all incubated together in the presence of Mg2+. The reactions

also contained a high concentration of glycerol, which has been found to stimulate donor

cleavage (Biery, Lopata and Craig, manuscript in preparation). Although TnsA+B is

sufficient to catalyze donor cleavage when the alternative cation Mn2+ is present (Biery,

Lopata and Craig, manuscript in preparation), TnsA+B is not able to trigger donor cleavage

under the Mg2+ conditions used here (Figure 9, lane 1). Instead, we found that the

cleavage activity of TnsA+B is highly dependent on TnsC: including TnsCW" in these

reactions stimulated the production of double-strand breaks in a dosage-dependent manner
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(lanes 2-5). ThsD was not required for TnsCW's activity, and adding TnsD to these

reactions did not provide any additional stimulation of donor cleavage (data not shown).

These results suggest that, under the conditions of the donor cleavage assay, TnsCwt is

able to functionally interact with the TnsA+B transposase.

Does the ATP state of TnsC regulate its ability to promote donor cleavage? This

question has been difficult to resolve. Since TnsC is purified and stored in the presence of

ATP, TnsC was likely introduced into the donor cleavage reactions in an ATP-bound state,

and the protein storage buffer contributed a small amount of ATP (10 puM) to the reaction.

We have investigated whether ADP can inhibit TnsC's ability to stimulate donor cleavage,

:

but found the results to be very dependent on the reaction conditions. Adding ADP directly

to the reaction did not significantly inhibit donor cleavage (data not shown). However,

preincubating the components of the reaction with ADP prior to the addition of glycerol

profoundly inhibited donor cleavage, whereas a similar preincubation with ATP was not

inhibitory (data not shown). Therefore, we suspect that TnsC's ability to promote donor

cleavage may in fact be regulated by its ATP state, but that the conditions of the donor

cleavage assay may also be influencing TnsC. For example, the high glycerol

concentrations may be stabilizing the active conformation of the protein, or interfering with

TnsC's ability to hydrolyze and/or exchange nucleotides.

The abilities of the TnsC mutants to stimulate donor cleavage have also been

examined. ThsCwt, TnsCS401 YA402 and TnsCA225V were found to promote essentially

equivalent levels of donor cleavage under these conditions (data not shown). These results

may indicate that the TnsC mutants are not altered in their interactions with the TnsA+B

transposase. Alternatively, authentic differences in the activities of the TnsC mutants may

be masked by the conditions of the donor cleavage assay.

The carboxy-terminal half of TnsC contains the TnsA+B interaction domain
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In our previous in vivo analysis of TnsC (Chapter 2), we characterized a deletion

fusion mutant in which the amino terminal half of TnsC (including the ATP motifs) was

deleted, and the carboxy-terminal half was fused to TnsB. Together with TnsA, this

Tns(BCA-293) mutant was capable of promoting a limited amount of TnT transposition. :Therefore, we suspected that the domain of TnsC responsible for stimulating donor

cleavage might lie within the carboxy-terminal half of the protein. To test this hypothesis,

we expressed and purified a GST-TnsCA-293 protein in which the carboxy-terminal half of

TnsC was fused downstream of a glutathione-S-transferase domain (Figure 9, cartoon).

GST-TnsCA]-293 was capable of stimulating the production of double-strand breaks in the

donor cleavage assay (Figure 9, lanes 9-11), although its specific activity was

approximately 50-fold lower than that of intact TnsC. By contrast, the GST moiety alone

did not promote donor cleavage (lanes 6-8). These results suggest that the carboxy

terminal half of TnsC contains the domain that interacts with TnsA+B.

Although GST-TnsCA]-293 was able to stimulate donor cleavage, further analysis

revealed that the truncated protein did not retain all of the activities of TnsCW". GST

TnsCA1-293 had no detectable DNA binding activity (data not shown), strongly suggesting

that TnsCA1-293 allosterically activates TnsA+B in solution. GST-TnsCA]-293's

interactions with TnsA+B also did not require ATP: the ATP motifs are not present in the

truncated protein, and the GST-TnsCA-293 donor cleavage reactions did not contain any

ATP. Therefore, ATP is not inherently required to mediate the interactions of this domain

of TnsC with the TnsA+B transposase. However, the conformation and/or accessibility of

the TnsA+B interaction domain, in the context of the intact TnsC protein, may be controlled

by TnsC's ATP state. Finally, substitution of GST-TnsCA1-293 for intact TmsC in the

standard in vitro transposition reaction did not result in any detectable translocation of

mTn? into a target DNA (data not shown). Taken together, these results suggest that
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TnsC's DNA binding activity and ATP state, while not intrinsically required for TnsC to

stimulate the activity of TnsA+B, are important for the intact TnsC protein to promote Tn?

transposition.

Protein-protein interactions between TnsA and the carboxy-terminal half of TnsC

The ability of GST-TmsCA1-293 to stimulate donor cleavage in solution suggests

that protein-protein interactions between GST-TnsCA1-293 and TnsA+B underlie this

interaction. A pulldown assay was developed to look for physical interactions between

these proteins. GST-TnsCA]-293 was incubated with TnsA, TnsB or both; glutathione

conjugated agarose beads were then added to precipitate GST-TnsCA]-293 and any Tns

proteins with which it interacts. The precipitated proteins were then collected and identified

by SDS-PAGE and Western analysis.

TnsA was found to co-precipitate with GST-TnsCA1-293 under all conditions

examined (Figure 10). This interaction was dependent on the TnsC domain, since GST

alone was unable to precipitate TnsA. Further work will be needed to determine whether

the physical interactions between GST-TnsCA]-293 and TnsA are relevant to the functional

impact of GST-TnsCA1-293 on the activity of the TnsA+B transposase. No evidence of a

physical interaction between TnsCA]-293 and TnsB was found, even in the presence of the

other components of the donor cleavage assay. While suggestive, this negative result must

be interpreted with caution. Interactions with TnsB might be less robust than the TnsA

GST-TnsCA]-293 interaction, and therefore might not survive the manipulations of the

pulldown assay.
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DISCUSSION

TnT transposition in vitro is executed by four transposon-encoded proteins,

TnsABC+D. In this work, we have characterized two gain-of-function TnsC mutants that

enable the TnsABC machinery to promote Tn? transposition in the absence of TnsD. The

mutant TmsC proteins had increased affinities for target DNAs and intriguingly altered

interactions with their ATP ligands, which could account for their gain-of-function

phenotypes. We have also demonstrated that TnsCallosterically activates the TnsA+B

transposase, and we have identified a domain of TnsC responsible for that activity. These

experiments provide evidence to support the model that TnsC connects the transposase and

the target DNA, and that the ATP state of TnsC regulates its ability to forge that connection.

We will discuss the similarities between TnsCand MuB, the ATP-dependent regulator of

bacteriophage Mu transposition, and we will consider the effects of ATP on TnsC in terms

of the molecular switch model proposed for Ras and its relatives.

TnsC: interactions with target DNAS

A hallmark of TnT transposition is its profound target site selectivity. Potential

target sites are evaluated by their positive features (such as attTnT) and their negative

features (such as a pre-existing copy of Tn? in an immune target); an appropriate target

DNA must be identified before the chemical steps of Tn? transposition can be initiated.

Several previous studies have documented the involvement of TnsC in these target

interactions. TnsC is an ATP-dependent DNA binding protein (Gamas and Craig 1992)

which does not appear to have any intrinsic sequence preferences (Biery, Stellwagen and

Craig, manuscript in preparation). However, TnsC is recruited to attTnT targets through

interactions with TnsD, the attTnT-specific DNA binding protein (Bainton et al. 1993). In
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this work, we have demonstrated that TmsD not only influences the targeting of TnsC but

also its ATP state: TnsC's ability to bind radiolabelled ATP molecules was significantly

stimulated by the presence of TnsD+att'TnT. These results suggest that TmsD does not

merely staple TnsC to an att'TnT. site, but that TnsD also increases the activity of the TnsC

proteins located there. *
º

Whereas ATP binding is required for TnsC to associate with target DNA, ATP s

hydrolysis has been implicated in allowing TnsC to discriminate between targets (Bainton ;

et al. 1993; Chapter 3). For example, target immunity is mediated by the ATP-dependent

interactions between TnsC and TnsB, the protein that binds specifically to the Tn? end

sequences present in an immune target molecule (Arciszewska et al. 1991, Arciszewska

and Craig 1991, Tang et al. 1991). TnsB triggers the removal of TnsC molecules from the

immune target, through a mechanism that requires ATP hydrolysis. When

nonhydrolyzable ATP analogs are substituted for ATP, TnsB cannot dislodge TnsC from

the immune target and target immunity is lost (Bainton et al. 1993; Chapter 3).

Nonhydrolyzable ATP analogs also reduce the efficiency with which TnsD attracts TnsC to

att TnT. sites (Bainton et al. 1993). Therefore, ATP hydrolysis has been proposed to be

important in releasing TnsC from unfavorable target DNAs and promoting TnsC's search

for favorable att'TnT targets (Chapter 3).

The effects of AMP-PNP have suggested that TnsC not only binds but also

hydrolyzes ATP. In this work, we provide evidence that TnsC is, in fact, an ATPase. The

TnsC polypeptide, and the TnsC-dependent transposition activity, were found to copurify

with a modest ATP hydrolysis activity. Moreover, we found that when this ATP

hydrolysis activity is blocked, TnsC's affinity for DNA is markedly increased. These

results are consistent with the proposal that ATP hydrolysis provides an important

mechanism for regulating TnsC's associations with DNA.
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TnsC: interactions with the TnsA+B transposase

This work has also established that TnsC directly interacts with the TnT.

transposase. Using modified reaction conditions that facilitate donor cleavage events, we

demonstrated that TnsC can stimulate the TnsA+B transposase to initiate Tn? transposition.

Furthermore, we have localized the domain responsible for this activity: a truncated

version of TnsC containing only the carboxy-terminal half of the protein retained the ability

to stimulate donor cleavage. TnsCA1-2% had no detectable DNA binding activity,

demonstrating that TnsC's ability to stimulate donor cleavage can be separated from its

interactions with target DNA.

TnsCA-293's activity is also likely independent of ATP. The consensus ATP

binding motifs have been removed in this truncated protein, and TnsCA]-293's ability to

stimulate donor cleavage did not require ATP. However, we found that (at least under

some conditions) the intact TnsC protein needed to be ATP-bound in order to trigger donor

cleavage. These results suggest that the interaction between the TnsA+B transposase and

the carboxy-terminal domain of TnsC does not intrinsically require ATP. However, we

speculate that the structure of this domain in the intact protein, or its accessibility to

TnsA+B, may be regulated by the ATP state of TnsC.

The mechanism by which TnsC stimulates donor cleavage is unknown. TnsC

might be involved in assembling TnsA and TnsB with the transposon ends to form a

synaptic complex. Alternatively, TnsC might be influencing the activity of that complex

once built. Direct interactions between TnsCA1-293 and TnsA were observed in a pulldown

assay; however, additional work will be required to determine whether this physical

interaction is relevant in mediating TnsC's functional effects on the TnsA+B transposase.

By contrast, physical interactions between TnsCA-293 and TnsB were not

observed. This was interesting because, as discussed above, interactions between TnsC
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and TnsB have been implicated in mediating target immunity. While respectful of the usual

caveats in interpreting a negative result, we are intrigued by the possibility that the

immunity interaction between TnsC and TnsB requires sequences from the amino-terminal

half of TnsC -- including the ATP binding domain -- which have been removed from

TnsCA1-293.

Two TnsC gain-of-function mutants: altered interactions with target DNAS and ATP

This work has revealed that TnsC has the capacity to interact with both the TnsA+B

transposase and the target DNA. However, TnsCW" does not appear to be very successful

at connecting these two entities by itself; TnsD is also required for efficient transposition

(Bainton et al. 1993, also Figure 2). TnsD might serve as an anchor to increase the

stability with which TnsCW' binds to target DNAs. Alternatively, TnsCW's binding to

target DNAs might be sufficiently stable, but interactions with TnsD might be required to

shift the TnsCW" molecules into a conformation capable of interacting with TnsA+B. In

fact, TnsCW" might be predominantly in an inactive conformation in the absence of TnsD.

A third possibility would be that TnsD itself interacts with the TnsA+B transposase, in

addition to TnsCW", and transposition might be most efficient with inputs from both of

these proteins. Any of these mechanisms would result in transposition being preferentially

directed into the attTn? site to which TnsD is bound.

TnsC gain-of-function mutants have recently been isolated that can promote

transposition in the absence of TnsD (Chapter 2). The two mutants selected for this study,

TnsCA225V and TnsCS40|YA402, had very different phenotypes in vivo, suggesting that

they had found different solutions to the problem of activating Tn? transposition in the

absence of TnsD. The biochemical characterization presented here confirms that the two
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TnsC mutants activate transposition in different ways, and also somewhat differently than

does TnsD. Nevertheless, all of these methods of activating TnT transposition appear to

center on the interactions of TnSC with ATP and DNA.

Thy CA225V

TnsCA*V was selected as a representative Class I mutant, capable of promoting

efficient Tn? transposition in vivo, yet retaining the capacity of wild type TnT transposition

to respond to different target DNA signals (Chapter 2). In vitro, TnsCA225V also displayed

a strong gain-of-function phenotype: transposition reactions containing TnsABCA225W

were essentially as efficient as TnsABCW'+D at generating simple insertions. Unlike

TnsABCw4-D, however, TnsABCA225V transposition events were not targeted to att'TnT.,

nor were they highly sensitive to Mg2+. These results suggest that the TnsCA225W

mutation has not simply mimicked the effect(s) of TnsD. Instead, TnsCA225V appears to

have achieved the same end -- an activated form of TnsC -- through different means.

Examination of the partial activities of TnsCA225W revealed that (i) TnsCA225W

bound DNA with greater affinity than did TnsCW, and (ii) ThsCA225W hydrolyzed ATP

less efficiently. These two properties are potentially interrelated: with a less efficient

ATPase activity, TnsCA225W may spend more time in the ATP-bound conformation than

TnsCW, and TnsCA225W may consequently have more stable interactions with target DNA.

Either or both of these altered activities could contribute to the gain-of-function phenotype

of TnsCA225V.

Although TnsCA225W may spend more time in the ATP-bound state, it is unlikely

that TnsCA225V is permanently locked in that conformation, since the transposition

activities of TnsCA225V are quite different from those acquired by TnsCW" in the presence

of nonhydrolyzable ATP analogs. Target immunity is operational in TnsABC^*V

- 138–





transposition reactions both in vitro and in vivo (Chapters 2, 3), suggesting that

TnsCA225W remains able to respond to TnsB. TnsCA225V also continues to be able to

respond to TnsD: TmsCA225V transposition reactions could be targeted to attTnT. in the

presence of TnsD, and TnsCA225V was more efficient at exchanging ATP nucleotides in

the presence of TnsD. We conclude that although TnsCA225W may be intrinsically more

active than TnsCW", it is not constitutively active. Instead, TnsCA225V's activities -- and its

ATP state -- can still be modulated by the other components of the Tn? transposition

machinery.

Tns CS401 YA402

Analysis of TnsC■ 40/XA402 revealed quite a different story. As a Class II mutant,

TnsC■ 40|YA402 promoted transposition in vivo into all types of target DNAs, regardless of

their positive or negative features (Chapter 2). In vitro, TnsCS401 YA402 also showed a

gain-of-function phenotype, generating more insertions into the target plasmid than

TnsCwt. However, the amount of transposition promoted by TnsABC■ 40|YA402 did not

approach the levels seen with TnsABCW'+D. Moreover, the major products of

TnsABC■ 40|YA402 transposition reactions were not simple insertions, but broken donor

molecules.

The apparent uncoupling of donor cleavage and strand transfer in

TnsABCS401 YA402 transposition reactions is not due to the failure of TnsCS40|YA402 to

interact with target DNAs. In fact, TnsCS40|YA402 was found to bind DNA with a greater

affinity than TnsCwt in pulse-chase assays. However, TnsCS401 YA402's ability to trigger

the initiation of TnT transposition does not appear to be regulated by the target DNA.

Whereas the TnsABCW'+D machinery must associate with an appropriate target DNA
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before any chemistry can occur (Bainton et al. 1993), TnsABCS401 YA402 was able to

generate broken donor molecules at similar frequencies in the presence or absence of target

DNA (data not shown). These observations suggest that TnsCS40|YA402's ability to

stimulate donor cleavage has been uncoupled from its interactions with the target DNA.

TnsCS40|YA402's activities also appear to be uncoupled from the control of ATP.

TnsABCS401 YA402 reactions were not inhibited by ADP, even though TnsCS401 YA402 was

found to be capable of exchanging nucleotides. An appealing hypothesis is that

TnsCS40|YA402 has become capable of assuming an active conformation independent of

ATP. The activity of TnsCS40/YA402 also does not appear to be modulated by other Tns

proteins. TnsD was unable to target TmsABC■ 40 YA402 reactions to att'TnT, and did not

influence TnsCS40|YA402's ability to exchange nucleotides. TnsB is also unlikely to affect

TnsCS401 YA402, since TnsABCS401 YA402 transposition reactions are not sensitive to target

immunity (Chapter 2). Taken together, these results suggest that TnsCS401 YA402 has

become constitutively active.

Although TnsCS401 YA402 appears to be regulated quite differently than TnsCwt. we

have no evidence to suggest that the active conformation of TnsCS401 YA402 is any more

proficient at stimulating TnsA+B than the active conformation of TnsCwt. TnsCS401 YA402

and TnsCW" have equivalent activities in the donor cleavage assay (data not shown). In

addition, a TnsCA1-293 protein containing the TnsCS40|YA402 mutation was constructed

and analyzed; however, the mutant GST-TnsCA]-293 protein was no more efficient than the

wild-type truncated protein at stimulating donor cleavage (data not shown). An attractive

hypothesis to explain these results is that TnsCS40|YA402 does not have intrinsically

improved interactions with the TnsA+B transposase, but is more often in the conformation

in which those interactions are possible.

TnsC: An ATP-dependent molecular switch?
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The ability of ATP to control the activities of TnsCW' is reminiscent of the

regulation of GTP-dependent molecular switch proteins such as Ras and its relatives

(Bourne et al. 1990). For both Ras and TnsCW', nucleotide binding appears to induce

and/or stabilize the active conformation of the protein, whereas nucleotide hydrolysis

appears to trigger conformational changes that inactivate the protein. Ras, like TnsCW', has

a very modest nucleotide hydrolysis activity (John et al. 1988). However, the rate at which

Ras switches conformations is modulated by two types of proteins: GTPase activating

proteins (GAPs), that increase its rate of hydrolysis several hundred fold, and GDP-GTP

exchange factors (GEFs) that promote the release of GDP and therefore facilitate the return

to the GTP-bound conformation (Bourne et al. 1991; Sprang 1997 and references therein).

The activity of TnsCW" is modulated by other components of the TnT transposition

machinery, and the work presented in this thesis suggests that these proteins exert their

effects (in whole or in part) by manipulating TnsCW's ATP cycle. Therefore, the

molecular switch model developed for Ras provides an attractive way to think about the

regulation of TnsCW". For example, TnsD appears to serve as a GEF, promoting ADP

ATP exchange and thereby assisting TnsCW" maintain an active conformation when bound

to attTnT. By contrast, TnsB could act like a GAP, imposing immunity by triggering

TnsCW' to hydrolyze ATP and switch into an inactive conformation that can dissociate from

the immune target.

The gain-of-function phenotypes of the TnsC mutants can also be considered in

terms of the molecular switch model. TnsCA225V, with its reduced ATP hydrolysis

activity, may be intrinsically less efficient at switching OFF. However, the ATP cycle of

TnsCA225V still appears to be functioning, and can still be modulated by TnT's GAP and

GEF equivalents. ThsCS40|YA402, on the other hand, does not appear to be changing

conformations in response to ATP binding and hydrolysis, since TnsC■ 40'YA402 is active
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in the presence of both ATP and ADP. The TnsCS40 YA402 molecular switch might be

jammed in an active conformation; alternatively, TnsCS401 YA402 might be activated

downstream of the ATP cycle, such that the ATP state of TnsCS40|YA402 (and the inputs

of TnsB and TnsD) are irrelevant to its activity.

TnT versus Mu transposition: functionally similar molecular switches that impose different

levels of target site Selection

The bacteriophage Mu, like Tn?, utilizes an ATP-dependent accessory protein to

regulate its transposition (reviewed recently by Lavioe and Chaconas 1996). Mu encodes

two transposition proteins: the transposase MuA and the ATP-dependent DNA binding

protein MuB. Although the Mu/A transposase is sufficient to activate intramolecular

transposition, Mub strongly stimulates the transposase's donor cleavage and strand

transfer activities (Baker et al. 1991; Surette and Chaconas 1991). This stimulation can

occur in solution, but more generally occurs when MuB is bound to DNA. Consequently,

those DNA molecules bound by MuB are preferentially utilized as targets for Mu

transposition (Maxwell et al. 1987; Adzuma and Mizuuchi 1988). No particular sequence

specificity governs MuB's distribution among potential target DNAs (Chaconas et al. 1985;

Mizuuchi and Mizuuchi 1993); however, MuE is actively removed from immune targets.

MuA, bound to the Mu end sequences present on the immune target, acts like a GAP to

stimulate MuB's ATPase activity (Maxwell et al. 1987) and consequently promotes MuB's

dissociation from the immune target (Adzuma and Mizuuchi 1988).

Thus, MuE and TnsC have strong functional similarities, even though these

proteins have little primary sequence homology (Miller et al. 1984; Flores et al. 1990).

Both Mub and TnsC connect their respective transposases to target DNAs, and both

stimulate their transposases to initiate transposition. The activities of MuB and TnsC are
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regulated by their ATP states; thus both proteins can be considered molecular switches.

However, the number of inputs processed by these two molecular switches are different.

Both proteins can respond to the negative signal present on immune targets, but TnsC can

also respond to positive target signals communicated by TnsD and TnsE. As a result, Tn?

transposition is targeted into att'TnT., a safe haven in the E. coli chromosome (Gringauzet

al. 1988), or onto conjugating plasmids, a cell-to-cell transport vehicle (Wolkow et al.

1996). By contrast, Mu transposition events are widely distributed throughout the bacterial

chromosome.

TnsC is not only responsive to the inputs of TnsD and TnsE, it is dependent on

them. Whereas MuE is capable of selecting a target DNA and activating transposase by

itself, TnsC is not. Downregulating TnsC's ability to connect the transposase and the

target site was likely important in harnessing the TnT transposition machinery to these

target site selectors. The gain-of-function mutants analyzed in this work demonstrate how

easily -- by single amino acid changes -- TnsC can escape the regulation imposed by these

target site selectors. The fact that TnsC has not accumulated such mutations over

evolutionary time argues that maintaining Tn?'s precise target site selection is advantageous

for the spread and the survival of the element.
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MATERIALS AND METHODS

DNA substrates

The donor plasmid pBMA contains a 1.6 kb mini-Tm7 element (mTn?) (Bainton et

al. 1993). The target plasmid pKAO4-3 contains the sequences necessary for att'TnT target

activity, flanked by EcoRI sites (McKown et al. 1988). The target plasmid pLA11, used in

the DNA binding assays, contains a TnT right end in addition to the attTnT site (Bainton et

al. 1991). These plasmids are described in greater detail in Chapter 3.

Tns proteins

TnsA was purified as a fusion with glutathione-S-transferase (GST) and then

released from the GST moiety by thrombin cleavage (May and Craig 1996). Thsb was

TnsB-Hisé (Gary et al. 1996). ThsD was TnsD-His (Sarnovsky et al. 1996; P. L. Sharpe

and N. L. Craig, in preparation). These proteins were stored as described in Chapter 3.

TnsC was expressed and purified essentially as described by Gamas and Craig

(1992), with one modification: the ammonium sulfate pellet was extracted twice with

Buffer A (containing 0.1 M NaCl) prior to resuspension in the storage buffer, rather than

the ammonium sulfate pellet being resuspended in Buffer B + 1.0 M NaCl, reprecipitated

by dialysis into Buffer B + 0.1 M NaCl, and then resuspended in the storage buffer. This

material was designated TnsC (Fraction II.5). The activities of TnsC (Fraction II.5) and

TnsC (Fraction III) appear to be identical; however, the yields of TnsC (Fraction II.5) are

increased (A. Stellwagen and N. L. Craig, unpublished observation).

The TnsCA225V and TnsCS401 YA402 mutations were cloned into the TnsC

expression vector pPA101 (Gamas and Craig 1992) by replacing the HindIII fragment of
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pFA 101 with a 1.9 kb HindIII fragment from a pCW15 plasmid containing either the

TnsCA225V or the TnsCS401XA402 mutation (Chapter 2). ThsCA225V and TnsCS401XA402

were expressed and purified as described above. However, for TnsCS401 YA402, the salt

concentration of the PEI precipitation was increased from 0.1 M to 0.5 M NaCl to improve

the recovery of the protein. All TnsC proteins were stored in 25 mM HEPES (pH 7.5), 1

M NaCl, 2.5 mM DTT, 1 mM ATP, 10 mM MgCl2, 0.1 mM EDTA, 10 mM CHAPS and

10% glycerol.

GST-TnsCA-293 was constructed by cloning a BamhI-EcoRI fragment containing

TnsCA-293 into pCEX1 (Pharmacia), to create an in-frame fusion between GST and the

carboxy-terminal half of TnsC. pCEX1 and pCEX.1-TnsCA1-293 were transformed into

the protease-deficient strain CAG456 (lac2am trpam phoam supCts rpsL htpR165 (Baker et

al. 1984). Cells were grown at 309 in LB plus 100pg/ml carbenicillin until an OD600 of

0.3 was reached. 40 puM IPTG was then added to induce expression of the GST proteins,

and the cells were allowed to double once more. The cells were then harvested by

centrifugation and washed once in Buffer A (25 mM HEPES (pH 7.5), 1 mM EDTA, 2

mM DTT).

The purification of GST and GST-TmsCA1-293 was adapted from the procedure

used to purify GST-TnsA (Bainton et al. 1993). The cell pellet was resuspended in Buffer

A + 500 mM NaCl. The cells were lysed by sonication; 10 mM CHAPS was then added,

and cell debris was removed by centrifugation for 25 min at 13,000 rpm. The cleared

lysate was transferred into a 15 ml Falcon tube, and 1/5th volume of a 50% slurry of

glutathione agarose beads (Sigma) was added. The lysate was incubated with the beads for

1 hr at 49, with rocking. The beads were then collected by centrifugation for 3 min at 1000

rpm, and washed 2X with Buffer A + 500 mM NaCl + 10 mM CHAPS. The beads were

then incubated with GEX elution buffer (25 mM HEPES (pH 7.5), 1 mM EDTA, 0.5 mM
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NaCl, 2.5 mM DTT, 10 mM CHAPS, 10 mM MgCl2, 10% glycerol and 10 mM

glutathione) for 30 min at 49, with rocking, and the eluted GST proteins were collected by

centrifugation. Two rounds of elution were performed, and the supernatants were

combined and stored at -809.

TnT transposition in vitro

The standard transposition reaction was adapted from the procedure of Gary et al.

(1996). The final reaction mixture (100 pul) contained 0.25 nM donor DNA (pEMA), 2.5

nM target DNA (pKAO4-3), 26 mM HEPES (pH 7.5), 4.2 mM Tris (pH 7.5), 2.1 mM

DTT, 60 pg/ml BSA, 0.05 mM EDTA, 0.1 mM MgCl2, 0.1 mM CHAPS, 12 mM NaCl,

22 mM KCl, 1.2% glycerol, 4 puM PMSF, 2 mM ATP and 15 mM MgAc unless otherwise

indicated. Ths proteins were added to the following final amounts: 60 ng TnsA, 25 ng

TnsB, 40 ng TnsC (or TnsCA225W or TnsCS401 YA402) and (when present) 22 ng TnsD.

The standard transposition reaction was staged as follows: TnsC and TnsD were

preincubated with the target DNA for 20 min at 309. Generally, ATP was present in the

preincubation and MgAc was not. The donor DNA, TnsA, TnsB, and MgAc were then

added, and the incubations were continued for another 20 min. Transposition was then

stopped by the addition of an equal volume of phenol:chloroform, and the DNAs were

extracted and collected by ethanol precipitation.

In the experiments presented in Figure 9, the standard transposition reaction was

modified to focus on the donor cleavage step. These reactions (100 pul) contained 0.25 nM

donor DNA (pBMA), 0.9 mM HEPES (pH 7.5), 20 mM Tris (pH 7.5), 2.1 mM DTT, 60

pig■ ml BSA, 0.02 mM EDTA, 0.1 mM MgCl2, 0.1 mM CHAPS, 12 mM NaCl, 5 mM

KCI, 4 puM PMSF, 5 mM MgAc and 15% glycerol. The reactions also included 60 ng
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TnsA, 50 ng TnsB, and various amounts of GST, GST-TnsCA1-293, or TnsC. The GST

proteins contributed 0.1 mM glutathione to the final reaction composition, while the TnsC

protein brought in 10 puM ATP. The reactions shown in Figure 9 were not staged; instead,

all the components were incubated for 30 min at 300, and then stopped with

phenol:chloroform as described above.

The DNAs recovered from a transposition reaction were subjected to restriction

enzyme digestion (Ndel unless otherwise indicated) and loaded on a 0.6% TBE agarose

gel. Electrophoresis proceeded at 2 V/cm for 15 hours, to obtain good separation in the

relevant size range. The DNAs were transferred to Gene Screen Plus (NEN Research

Products) by capillary transfer. Blots were hybridized with a mTn?-specific probe, namely

the kanamycin resistance cassette which is contained within mTnT. Probes were labelled

by random priming with (0-32P) doTP (Amersham) and the Klenow fragment of DNA

polymerase I (BMB). Blots were analyzed by autoradiography using Kodak BioMax MR

film or by a Molecular Dynamics Phosphorimager.

DNA binding assays

A filter binding assay, developed by Gamas and Craig (1992), was used to evaluate

the DNA binding affinities of TnsC. The DNA substrate was pla 1 1, which had been

linearized with Afl/II and end-labelled using (35S) dCTPOS and the Klenow fragment. In

Figure 5A, 5 ng of 35S-labelled DNA and 20 ng TnsC were incubated in the binding buffer

(25 mM HEPES (pH 7.5), 2 mM DTT, 50 pg/ml BSA, 100 mM KCI, and 7.5% sucrose),

along with 250 puM ATP (or AMP-PNP) and various concentrations of Mg2+. The binding

reactions (100 pul) were incubated for 15 min at 300 and then filtered through 0.45 pum

nitrocellulose filters (Millipore) that had been presoaked in binding buffer. A multiport

vacuum filtration device was used (Hoeffer). The filters were washed 3X with 0.33 ml
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binding buffer, then dried and subjected to scintillation counting.

In Figure 5B, this protocol was modified to do pulse-chase studies. ThsC was

incubated with radiolabelled DNA in the binding buffer described above; no Mg2+ was

added. After 15 min, a 500-fold excess of cold competitor DNA (sonicated herring sperm

DNA) was added to the binding reactions and the incubations were continued for various

times. The binding reactions were then filtered as described above.

ATP binding assay

Reactions (20 pul) contained 26 mM HEPES (pH 7.5), 6 mM Tris (pH 7.5), 2.4

mM DTT, 50 pg/ml BSA, 7.5% sucrose, 0.1 mM EDTA, 0.5 mM MgCl2, 0.5 mM

CHAPS, 50 mM NaCl, 62 mM KCI, 3.6% glycerol, 25 MM ATP and 0.1 mM ATPY35S.

TnsC (400 nM) was added to these reactions in the presence or absence of DNA (300 ng of

pKAO4-3) and TnsD (50 nM). These reactions were incubated for 60 min at 300; then

applied to G50 Sephadex spin columns (Pharmacia) and centrifuged for 4 min at 1500 rpm.

Unbound nucleotides remained trapped in the matrix, while protein-bound nucleotides

eluted from the column. The eluted material was collected and quantitated by Scintillation

counting.

Size exclusion chromatography

TnsC was fractionated over a 25 ml Superose 12 size exclusion column

(Pharmacia). The column was equilibrated with TnsC column running buffer (25 mM

HEPES (pH 7.5), 0.1 mM EDTA, 1 M NaCl, 2.5 mM DTT, and 10 mM MgCl2) at a flow

rate of 0.5 ml/min. A 100 pil sample containing TnsC (Fraction II.5, approximately 1.5

mg/ml) and a size marker (RNase A, 2 mg/ml) was applied to the column, and 0.2 ml
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fractions were collected. These fractions were supplemented with 10 mM CHAPS and

10% glycerol prior to their analysis and storage at -809. Protein concentrations were

evaluated using the BioFad protein assay reagent (BioPad), and the number of proteins

contained within the fractions was evaluated by SDS-PAGE and silver staining. The

elution profile of a cocktail of calibration standards (thiroglobulin, aldolase, BSA,

ovalbumin and RNase A) was also determined, to interpret the elution position of TnsC.

ATP hydrolysis assay

Reactions (100pul) contained 25 mM HEPES (pH 7.5), 2 mM DTT, 50 pg/ml BSA,

7.5% sucrose, 6 nM (oft2P) ATP and 10 HM cold ATP. In addition, the reactions in

Figure 7 contained 50 mM NaCl, 0.5 mM MgCl2 and 0.5 mM CHAPS, while the reactions

in Figure 8 contained 10 mm NaCl, 0.1 mM MgCl2 and 0.1 mM CHAPS. ThsC was

added as indicated, and the reactions were incubated for 2 hr at 309. ADP hydrolysis

products were identified by thin layer chromatography, using PEI-cellulose TLC plates

(EM Science) and 0.75 M KH2PO4 (pH 3.5) as a running buffer. The amount of ATP

hydrolysis was quantitated by phosphorimager analysis.

GST-TnsCA'º pulldown assay

Protein-protein interactions were evaluated using a buffer similar to the Tn?

transposition reaction buffer. Reactions (90 pul) contained 26 mM HEPES (pH 7.5), 2.1

mM DTT, 60 pg/ml BSA, 7 mM NaCl, 6 mM KCI, 3 p.M PMSF, 0.1 mM MgCl2, 0.1

mM CHAPS, 0.5% Triton X-100, 0.02 mM EDTA and 0.4% glycerol. Where indicated,

reactions also contained 100 ng peNMA donor DNA, 5 mM MgAc, 69 pug TnsA, 50 pig

TnsB and 150 pig GST or GST-TnsCA1-293. The Tns proteins were incubated in the
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reaction buffer for 20 min at 309. Glutathione-agarose beads (20 pil of a 50% slurry) were

then added and the reactions were incubated for 30 min at room temperature, with rocking.

The beads were collected by centrifugation (2000 rpm for 2 min) and washed once with 50

pil of reaction buffer. Tns proteins were recovered by resuspending the beads in 30 pil of

protein gel-loading buffer (containing SDS and urea). These samples were then boiled for

5 min, spun to pellet the beads, and loaded on a 12% polyacrylamide gel. After

electrophoresis, the protein gel was transferred to an Immobilon P membrane (Millipore).

The identities of any Tns proteins that had been recovered were determined by Western

analysis, using polyclonal antisera to TnsA, TnsB and TnsC and alkaline phosphatase

conjugated secondary antibodies (BioFad).
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Figure 1. The TnT transposition pathway.

Tn? transposition occurs via a two-step, cut-and-paste mechanism. The mTn?

element is first excised from the donor substrate (solid line) by double-strand breaks at the

ends of the transposon (triangles), and then transferred into the target DNA (dashed line) to

generate a simple insertion (SI). Donor molecules which have a double-strand break at the

left or right end (DSB.L or DSB.R) appear transiently as intermediates in the reaction, as

does the fully excised linear transposon (ELT). The positions of Ndel (N) sites in the

donor and target plasmids are indicated.
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Figure 2. In vitro transposition activities of wild type and mutant TnsC proteins.

An autoradiogram displaying the products of wild type and mutant Tn?

transposition reactions is shown. TnsA+B was present in each reaction; additional Tns

proteins are indicated above each lane. After transposition, the reactions were digested

with Ndel and analyzed by agarose gel electrophoresis. An 35S-labelled DNA ladder

(Amersham) was included on the gel to provide size markers as indicated. The

transposition reactions were analyzed by Southern blotting and hybridization with a mTn?-

specific probe; some cross-hybridization to the target DNA is also seen. Reaction

substrates and products are labelled as in Figure 1. SI (simple insertions) are indicated

with an arrow. DSB.S.EJs (double-strand break/single-end joins) are transposition

products in which one end of the transposon has been cleaved and inserted into the target

DNA, while the other end remains attached to the donor molecule.
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Figure 2
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Figure 3. Target site selection of the wild type and mutant transposition reactions.

Transposition reactions were digested with different restriction enzymes to localize

the simple insertions generated in the wild type and mutant transposition reactions. The

target plasmid (pKAO4–3) contains an attTnT sequence flanked by EcoRI sites (RI), and a

single HindIII (H) site; examples of different insertions into this target plasmid are

cartooned.

A. EcoRI analysis. Insertions into att'TnT. and the vector backbone are

differentiated. The presence of TnsD in the transposition reactions is indicated above each

lane.

B. HindIII analysis. Different positions of insertion in the vector generate HindIII

fragments of different sizes, allowing the distribution of insertions in the wild type and

mutant reactions to be evaluated.
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sº
º

In lanes 1-4, the predominant nucleotide cofactor present in the transposition a
reaction was changed: 2 mM ADP was added instead of ATP. However, 10 puM ATP was

still contributed by the TnsC storage buffer. In lanes 5-8, the staging of the transposition

reaction was altered. 15 mM Mg2+ was present during the preincubation of the Tns

proteins with the target DNA, rather being added after the preincubation step. All

transposition reactions were digested with Ndel.
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Figure 5. DNA binding activities of the wild type and mutant TmsC proteins.

DNA binding was evaluated by filter binding assays, using a radiolabelled DNA

substrate. Each value was measured in triplicate.

A. Effects of Mg2+. For each TnsC protein, the number of counts retained on the

filter in the absence of Mg2+ was defined as 100% DNA binding, and the number of counts

retained in the presence of increasing concentrations of Mg2+ was measured and expressed

as a percentage of the original DNA binding activity. All reactions were done in the

presence of ATP.

B. Pulse-chase assays. ThsC proteins were incubated with the radiolabelled DNA

substrate for 15 min; an excess of cold competitor DNA was then added and the abilities of

the different types of TnsC to remain bound to the radiolabelled DNA were compared.

100% DNA binding was defined as the amount of DNA bound by each TnsC protein prior

to the addition of cold competitor. TnsCW's activity was determined in the presence of

ATP and AMP-PNP, while TnsCS401 YA402 and TnsCA225V were evaluated in the

presence of ATP only. For each protein, the 30 min time points were corrected for the loss

of activity (less than 10%) seen in a parallel set of DNA binding reactions whose

incubations were extended in the absence of competitor DNA.
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/º
Figure 6. Nucleotide exchange activities of the wild type and mutant TmsC proteins. 5

º A

T &
Wild type and mutant TmsC proteins (8.6 pmoles) were incubated with a mixture of s

hot and cold ATP nucleotides. ATPYºS was used as the hot nucleotide; similar results *
have also been obtained using (O32P) ATP (data not shown). The protein-bound and l º

º

unbound nucleotides were separated using G50 Sephadex spin columns and the number of

pmoles of protein-bound nucleotides was calculated. Nucleotide exchange was measured

(i) with the various TnsC proteins alone, (ii) in the presence of DNA, and (iii) in the

presence of TnsD+DNA.
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Figure 7. Copurification of the TnsC polypeptide with the TnsC-dependent transposition

and ATPase activities.

TnsC was fractionated on a Superose 12 size exclusion column.

A. SDS-PAGE analysis of the peak fractions. 5 pil of each fraction was loaded on

a 10% polyacrylamide gel, and the protein(s) present within that fraction were detected by

silver staining. A TrisC size marker (100 ng) is present in lane 1.

B. Analysis of the activities of the peak fractions. The protein concentration of

each fraction was measured using the BioPad protein assay reagent. Protein concentrations

(circles) are presented as plg/ml. The ability of each fraction (1pul) to promote transposition

was determined using the standard in vitro transposition assay. Transposition activity

(squares) is calculated as the percent of the donor substrate that was converted into simple

insertion products. The ability of each fraction (5 pul) to promote ATP hydrolysis was also

determined. ATPase activity (triangles) was calculated as the percent of the input ATP that

was hydrolyzed to ADP. These values were then multiplied by 10 to aid in plotting all

three properties on a single graph.
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Figure 8. Comparison of the ATP hydrolysis activities of TnsCwt and TnsCA225V. —”

ATP hydrolysis activity is expressed as the percent of the input (0.32P) ATP that is -

converted to ADP during the reaction, and is plotted as a function of increasing protein Z.

concentration.
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Figure 9. TnsC stimulates the donor cleavage activity of the TnsA+B transposase.

The primary structures of intact and truncated TnsC are represented schematically in

the cartoon. GST-TnsCA-293 was generated by deleting the amino-terminal half of TnsC,

including the ATP binding motifs (black boxes), and fusing the remaining carboxy-terminal

half of TnsC to a glutathione-S-transferase (GST) domain. The resulting GST-TnsCA]-293

protein was tested for its ability to stimulate donor cleavage, as was the GST moiety alone.

The conditions of the in vitro transposition reaction were modified to focus on the donor

cleavage step: the target DNA (and the low-Mg2+ target preincubation) was omitted, and

high concentrations of glycerol were added. TnsA+B was present in all reactions; the

identities and concentrations of other proteins are indicated above each lane.
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Figure 9
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Figure 10. GST-TnsCA]-293 physically associates with TnsA.

A pulldown assay was used to evaluate the protein-protein interactions of TnsCA]-

293. As indicated above each lane, GST-TnsCA]-293 was incubated with TnsA and/or

TnsB, in the presence or absence of the donor transposon substrate. Glutathione-agarose

beads were then added to precipitate GST-TnsCA]-293 and any proteins associated with it;

recovered proteins were displayed on a 12% polyacrylamide gel and detected by Western

blotting. Size markers for each protein were also loaded on the gel. As a specificity

control, pulldown assays using GST rather than GST-TmsCA]-293 were also performed.
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Figure 10
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Chapter 5

Reflections
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Transposons: first impressions and Sober reflections

Jumping genes. I think it was that colloquialism which first attracted me to the

Study of transposons. I saw the phrase on a seminar notice in college, and my imagination

was seized. Previously, I had always thought of DNA as a static entity ... I had yet to

learn that DNA could bend and breathe and be rearranged. But I was about to be

introduced to the remarkable mobile elements that have been the focus of my graduate

work.

Now, of course, I am a seasoned transposon biologist, having spent the better part

of this decade studying the bacterial transposon TnT. In this chapter, I will reminisce about

our limited understanding of Tn? when I began this work, and discuss the explosion of

knowledge about transposons in general and TnT in particular that has occurred since that

time. This chapter is not intended to be an exhaustive review ... just some personal

comments and impressions as I look back across the years.

Bacterial transposons: TnT. and other workhorses

Transposons have been found in a myriad of organisms, living in a wide variety of

environments. For example, transposons have been isolated from bacteria in the mercury

mines of Russia (Kholodii et al. 1993), and the acid-loving, rock-eating bacteria normally

found in hot springs and volcanic fissures (Rawlings and Kusano 1994). But the greatest

insights into the mechanism of transposition have come from the elements of E. coli,

including Tn?, Tn 10 and the bacteriophage Mu.

The bacterial transposon Tn? was discovered in the 1970s. Investigators in Britain

were tracking down the agent responsible for conferring resistance to trimethoprim, an
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antibiotic which had recently begun to be used to treat bacterial infections. Trimethoprim

resistance was linked to several types of transmissible plasmids (Fleming et al. 1972, Datta

and Hedges 1972), which were ultimately recognized to be carrying the transposon now

called TnT (Barth et al. 1976). Subsequent characterization revealed that Th7 had a

property unusual among transposons: it strongly preferred to insert into a specific site in

the E. coli chromosome (Barth et al. 1976, Lichtenstein and Brenner 1981, 1982). This

site was called the attachment site for Tn?, or attTnT.

In the 1980s, two huge advances -- one genetic and one biochemical -- opened up

the study of Tn? transposition. The work of Rogers et al. (1986) and Waddell and Craig

(1988) defined the five tris genes involved in TnT transposition. The number of

transposition genes was surprising -- no other transposable element was known to encode

so many genes to accomplish its transposition. Even more intriguing was the

demonstration that TnT used different combinations of these genes to insert into different

types of target sites. thSABC + triSD were necessary for transposition into att'TnT, while

tnSABC + trisB were required to transpose into apparently random sites in the chromosome

(Rogers et al. 1986; Waddell and Craig 1988; Kubo and Craig 1990). Only recently have

we realized that the TnsE pathway is not, in fact, random. TnsABC+E transposition is

preferentially directed into plasmids undergoing conjugation (Wolkow et al. 1996), and

many chromosomal insertions have also been found near the terminus of replication (J.

Peters and N. L. Craig, unpublished observation).

The second advance was the reconstitution of TnT transposition in a cell-free

system by Bainton, Gamas and Craig (1991). The reaction was initially performed with

crude extracts supplying TnsA, TnsB, TnsC and TnsD; the Tns proteins were subsequently

purified and the reaction requirements more stringently defined (Bainton et al. 1993). This

reaction has provided tremendous insights into mechanism of Tn? transposition (see

below). I was fortunate to begin my thesis research just as these genetic and biochemical
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tools became available.

TnT transposition: a concerted reaction regulated by the nature of the target DNA

Tn? transposition in vitro was found to utilize a cut-and-paste mechanism, in which

the transposon was first excised from a donor plasmid and then inserted into an att'TnT.

target plasmid (Bainton et al. 1991). These DNA breakage and joining steps were tightly

coupled: virtually all transposition events that were initiated went on to completion.

Transposition initiation only occurred when all of the components of the reaction --

including an att'TnT target DNA -- were present (Bainton et al. 1991, 1993). No reaction

intermediates or products were seen if att'■ n'7 was omitted, or if the att'TnT sequence was

present on an "immune" target that already contained a resident TnT element. Thus, the

nature of the target DNA was recognized to control the initiation of TnT transposition in

vitro.

Nearly simultaneously, I demonstrated that the target DNA also regulated the

initiation of TnT transposition in vivo. I found that the damage inflicted on the bacterial

chromosome following Tn? excision induced the cellular SOS response (Chapter 2).

Therefore, SOS induction was used as an assay to monitor Tn? excision in vivo. Excision

was only observed when all of TnT transposition proteins and an attTnT target DNA were

present in the cell. Therefore, both in vivo and in vitro, an appropriate target DNA must be

identified before any of the chemical steps of TnT transposition can occur.

The concertedness of the TnT transposition reaction -- and the control of the target

DNA -- were dazzling. But very inconvenient. To figure out how a protein machine

works, partial activities and reaction intermediates are invaluable. Therefore, we searched

for alternative reaction conditions, and Tns protein mutants, that would enable us to peel

back the layers of regulation governing the Tn? transposition machinery, and gaze into its
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catalytic center.

Target site regulation: emergence of a role for TnsC

Changing the nucleotide in the in vitro transposition reaction proved to be a

powerful method to release the target site regulation of TnT. When nonhydrolyzable ATP

analogs were substituted for ATP, TnsABC became sufficient to catalyze transposition.

TnsD was no longer required, and insertions were no longer directed into att'TnT (Bainton

et al. 1993). In addition, the ability of the transposition machinery to avoid immune targets

was lost. Thus, the core TnsABC machinery became constitutively able to promote

transposition in the presence of nonhydrolyzable ATP analogs. The biochemical properties

of these core proteins gradually emerged: TnsA+B were found to execute the DNA

breakage and joining reactions of Tn? transposition (May and Craig 1996; Sarnovsky et al.

1996), while TnsC was found to be an ATP-dependent DNA binding protein (Gamas and

Craig 1992).

The experiments with nonhydrolyzable ATP analogs strongly predicted that it

would be possible to isolate TnsC gain-of-function mutants that would enable the TnsABC

machinery to execute TnT transposition in the absence of TnsD or TmsE. Rather than

making site-directed changes in TnsC's ATP motifs (which might just recapitulate the

effects of AMP-PNP), I took a random mutagenesis approach, and collected a half dozen

TnsC gain-of-function mutants (Chapter 2); two of these mutants have also been

characterized biochemically (Chapters 3, 4).

In retrospect, the decision to "go random" seems to have been a good one.

Different classes of TnsC mutants were recovered, telling us that there were multiple

solutions to the problem of activating TnT transposition in the absence of TnsD and TnsE.

One class of TnsC mutants, as expected, was found to constitutively activate Tn?
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transposition (Chapter 2). However, the biochemical properties of one of these mutants,

TnsC■ 40 YA*02, were intriguingly different from the properties of TnsCwt in the presence

of AMP-PNP (Chapter 4). Thus, there appear to be different routes by which TnsC can

become constitutively active.

Another class of TnsC mutants had a gain-of-function phenotype, but with an

unanticipated twist: transposition promoted by these mutants retained the ability of the wild

type reaction to respond to different target DNAs and target selection factors. For example,

transposition activated by TnsABCA225V could be directed into att'TnT by TnsD or directed

into conjugating plasmids by TnsE (Chapter 2, 4). In addition, the TnsABCA225W

machinery continued to recognize and avoid immune targets, suggesting that this negative

form of target site selection involved TnsC directly, and did not proceed through TnsD or

TnsE (a hypothesis that was biochemically confirmed in Chapter 3). This class of TnsC

mutants has been very useful in clarifying the intrinsic activities of the core TnsABC

machinery, and seeing how these activities can be modulated by the target selectors TnsD

and TnsE.

Our current vision is that TnsC serves as a central processing center for both

positive and negative information about potential target DNAs. TnsC's distribution among

target DNAs is influenced by TnsD (which attracts TnsC to attTnT targets) and TnsB

(which removes TnsC from immune targets) (Bainton et al. 1993; Chapter 3). It will be of

great interest to see whether TnsE also impacts the localization of TnsC, when directing

transposition to conjugable plasmids. Funneling multiple inputs into a master regulator

molecule would be a parsimonious way for TnT to respond to different signals, rather than

having a separate circuitry for each targeting pathway.

As discussed at length in the Introduction and Chapter 4, we are attracted to the idea

that TnsC functions as a ATP-dependent molecular switch at the heart of the Tn?

transposition machinery, and we speculate that various components of that machinery
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modulate the TnsC's activity by affecting its interactions with ATP. While the work in this

thesis has provided some support for this hypothesis -- such as identification of an ATPase

activity in TnsC and the effect of TnsD on the ATP binding of TnsC -- many tenets of the

molecular switch theory remain to be investigated.

TnsC: an allosteric activator of the TnsA+B transposase

TnsC is more than just a repository of information about potential target sites, it

also communicates that information to the TnT transposase. We have demonstrated that

TnsC directly and functionally interacts with TnsA+B (Chapter 4). Although these

interactions can occur in solution (under relaxed reaction conditions), we expect that TmsC

more often interacts with the transposase when TnsC is DNA-bound. As a result, the

activation of the transposase would be coupled to the selection of an appropriate target site.

There is still much to be learned about the nature of TnsC's interactions with

TnsA+B. TnsC could play an architectural role, promoting the assembly of TnsA and/or

TnsB with the transposon ends. The construction of the TnT synaptic complex is currently

a black box. However, a precedent for the involvement of TnsC in this assembly process

comes from the study of the bacteriophage Mu. Mu transposition is executed by two

proteins, the transposase Mua and the ATP-dependent regulator Mub, which has strong

functional similarities to TnsC (or more precisely, TnsCA225V). Under some conditions,

the MuB-target DNA complex has been shown to act as a scaffold to facilitate the assembly

of the Mu/A transposase with the transposon ends (Mizuuchi and Mizuuchi 1995). On the

other hand, TnsC might influence the activity rather than the assembly of the TnsA+B

transposase; its MuB counterpart has been shown to increase the efficiency of both the

donor cleavage and the strand transfer steps of the Mu transposition reaction (Baker et al.

1991; Surette and Chaconas 1991).
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The Mu paradigm and the Tn 10 counterexample

The groundbreaking work of Mizuuchi and others on the transposition of

bacteriophage Mu has greatly influenced our own work with TnT. Mu was the first

transposon to be studied in vitro, and it remains the best characterized (reviewed by Lavoie

and Chaconas 1996). There are striking parallels between the actions of the Mu and TnT.

transposases, and their dependence on ATP-dependent regulators. However, until the Tn?

story emerged, it was not clear whether Mu would wind up as a paradigm or an oddity in

the transposition field.

The use of an ATP-dependent accessory factor to regulate transposition does not

appear to be restricted to Mu and TnT. Among the huge number of transposons that have

been identified over the last decade, a handful of elements have been found to encode gene

products which contain ATP motifs, in addition to putative transposase proteins

(Reimmann et al. 1989; Rowland and Dyke 1990, Kholodii et al. 1995; Radstrom et al.

1994). We await the unravelling of the transposition mechanisms -- and the target site

selection strategies -- of these elements with great interest.

On the other hand, there are many successful transposons which do not rely on an

ATP-dependent regulator. The bacterial transposon Tn 10 is a good example. Tn 10

preferentially inserts into "hotspot" consensus sequences in the E. coli chromosome

(Halling and Kleckner 1982). The Tn 10 transposase itself is responsible for this target site

preference, binding preferentially to the "hotspot" sequence (Junop and Haniford 1997).

Interestingly, the timing of Tn 10's interactions with the target DNA is very different from

that of Tn? and Mu. Whereas the Tn? transposition machinery must find a favorable target

DNA before any chemistry can occur, the Tn 10 transposase cannot interact with the target

DNA until after the transposon has been excised from the flanking donor DNA (Sakai and
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Kleckner 1997). Mu, by contrast, shows greater flexibility. Complexes containing the Mu

transposase and the target DNA have been visualized both before and after the transposon

excision has occurred (Naigamwalla and Chaconas 1997).

The TnT toolbox

While my thesis research has provided some useful insights into the role of TnsC in

Tn? transposition, I am also leaving behind some useful tools. The TnsCA225V mutant,

which promotes transposition with great efficiency and very little target site specificity, is a

potentially valuable tool for insertional mutagenesis. A wide variety of DNA molecules --

from plasmids to cosmids to genomes -- have been successfully mutagenized using

TnsABC^*Y transposition in vitro (Biery, Stellwagen and Craig, manuscript in

preparation). Peppering a gene or genomic region with Tn? insertions has also been used

to facilitate DNA sequencing, since the inserted elements can be used as primers.

Whereas the utility of TnsCA225W arises from its lack of target site specificity,

TnsCA]-293 may enable the target site to be to customized. The truncated protein does not

itself have any DNA binding activity, yet this protein can stimulate the TnsA+B transposase

to initiate Tn? transposition. Therefore, by fusing the TnsCA]-293 domain to other DNA

binding proteins, Tn? transposition might be directed into various DNA sites of interest.

I leave the study of Tn? transposition as I began it -- with respect for the exquisite

control that the TnT machinery exerts over its target site selection. However, this thesis

work has shown how easily that control can be overcome ... to the benefit of the

experimenter, though not necessarily the benefit of the element.
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