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Target Site Recognition in Tm7 Transposition

by

Kenneth M. Kubo

ABSTRACT

The bacterial transposon Tn) is unusual in its ability to

transpose at high frequency into a specific site in the Escherichia coli

chromosome, called att'Tn/. I have examined Th7 insertion sites in the E.

coli chromosome and identified two distinct classes of target sites.

Target site choice was determined by two overlapping ensembles of Tn/-

encoded genes. thsABC + tris E display little target site selectivity,

directing insertion into many different sites unrelated in sequence. By

contrast, trisaBC + trisD display high target sequence selectivity,

directing insertion into attTn/ and a limited number of other sites

related in sequence to att'Tn/.

To examine the role of trisD in Tm7 insertion into att'Tn?, I have

purified the TnsD protein and show that TmsD directly binds to attTrž,

recognizing sequences located at a distance from the specific point of

Tn? insertion. I also show that TmsD directly participates in and is

essential for transposition to att'TnT. in a cell-free recombination

system. I provide evidence that TmsC, an ATP-dependent non-sequence
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specific DNA binding protein, also associates with the attTrly target

site when TnsD is present. These studies indicate that ThsD is a

critical determinant in the selection of attTrž as a specific Th7

insertion site and suggest that TrisD communicates with the rest of the

transposition machinery through its interaction with TnsC.
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Chapter 1

Introduction



Transposable elements are specialized DNA segments which can move

from one site to another site, called a target site (reviewed in Berg

and Howe 1989). Barbara McClintock first identified these elements,

which she named controlling elements, from her cytological and genetic

studies of maize (McClintock 1951, 1956). However, these elements were

not widely recognized until it was found that many spontaneous mutations

in the lac and gal operons of Escherichia coli resulted from

transposable element insertions into these loci (Malamy 1966; Jordan et

al. 1967; Adhya and Shapiro 1969; Shapiro and Adhya 1969). Since then,

examples of these elements have been characterized in all prokaryotic

and eukaryotic organisms in which they have been sought. It is now clear

that these elements can comprise a significant portion (from 1-10%) of

the genome of an organism (Finnegan and Fawcett 1986; Fanning and Singer

1987; Ajioka and Hartl 1989).

Functional transposable elements encode one or more proteins

important for transposition and contain special cis-acting DNA sites,

usually located at the ends of the element, required for movement of the

element (Grindley and Reed 1985; Craig and Kleckner 1987). Some elements

also encode other accessory genes, such as antibiotic resistance or

biosynthetic functions, that can provide some selective advantage to the

organism (Kopecko 1980). Many transposable elements, however, contain

only the determinants needed for their movement and can proliferate

within a genome, which suggests that these elements are "selfish DNAs."

whose major function is to maintain themselves within the host genome

(Doolittle and Carpienza 1980; Orgel and Crick 1980). Despite their
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capacity to increase in copy number, many elements tightly regulate

their transposition to avoid an extremely high level of proliferation

that would prove detrimental to the organism (Doolittle et al. 1984;

Kleckner 1990).

Target site selection is one important aspect of transposable

elements. In general, these elements insert into many different genomic

sites, which can have dramatic consequences for the host organism (for

reviews, see Syvanen 1984; Finnegan 1989; Galas and Chandler 1989).

These insertions may disrupt host gene function or affect gene

expression near the insertion site, for example, by providing regulatory

sequences to adjacent host genes. In addition, these elements can

produce gross genetic changes, including deletions, inversions, and

replicon fusions. These chromosomal rearrangements can occur by

homologous recombination between multiple copies of the element in the

genome. Because of their potential to promote genetic change,

transposable elements have been postulated to play an important role in

genome evolution (Chao et al. 1983; Syvanen 1984). The ability of

transposable elements to disrupt gene function has also been exploited

as a tool for genetic analysis, since the element can serve as a

convenient insertional mutagen that marks the site of mutation (Berg et

al. 1989; Soriano et al. 1989; Kleckner et al. 1991).

The overall goal of this thesis is to understand the mechanism of

target site selection in transposition. The focus of this work is the

bacterial transposon TnT., which displays an unusual target site

selectivity. To provide a conceptual framework for examining Tn 7



transpostion, this introduction will review two major aspects of target

site selection in transposition:

1) e determinant t et cifi displayed b

transposable elements. Generally, transposable elements can insert into

many different sites, but many do show at least some bias in their

selection of target sites. Both the nucleotide sequence and general

Structure of the target DNA can affect the choice of insertion sites.

This target site specificity reflects the particular interactions

between the transposition apparatus and the target DNA.

2) The mechanism of target site recognition and utilization during

transposition. The recent development of in vitro transposition systems

for several elements has provided a mechanistic understanding of the

target site transactions involved in transposition. Surprisingly, these

studies have revealed that these transposable elements, although derived

from a wide spectrum of organisms, share many features in their

transposition mechanisms (Sherratt 1991), which may indicate that

transposition is a process conserved through evolution.

Finally, an introduction to Tn/ is presented to address the

significance of target site selection in TnT transposition.

Types of transposable elements

Transposable elements can be categorized on the basis of their

genetic organization, DNA sequence homologies, and mechanism of

transposition. For prokaryotic elements, the following major groups have

emerged:



1. IS elements and composite transposons. Insertion sequences (IS

elements) are small DNA segments, from about 800 to 1500 bp in length,

that usually encode a single protein, a transposase, which is required

for transposition. These elements also contain short terminal inverted

repeats that are recognized by the element-encoded transposase (reviewed

in Galas and Chandler, 1989). IS elements can transpose as individual

entities, but frequently act in pairs to mobilize an unrelated DNA

segment lying between the elements. A composite transposon contains the

two IS elements and the central DNA segment, which often encodes a

determinant of selective advantage to the organism, such as antibiotic

resistance or sugar utilization.

In some cases the IS elements encode inhibitors to regulate their

transposition. IS1, for example, produces a fusion protein InsAB, which

is the active transposase and results from translational frameshifting

between insA and insB (reviewed in Plasterk 1991). Moreover, IS1

produces in much greater abundance the InsA polypeptide, which acts as

an inhibitor for transposition, perhaps by competing with InsAB for

binding to the IS1 ends (Sekine and Ohtsubo 1989; Escoubas et al. 1991).

Another element, IS50, which forms the composite transposon TriS, also

contains a transposition inhibitor (p2) that is a shortened form of the

transposase (p1) (Yin and Reznikoff 1988).

2. Noncomposite transposons. These elements can mobilize

antibiotic resistance determinants, but otherwise are distinct from IS

flanked composite transposons. In particular, an individual end of a

noncomposite transposons cannot by itself translocate, as found with the

IS modules composite elements; instead, the two ends must act in
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combination to promote transposition. One predominant group of such

elements includes Tr3 and its relatives (Arthur and Sherratt 1979;

Grindley 1983; Grindley and Reed 1985). These elements encode a

transposase which carries out transposition replicatively, generating a

cointegrate that contains two copies of the element. The cointegrate

results from the transposase-mediated fusion of the original donor

element-carrying molecule and the target molecule, which can then be

resolved by another element-encoded protein, a resolvase, that promotes

recombination between a specific site in each element. Another group of

noncomposite elements includes TnT and closely related elements (Craig

1989). In contrast to Tn3, Tn.7 translocates via a nonreplicative

mechanism (Bainton et al. 1991).

3. Bacteriophage Mu. A third group of elements comprises the

bacteriophage Mu and related elements, which utilizes transposition

during the lytic and lysogenic phases of its life cycle (for reviews,

see Mizuuchi and Craigie 1986; Pato 1989). Mu transposes replicatively

during the lytic phase, repeatedly forming cointegrates as a means to

replicate its genome. Alternatively, during lysogeny Mu inserts into the

bacterial chromosome by nonreplicative transposition. For both

transposition events, Mu encodes two transposition proteins: Mua, the

transposase protein; and MuB, which plays an important role in target

DNA interactions.

Studies of prokaryotic elements from these three classes has

provided a mechanistic understanding of transposition, which has been

helped to a large extent by the development of cell-free transposition

systems for a few of these elements, e.g. the bacteriophage Mu (Mizuuchi
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1983), the composite transposon Tnl0 (Morisato and Kleckner 1987), and

the noncomposite transposon Tn? (Bainton et al. 1991).

Eukaryotic transposable elements can be divided into two major

classes based on their transposition mechanism. Class I elements require

reverse transcription of an RNA intermediate (a DNA-RNA-DNA mechanism)

in order to transpose, whereas class II elements, like prokaryotic

elements, utilize a direct DNA to DNA transposition mechanism (Finnegan

1989a).

1. Class I elements. Class I transposable elements transpose

through an RNA intermediate transcribed from the donor element. A DNA

copy is produced by reverse transcription, which then integrates into a

target site. The most extensively studied examples of these elements are

retroviruses and the structurally related retrotransposons, such as the

yeast Ty elements (reviewed in Boeke 1989) and the Drosophila copia-like

elements (reviewed in Bingham and Zachar 1989). These elements contain

at each end a long terminal repeat (LTR) that flanks an internal domain

encoding long open reading frames similar in function and sequence

between retroviruses and retrotransposons. Gene products from this

internal region include reverse transcriptase (RT) and integrase (IN),

which carries out the actual transposition process.

Another group of class I elements are more distantly related to

retroviruses. These elements, which include the mammalian LINE elements

(reviewed in Hutchison et al. 1989) and the Drosophila I factors

(reviewed in Finnegan 1989b), lack long terminal repeats and contain an

A-rich tract at the 3' end of one strand. They do contain long open



reading frames, one of which encodes a putative reverse transcriptase.

In one case, the mammalian LINE-1 has been shown to encode an active

reverse transcriptase (Mathias et al. 1992) and a version of this

element which is likely to be functional for transposition has also been

isolated (Dombroski et al. 1992).

2. Class II elements. Like bacterial transposable elements, class

II elements transpose directly through a DNA to DNA mechanism. Examples

of these elements include P elements in Drosophila (reviewed in Engels

1989), Ac and En/Spin elements in maize (reviewed in Federoff 1989), and

Tam elements in Antirrhinum majus (reviewed in Coen et al. 1989). These

elements contain short inverted repeats at their termini and encode one

or more genes required for transposition, since elements containing

internal deletions in these genes mobilize only when functional elements

are present elsewhere in the genome.

It is important to distinguish transposable elements from another

class of mobile elements that undergoes conservative site-specific

recombination (CSSR), a DNA rearrangement that can also mediate the

translocation of a discrete DNA segment (reviewed in Craig 1988). CSSR

essentially involves a reciprocal exchange between two specific DNA

sites that must share a short region of homology. In contrast,

transposition does not require any homology between the target site and

the transposable element. Like transposition, CSSR requires specific DNA

sequences and specialized proteins to direct the precise breakage

reunion of DNA strands. However, these two recombination reactions

differ in the reciprocal nature of DNA exchange and the role of DNA



synthesis. CSSR is a reciprocal event whose breakage and joining

reaction requires no DNA synthesis, whereas transposition does not

involve any reciprocal exchange between participating DNAs and requires

at least some DNA synthesis at the newly formed element/target DNA

junctions. Unlike the products of CSSR, the element/target DNA junctions

formed during transposition contain single-strand gaps resulting from a

staggered break in the target DNA. These gaps are subsequently repaired,

producing a characteristic duplication of the target sequence, with a

copy of the duplicated sequence flanking each end of the element

(Grindley and Sherratt 1978; Kleckner 1981). In some cases, DNA

synthesis continues so that the entire element is replicated.

Target site specificity in transposition

Although transposable elements generally insert into many

different target sites, closer examination has revealed that these

elements display at least some degree of insertion bias. In one study,

the distribution of several IS elements (IS1, IS2, IS3, IS4, IS5, IS30,

and IS150) in the E. coli chromosome was compiled, and it was found that

these elements, taken together, had inserted preferentially into

particular regions of the E. coli chromosome, whereas a striking paucity

of insertions was observed in another chromosomal region (Birkenbihl and

Vielmetter 1989). For individual transposable elements the insertion

specificity varies widely. In a few cases the insertion specificity is

extremely restricted, such as the bacterial element IS4, which has been

observed to insert into only four unique sites in the E. coli chromosome

(Habermann et al. 1979; Klaer and Starlinger 1980; Klaer et al. 1981,
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Mayaux et al. 1984). In contrast, bacteriophage Mu can insert into many

different sites in the E. coli chromosome during its lytic phase,

generating approximately 100 copies of the phage genome (Pato and

Waggoner 1987). Nonetheless, Mu can preferentially insert into

particular sites within a defined target DNA, and closer inspection has

indicated a limited similarity in sequence at the insertion site (Kamp

and Kahmann 1980; Mizuuchi and Craigie 1986; Castilho and Casadaban

1991).

Eukaryotic transposable elements also display different levels of

insertion specificity. For example, the Drosophila P elements

preferentially insert into particular genomic loci (Simmons et al. 1984;

Berg and Spradling 1991). These elements disrupt the singed locus at an

unusually high frequency, whereas other loci, such as alcohol

dehydrogenase, are poor targets for insertion (Engels 1989). Within the

singed gene, nearly 50% of the P element insertions analyzed were

clustered within a 100 bp region; moreover, repeated insertions were

found at a single site (Roiha et al. 1988). At a genomic level, the Rous

sarcoma virus (RSV) can display a remarkable insertion specificity.

Analysis of genomic insertions from turkey embryo fibroblasts revealed a

small number of sites that were utilized at a 10°-fold higher frequency

than expected for random insertion, and independent insertions occurred

repeatedly at the same nucleotide position (Shih et al. 1988). Thus, RSV

shows a high preference for certain genomic sites even in the absence of

any target gene selection.

In general, two patterns of insertion specificity have been

characterized for transposable elements. In some cases, repeated

- 10



insertions occur into particular target site, which is often attributed

to the presence of a consensus nucleotide sequence at or near the target

DNA duplicated upon insertion. Such preferred target sequences for

insertion apparently reflect the recognition of the target site by the

transposition machinery. In other cases, transposable elements display

regional specificity, where insertions are clustered within a small

region of the target DNA. This insertion specificity can result from a

general feature of the target DNA region, such as DNA structure, gene

activity, and DNA binding by host proteins.

A local consensus target sequence as a determinant for insertion

specificity

For several prokaryotic and eukaryotic elements, the target DNA

information responsible for insertion site specificity occurs locally at

the point of insertion. This specificity appears to reflect the

preferred recognition and cleavage of particular target sites by the

transposition machinery.

A notable example of this type of insertion specificity is the

bacterial transposon Tnl0. Although Tnl0 inserts into many different

sites in the bacterial genome, Tn.10 preferentially inserts into certain

target sites, or hotspots (Kleckner et al. 1979). Sequence analysis of

these hotspots has revealed a consensus sequence within the 9 bp

duplicated target DNA, where the strand breakage and rejoining events

occur. The 6 bp consensus sequence 5'-NGCTNAGCN'-3' is symmetrically

located within the duplicated target DNA (Halling and Kleckner 1982). In

addition, the palindromic structure suggests that this site may be

- 11



recognized and cleaved by symmetrically positioned subunits of a single

protein, akin to Type II restriction enzymes, which bind and cleave a

short symmetrical sequence (Rosenberg et al. 1987). The Tnl0 transposase

plays an important role in target site specificity, since specific

transposase mutations can alter the target site specificity, which may

indicate a perturbation in the transposase-target DNA interaction

(Bender and Kleckner 1992).

Analysis of many insertion sites demonstrated a correlation

between the preference for a given site and its similarity to the hot

spot consensus sequence (Halling and Kleckner 1982). In addition, one

insertion hotspot, HisD4, has been directly examined in vivo to explore

the importance of the target sequence for insertion specificity (Lee et

al., 1987). The HisD4 target sequence 5'-NGCCAGGCN-3’ deviates from the

consensus hotspot (5'-NGCTNAGCN-3’) at the third positions of its half

sites, where non-consensus cytosines are present. However, these

cytosines are methylated by the DNA cytosine methylase (dcm), which

recognizes the 5'-CCAGG-3' sequence embedded within the HisD4 site. The

resulting 5-methylcytosines restores the 5-methyl group normally found

at these positions in the consensus thymines and contributes to its use

as a hot spot. When the His D4 site was examined in dcm host, the

efficiency of insertion into this site was dramatically reduced. Thus,

the 5-methyl groups present in the thymines or 5-methylcytosines of the

consensus sequence are important for Th10 insertion specificity.

Although the target consensus sequence is a critical determinant

for Tn10 insertion, other features of the target DNA can also contribute

to the insertion specificity (Halling and Kleckner 1982). For example,

-12



context effects from sequences flanking the target duplication can alter

the insertion efficiency, although the basis of these effects still

remains to be determined (cited in Bender and Kleckner 1992).

Many transposable elements insert into target sites with a more

relaxed sequence specificity. In a well-studied example, the bacterial

element TmS inserts preferentially into target sites with G-C or C-G

base pairs at each end of the target duplication, i. e. 5'-

(G/C)NNNNNNN (G/C) - 3’ (Berg et al., 1983). The importance of the G/C

pairs in target specificity was directly examined by mutating the

terminal guanines for a preferred target site (5'-GCTTTAATG-3') in

pBR322, called hotspot I, and then evaluating transposition to the

altered target site (Lodge et al. 1988). Changing the G to A or T at

either end of the duplicated target sequence caused a dramatic reduction

in insertion frequency into the target site. Thus, the G/C pairs can

contribute to target site usage, which may reflect the preferential

recognition and/or cleavage at the target site by the transposition

machinery. It should be noted that many other sets of G/C pairs spaced

nine bp apart in pHR322 are not used as Tn5 insertion hotspots; hence,

other features of the target DNA also contribute to target site

selection (see below).

Structural features of the target DNA that influence regional insertion

specificity

Many transposable elements can insert into many different sites

within a target DNA region; however, detailed mapping has revealed

clusters of insertions within preferred stretches of DNA. This regional

- 13



specificity may reflect some structural feature of the target DNA. For

instance, insertion of the bacterial element IS1 into the lacz region of

E. coli did reveal a limited sequence specificity for insertion adjacent

to G/C base pairs (Galas et al. 1980). However, IS1 showed a more

remarkable preference for particular regions in lacz which are

relatively rich in A-T base pairs (Miller et al. 1980). Moreover,

addition of a poly (dA-dT) segment into a plasmid creates a synthetic

hotspot for insertion, resulting in a cluster of IS1 insertions in the

neighborhood of the A+T rich segment (Zerbib et al. 1985). The tendency

for insertion into A+T rich regions may indicate a preference for easily

denaturable sequences that facilitate IS1 insertion.

The presence of special DNA sites may also contribute to regional

specificity. Analysis of IS1 transposition into pHR322 revealed a

striking insertion hotspot in a 200 bp region that contains multiple

binding sites for the E. coli protein IHF (Gamas et al. 1987).

Approximately 80% of all insertions into pbR322 occur in this region,

and the plasmid contains IHF binding sites only in this region. IHF may

thus influence the distribution of IS1 insertions in a target molecule.

One model for IHF function in target site specificity is that IHF may

alter DNA conformation so as to favor insertion. Consistent with this

view, IHF induces DNA bending both in the pHR322 insertion hotspot and

the IS1 ends (Prentki et al. 1987). Alternatively, since IHF also binds

to the IS1 ends, IHF may stabilize the nucleoprotein complex formed with

IS1 and the target site through protein-DNA and protein-protein

interactions (Gamas et al. 1987).

-14



Despite the correlation between IHF binding sites and insertion

specificity, IHF strains still display wild type transposition

frequency, indicating that IHF is not essential for IS1 transposition,

although it may play an accessory role (Gamas et al. 1985). Comparison

of the distribution of insertions in pHR322 using IHF" and IHF

backgrounds will be needed to support the proposed role of IHF in

determining regional specificity.

Tn5 insertion is also influenced by general features of the target

DNA. Examination of Tn5 insertions into pHR322 revealed a cluster of

insertion hotspots within the first 300 bp of the tet gene (Berg et al.

1983). In particular, the major insertion hotspot, called hotspot I, is

dramatically affected by DNA topology (Lodge and Berg 1990). Notably,

hotspot I lies within a region of high negative supercoiling, which

results from the specific transcription and translation of the tet gene

(Lodge et al. 1989). Mutations in tet which reduced negative

supercoiling in pHR322 also blocked insertion into hotspot I (Lodge and

Berg 1990). This result is consistent with earlier studies which have

demonstrated that Tms insertion into bacteriophage X DNA is reduced in

cells blocked for the production of supercoiled DNA, either by examining

mutant cells deficient in DNA gyrase or wild-type cells treated with the

gyrase inhibitor coumermycin (Isberg and Syvanen 1982). It should be

noted that another pHR322 insertion hot spot (hotspot II), which is also

located in the tet gene near hot spot I, is not affected by high

negative supercoiling (Lodge and Berg 1990). Thus, target site

specificity is a complex process, where the determinants that contribute

to target site usage can differ from site to site.
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Preferential transposition to nearby target sites: Maize Ac

The maize transposable element Activator (Ac) also displays

regional specificity, preferentially inserting into target sites

genetically linked to the donor site (Greenblatt and Brink 1962).

Examination of transposition events from the unstable P-vv allele, which

contains the donor Ac element, revealed that Ac often transposes from a

replicated donor site into non-replicated target DNA near the donor site

(Greenblatt and Brink 1962; Greenblatt 1984). This observation may

indicate that replication of the Ac element activates the translocation

of the element (Chen et al. 1992).

Notably, this Ac translocation generates dissimilar daughter

chromosomes. Although both daughter chromosomes contain the newly

transposed Ac insertion, one chromosome contains an empty P-vv donor

site resulting from Ac excision, whereas the other retains the Ac

element at the donor site. The two mitotic daughter lineages from this

event produce detectable twin sectors, whose DNAs have been analyzed to

confirm the disposition of the Ac elements (Chen et al. 1987, 1992).

Insertion by this means allows Ac to proliferate in the host genome by a

non-replicative mode of transposition.

Introduction of Ac into a heterologous system, such as tobacco,

showed that Ac also preferentially transposes to genetically linked

sites (Jones et al. 1990). This tendency to insert into nearby sites

reflects the cis-acting preference of the Ac transposition machinery and

may also result from the chromatin structure that limits the

availability of potential insertion sites. Like Ac, Spm elements in
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maize (Nowick and Peterson 1981) and P elements in Drosophila (Raymond

and Simmons 1981; Hawley et al. 1988) also preferentially insert into

nearby target sites.

DNA accessibility: retrotransposons and retroviruses

The chromatin structure of the target DNA, which affects DNA

accessibility, can also influence regional specificity. Detailed mapping

of insertions by the yeast retrotransposon Tyl into particular genomic

loci (CAN1, URA3, and LYS2) revealed a preference for the 5' region of

targeted genes, as compared to the rest of the coding sequence

(Natsoulis et al. 1989; Wilke et al. 1989). In some cases, repeated

insertions occurred at the same nucleotide position, although alignment

of these preferred target sites revealed very little sequence

similarity. Insertion into the 5' region of these genes may indicate

preference for the more accessible chromatin structure in this region,

as suggested by the presence of nuclease hypersensitive sites generally

found in the 5' region of genes (reviewed in Elgin, 1988). The

uncondensed chromatin structure would then allow the target DNA to

interact with the integration machinery. Interestingly, avian and murine

retroviruses apparently display a similar target specificity, as both of

these elements insert into regions associated with DNase I hyper

sensitive sites and transcriptionally active regions (Vijaya et al.

1986; Rohdewohld et al. 1987; Scherdin et al. 1990; Mooslehner et al.

1990).

Insertion preference for accessible DNA regions can operate in a

more localized manner. Analyses of retroviral integration in vitro into
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naked DNA targets did not reveal any obvious target site specificity

(Brown et al. 1987). However, in vitro integration into minichromosome

target plasmids produced insertions in both nucleosome-free and

nucleosome-containing regions; intriguingly, the insertion sites tended

to be spaced approximately 10 bp from each other in a periodic fashion

(Pryciak et al. 1992). By contrast, insertions into naked DNA did not

follow this pattern. A reasonable model is that the DNA wrapping around

a nucleosome core produces a periodic spacing of exposed positions that

are preferentially accessible to the integration machinery.

Positional specificity: Yeast retrotransposon Ty3

The yeast retrotransposon Ty3 displays a remarkable insertion

specificity in that it integrates preferentially near tRNA genes

distributed throughout the genome (Chalker and Sandmeyer 1990; reviewed

in Sandmeyer et al. 1990). Notably, these insertions were located

exclusively within several nucleotides upstream of the transcriptional

start site. Detailed examination of Ty3 integration into a plasmid

target carrying the SUP2 trNA gene also showed this positional

specificity (Chalker and Sandmeyer 1992). An attractive view for this

target site preference is that the Ty3 integration machinery recognizes

the RNA polymerase III transcription complex assembled at tRNA genes.

Consistent with this view, a mutation within the SUP2 gene that disrupts

the assembly of the transcription apparatus also dramatically reduces

Ty3 target activity. Moreover, no specific nucleotide sequence at the

transcription initiation region is required for Ty3 insertion, as Ty3

still inserts near the SUP2 transcription start site even when replaced
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with heterologous sequences. In addition, Ty3 integration displays a

similar positional specificity into target plasmids containing the 5S or

U6 RNA genes, which are also transcribed by RNA pol III (Chalker and

Sandmeyer 1992). Further studies may determine whether the Ty3

integration machinery directly interacts with the RNA pol III

transcription apparatus.

Mechanism of target recognition and utilization during transposition

Several manipulations of the target site occur during

transposition. After a target site is identified by the transposition

machinery, the target sequence is cleaved at staggered positions and

concurrently joined to the incoming transposable element. The resulting

strand transfer product then undergoes at least some DNA synthesis to

repair the single-stranded gaps formed at the element/target junctions;

in some cases, replication proceeds through the entire element. As

discussed below, in vitro characterization of several transposable

elements has elucidated many of the mechanistic details underlying these

target site interactions.

General classes of transposition mechanisms

Two general transposition mechanisms, replicative and non

replicative, have been characterized among the transposable elements

studied (for reviews, see Grindley and Reed 1985; Derbyshire and

Grindley 1986; Craig and Kleckner 1987).

In replicative transposition, the entire element is replicated as

an essential part of the transposition mechanism. Insertion of an
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element from a donor molecule into a target molecule generates a

cointegrate: this structure consists of a fusion between the donor and

target DNA molecules, where a copy of the element as a direct repeat is

located at each of the two donor/target junctions (Shapiro 1979; Arthur

and Sherratt 1979). In some instances, the cointegrate is then resolved

by recombination between the two element copies to form 1) a molecule

identical to the original donor molecule and 2) a target molecule that

contains a copy of the element with a short target duplication at each

side of the element. A few elements (e.g. Tn3) contain a specialized

protein, a resolvase, that performs this resolution event at specific

DNA sites (Arthur and Sherratt 1979; Grindley 1983); in other cases, the

host recombination system resolves the cointegrate (Grindley and

Sherratt 1978; Shapiro 1979).

In non-replicative transposition, the element is excised from the

donor DNA and then inserted into the target DNA without any extensive

replication. Some DNA synthesis does occur at the newly formed

element/target junctions to repair the single-strand gaps resulting from

the staggered break in the target DNA. In one example, the bacterial

transposon Tnl0 translocates via a non-replicative "cut-and-paste"

process in which the transposon is released from the donor DNA by

double-strand cuts at each end and inserted into the target site

(Morisato and Kleckner 1984, 1987; Benjamin and Kleckner 1989). Genetic

studies using a heteroduplex Trilo element also showed that any DNA

synthesis at the transposon-target junctions did not extend

significantly into the transposon (less than 70 bp) (Bender and Kleckner

1986).

- 20



The broken donor DNA, resulting from excision of the element, can

now undergo several fates. As demonstrated in Tnl0 (Bender et al. 1991)

and Drosophila P element (Engels et al. 1990) transposition, the broken

donor molecule may be restored to its original element-containing state

by gap repair with a sister chromosome. Particularly with plant

transposable elements, the broken donor DNA can also be rejoined, albeit

imprecisely, presumably by host-encoded functions (Sadler and Nevers

1985); this process rarely if ever occurs within transposable elements

in bacteria (Bender et al. 1991). In other cases, the broken donor

molecule is rapidly degraded and lost (Berg 1977; Weinert et al. 1984;

Morisato and Kleckner 1984).

Some transposable elements employ either a replicative or non

replicative mechanism, whereas other elements, notably bacteriophage Mu,

use both. During Mu transposition, a recombination intermediate, called

the strand transfer intermediate, is generated which can proceed through

either mode of transposition (Shapiro 1979; Ohtsubo et al. 1981; Craigie

and Mizuuchi 1985; Figure 1A). In this intermediate the donor and target

molecules are joined: the two 3’ ends of the element are ligated to the

5' ends of the target site, whereas the other strand at each end of the

element remains uncleaved. Formation of the intermolecular strand

transfer intermediate is dependent on the Mu transposition proteins Mua

and MuE.

After the Mu strand transfer intermediate is generated, it can

then be resolved into a cointegrate structure, by DNA replication

through the Mu element from the free 3' ends of the target DNA, or into

either a simple insertion product, by cleavage of the donor DNA flanking
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the element and DNA repair of the donor/target junctions (reviewed in

Mizuuchi and Craigie 1986; Figure 1A). Host proteins are sufficient to

resolve the Mu transposition intermediate, since incubation of the

deproteinized DNA intermediate with an E. coli extract, lacking any Mu

proteins, can generate both types of transposition products (Craigie and

Mizuuchi 1985). It is tempting to speculate, however, that the Mu

encoded transposition proteins, Mu A and Mu B, may regulate whether the

transposition intermediate is resolved replicatively, which occurs

during lytic growth, or non-replicatively, which occurs during lysogeny.

Consistent with this view, a truncated Mu B protein, containing a short

carboxy terminal deletion, can no longer support Mu transposition

replicatively in vivo, but can still promote Mu lysogeny via non

replicative simple insertion (Chaconas et al 1985b). An attractive

hypothesis is that the carboxy terminus of Mu B recruits the host

replication machinery to the transposition intermediate in order to

promote replicative transposition.

Proteins that participate in transposition

Many transposable elements encode only one protein which is

involved in transposition. Th10, for example, encodes a single

transposase protein which mediates its translocation. In vitro studies

have also demonstrated that Trilo transposition also requires either of

two E. coli histone-like proteins, HU or IHF, which may contribute to

the DNA conformational changes that facilitate transposition (Morisato

and Kleckner 1987). Biochemical studies have demonstrated that the

transposase mediates Tnl0 excision from the flanking donor DNA by
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precise double strand cleavages at the Tnl0 ends (Morisato and Kleckner

1984; Haniford et al. 1989, 1991; Figure 1B). Moreover, the transposase

also directs the strand transfer between the Tnl0 ends and the target

site, which involves the ligation of the 3' strand at each TnlO end to

the 5' ends of the target DNA (Benjamin and Kleckner 1989; Figure 1B).

Genetic analysis has also provided evidence for an interaction by

transposase with the target DNA. Several transposase mutants have been

isolated which generate high levels of an excised transposon fragment

(ETF), resulting from double strand cuts at the transposon ends

(Haniford et al. 1989). Although the ETF is normally an intermediate in

Tn10 strand transfer (Haniford et al. 1991), the transposase mutants

cannot promote strand transfer between the Tnl0 ends and the target

site. These properties suggest a defect in the transposase in some

aspect of target DNA interaction whose overall consequence is a block to

target site insertion.

Retroviral elements also encode a single protein, the IN protein,

which is required for integration. The IN protein from Moloney murine

leukemia virus (MoMLV) or human immunodificiency virus (HIV) possesses a

site-specific endonuclease activity that removes a dinucleotide from the

3' ends of the retroviral DNA produced by reverse transcriptase (Craigie

et al. 1990; Bushman and Craigie 1991; Figure 1C). The IN protein from

MoMLV and HIV also promotes the joining of the recessed 3' ends to the

target DNA (Figure 1C). Although the IN protein alone can generate the

concerted integration of a pair of retroviral end DNA substrates,

single-end integrations, where only one retroviral end has inserted into

the target DNA, are another significant reaction product. The relatively
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high number of these non-concerted integration events found in vitro may

reflect the use of purified IN protein and synthetic end substrates,

instead of the elaborate nucleoprotein complex where the retroviral DNA

and several proteins, including IN, are located in vivo (Bowerman et al.

1989). The nucleoprotein complex may play a role in ensuring the

coordinated integration of both ends of the retroviral element into the

target DNA. In addition, the organization of the viral DNA within the

complex may inhibit intramolecular "autointegration" events that would

disrupt the integrity of the element (Craigie et al. 1990).

Several transposable elements encode more than one protein to

mediate their translocation. Bacteriophage Mu contains two transposition

proteins, Mua and MuB, that play important roles in transposition. Two

host DNA binding proteins, HU (Craigie et al. 1985) and IHF (Surette and

Chaconas 1989), also assist in Mu transposition, but operate at an early

step, probably by influencing the conformation of the Mu donor DNA. The

Mua protein recognizes specific DNA sites at the Mu ends (Craigie et al.

1984) and a separate site, called the internal activation sequence,

located within Mu (Surette et al. 1989; Mizuuchi and Mizuuchi 1989;

Surette and Chaconas 1989). Importantly, Mua also functions as the

transposase, mediating the cleavage and joining events between the

target DNA and the Mu ends (Maxwell et al. 1987). Mua therefore performs

the essential target site manipulations required for strand transfer.

The MuB protein also interacts directly with target DNA and affects

target site selection. MuB directs Mua to promote insertions into

intermolecular target sites; in the absence of MuE, transposition in

vitro by Mua occurs predominantly into intramolecular sites, but at a
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significantly reduced overall efficiency (Mizuuchi 1983; Maxwell et al.

1987). Biochemical studies have shown that MuB binds nonspecifically to

DNA in the presence of ATP (Maxwell et al. 1987), and MuB also forms

oligomers on DNA which may be the active form of MuB that attracts MuA

to promote strand transfer (Adzuma and Mizuuchi 1991).

Mu inserts into a preferred target consensus sequence: 5'-

N(Pyr) (G/C) (Pur)N-3' (Kamp and Kahmann 1981; cited in Mizuuchi and

Craigie 1986). Although Mub recruits Mua to the target DNA,

transposition promoted by Mua and HU, in the absence of MuB, still

displays the same sequence specificity at the target site (Mizuuchi and

Craigie 1986). Since HU operates at an early step in Mu transposition

involving only the Mu donor DNA (Lavoie and Chaconas 1990; see below),

MuA is likely responsible for this insertion specificity. Thus, Mub

directs Mu to particular target DNAs, whereas Mua plays a critical role

in selecting preferred sequences for insertion within the target DNA.

In addition to affecting target site choice, MuE can also modulate

the activity of Mua by stimulating cleavage of the Mu ends or

intramolecular strand transfer (Surette et al. 1991; Baker et al. 1991;

Surette and Chaconas 1991). Mua activation by MuB appears to be distinct

from the DNA binding properties of MuE, since chemical modification of

MuB disrupts its DNA binding activity, but does not affect its ability

to stimulate Mua. The MuB enhancement of Mua activity also implicates

direct MuB-Mua interactions. In agreement with this view, a carboxy

terminal deletion of Mua still promotes strand transfer, but fails to

undergo activation by MuB, implying that the Mua deletion mutant cannot

interact with MuB (Baker et al. 1991). In addition, another closely
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related Mua deletion mutant can still direct insertions into

intramolecular sites, but is defective in utilizing intermolecular

target sites identified by MuB (Leung and Harshey 1991). In vivo, these

Mua deletion mutants promote transposition at a reduced frequency in the

presence or absence of MuB, consistent with the inability to interact

with MuB (Harshey and Cuneo 1986).

Communication between the target site and the ends of the element

During transposition three separate DNA segments, the two ends of

the element and the target site, must be brought together in order for

strand transfer between the ends and the target site to proceed

accurately. An emerging view is that specific protein-DNA complexes

containing the element ends and the target site mediate the transactions

between these DNA sites. The involvement of protein-DNA complexes

suggests that an elaborate set of protein-DNA and protein-protein

interactions operate during transposition.

For Mu transposition two distinct protein-DNA complexes have been

identified: the type I, or cleaved donor, complex; and the type II, or

strand transfer, complex (Surette et al. 1987; Craigie and Mizuuchi

1987; Figure 2). The cleaved donor complex consists of a Mu donor

molecule in which the two protein-bound Mu ends are held stably together

and contains a single-stranded nick at each 3' end, separating Mu from

the flanking donor sequences. The bound Mu ends partition the donor

molecule into two topological domains: the Mu DNA remains negatively

supercoiled while the flanking donor DNA is relaxed. To complete the

strand transfer reaction, the cleaved donor complex is converted to the
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strand transfer complex, consisting of the strand transfer product in

which the two free 3' ends of Mu are ligated to the 5' ends of the

cleaved target DNA (Figure 2). In this complex the resultant

transposon/target junctions are also non-covalently bound together by

protein, with the Mu DNA supercoiled and the flanking donor and target

DNAs relaxed.

Mu DNA strand transfer in vitro requires the phage-encoded

proteins, Mua and MuB, and the host protein HU (Craigie et al. 1985).

Formation of the cleaved donor complex requires Mua and HU. Mua

specifically binds to the Mu ends and maintains the stable synapsis of

the ends in the complex (Mizuuchi et al. 1991), whereas HU facilitates

the assembly of this higher-order complex, perhaps by its ability to

wrap or coil DNA (Lavoie and Chaconas 1990). Another host protein, IHF,

although not absolutely required for strand transfer, can also assist in

the formation of the cleaved donor complex through its interaction with

an enhancer-like sequence, called the internal activation sequence

(IAS), which lies about 1 kb from the Mu left end (Surette et al. 1989;

Mizuuchi and Mizuuchi 1989; Surette and Chaconas 1989). IHF relieves the

high negative supercoiling requirement for IAS stimulation of cleaved

donor complex formation. Conversion of the cleaved donor complex into a

strand transfer complex requires MuB, which binds to target DNA and

promotes intermolecular target capture by the cleaved donor complex

(Surette et al. 1987; Craigie and Mizuuchi 1987). The strand transfer

complex contains Mua tightly bound noncovalently to the target/element

junctions, whereas HU and MuB are more loosely associated with the

complex (Lavoie and Chaconas 1990). HU is not required for this step, as
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the cleaved donor complex containing Mua, but selectively depleted of HU

by high salt, can efficiently generate strand transfer product (Lavoie

and Chaconas 1990). In addition, a precut Mu element containing two

right ends can complete strand transfer in the absence of HU (Craigie

and Mizuuchi 1987).

Interestingly, Tn.10 transposition also proceeds through two stable

protein-DNA complexes which are transposition intermediates analogous to

the cleaved donor and strand transfer complexes found in Mu

transposition (Haniford et al. 1991; Figure 2). One Tn 10 complex

consists of an excised transposon fragment (ETF), in which Tnl0 has

undergone transposase-mediated double-strand breaks at both ends to

excise the transposon precisely from the flanking donor DNA. The ETF

protein-DNA complex closely resembles the Mu cleaved donor complex in

that the transposon ends are held tightly together by the non-covalently

bound transposase (Figure 2). Similarly, the Tnl0 sequences in this

complex remain supercoiled; however, the flanking donor DNA is no longer

present, released from the Tnl0 sequences by double-strand breaks at the

transposon/donor DNA junctions. The ETF is a precursor to the strand

transfer intermediate, which exists predominantly as a transposon circle

generated by Tnl0's utilization of a target site within the transposon.

This intramolecular, transposase-dependent rearrangement is a deletion/

inversion, since the flanking donor DNA outside the Tnl0 ends is

deleted, and the transposon sequences between one Tn 10 end and the

target site are inverted (Benjamin and Kleckner 1989; Figure 2). The

protein-DNA complex containing the Tnl0 deletion/inversion circle is

analogous to the Mu strand transfer complex. In both cases, the
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transposon ends have been joined to the cleaved target site, and a

stable complex results from protein tightly bound at the

target/transposon junctions. As found with the target molecule in the Mu

strand transfer complex, the Tn 10 circle is relaxed, since the

transposon itself serves as an intramolecular target.

Target site cleavage and DNA strand transfer

Insertion of a transposable element into a target site generally

produces a short duplication of the target sequence, and each element

generates a target site duplication of a specific length (Grindley and

Sherratt 1978; Kleckner 1981). This target DNA repeat, several base

pairs long, results from a staggered break on each strand of the target

sequence mediated by one or more element-encoded proteins. Cleavage of

the target DNA is coupled to the joining of the transposable element to

the target site, and the single-strand gaps at the element/target

junctions are subsequently restored by host-dependent DNA synthesis,

resulting in the characteristic target duplication flanking each end of

the element.

Analysis of Tnl0 transposition, which generates a 9 bp duplication

upon transposon insertion, has provided physical evidence for the

staggered cleavage at the target site. Intramolecular strand transfer

products were generated in vivo with a Tnl0 substrate containing an

internal His G1 hotspot (Bender and Kleckner 1989). Examination of the

strand transfer products revealed that the transposon-HisC1 target site

junctions contained a 9 nt. single strand gap extending from the 5’

transposon terminus to the 3' cleaved target terminus. On the other

-29 -



strand opposite the gap, the 5' end of the target strand is joined to

the 3’ transposon end. The structure of the transposition intermediate

is consistent with the occurrence of 9 bp staggered nicks in the target

site.

The development of highly purified systems for transposition in

vitro has also demonstrated that element-encoded proteins mediate the

target site cleavage and joining to the ends of the element. For

instance, integration intermediates were generated by purified MoMLV IN

protein and single-strand gaps at the viral end/target junctions were

repaired by passage of the plasmid containing the junctions through E.

coli (Craigie et al. 1990). Analysis of the viral end/target junctions

indicated that IN protein presumably generates the staggered cleavage of

the target DNA that results in the 4 bp duplication observed for

integration events in vivo.

Intriguingly, an emerging view is that breakage of the target site

is coupled to strand transfer between the ends of the element and the

target site. Support for this model has come from stereochemical studies

of DNA strand transfer. During bacteriophage Mu transposition, DNA

strand transfer proceeds chemically through the joining of the 3'OH ends

of the Mu element to the 5’ phosphoryl ends of the target DNA (Mizuuchi

1984). No high energy cofactor is required for the strand transfer

reaction, indicating that the phosphodiester bond energy for target DNA

cleavage is probably conserved throughout this step (Maxwell et al.

1987). Strand transfer reactions with target DNAs containing chiral

phosphothiorates were performed to examine the stereochemistry of the

phosphate group at the target site junction that was joined to the Mu
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end (Mizuuchi and Adzuma 1991). During the course of strand transfer,

the chirality of the phosphothiorate linkage between the donor and

target DNA was inverted. This result suggests a one-step transester

ification mechanism, where the exposed 3'OH of the cleaved Mu end acts

as a nucleophile that attacks the phosphodiester linkage in the target

DNA. In this view, the nucleophilic attack simultaneously breaks the

target DNA strand and joins the 3' end of the element ot the 5' end of

the target DNA. Similar studies of HIV retroviral strand transfer in

vitro have demonstrated that this reaction also proceeds through a one

step transesterification mechanism (Engelman et al. 1991), which may

indicate its applicability to a wide range of transposable elements.

The concerted cleavage-ligation reaction, where the 3'OH from the

donor DNA is used directly as the attacking nucleophile, bypasses the

requirement for a covalent protein-DNA intermediate in strand transfer.

If a protein-DNA covalent linkage were involved, as argued for site

specific recombinases and DNA topoisomerases, then strand transfer would

proceed via a two-step transesterification mechanism (reviewed in Craig

1988). In fact, stereochemical analysis of bacteriophage lambda

integration indicated a two step mechanism, which is consistent with the

view that lambda integration proceeds through a covalent Int-DNA

intermediate (Mizuuchi and Adzuma 1991).

The coupling of target DNA cleavage to strand transfer is

consistent with the observation that Mu and retroviruses do not require

an exogenous energy source for this step, indicating that the

phosphodiester bond energy from target DNA cleavage is likely conserved

(Maxwell et al. 1987; Brown et al. 1987; Ellison et al. 1990). Indeed,
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this cleavage-ligation step may generally prove to be reversible,

because of its isoenergetic nature. In one study, HIV IN protein could

accurately convert a synthetic integration intermediate into a restored

target DNA segment and viral end (Chow et al. 1992). This reaction,

referred to as "disintegration", likely proceeds through a one-step

mechanism analogous to the forward cleavage-ligation step.

Mechanism of target immunity

For a few transposable elements, the presence of an element or

even an element end sequence in a DNA molecule may render the potential

target molecule immune, so that additional insertions of the same

element into the target DNA are inhibited (Robinson et al 1978; Lee et

al. 1983; Hauer and Shapiro 1984; Darzins et al. 1988). The mechanism of

target immunity should provide insight into how the transposition

apparatus mediates communication between the transposable element and

the target DNA. This phenomenon has been extensively characterized in

bacteriophage Mu, where immunity has been studied in vitro using

purified components. During Mu strand transfer, when two target DNAs are

provided in which one target molecule carries a Mu end sequence, the Mu

element inserts into only the non-immune target DNA lacking the Mu end

(Adzuma and Mizuuchi 1988, 1989).

How is such target discrimination by Mu achieved? Biochemical

studies (Adzuma and Mizuuchi 1988, 1989) have demonstrated that DNA

bound by MuB protein is preferentially used as a target by Mu. However,

Mua protein causes MuB, when ATP is present, to dissociate from immune

target DNA molecules which contain Mu end sequences. MuB selectively
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dissociates from immune DNAs because of its proximity to Mua, bound

specifically to the Mu end. Immunity also involves ATP hydrolysis by

MuB, as Mu inserts into both immune and non-immune DNAs in the presence

of the non-hydrolyzable analogue, ATP-YS. When ATP-YS is present, Mub is

stably associated with both immune and non-immune target DNAs, which

promotes Mu insertion into both target molecules.

Studies on the Tn3-like transposon Yö indicate that target

immunity is dependent on yö transposase binding to the target DNA

(Wiater and Grindley, 1990a, b). A y& end carrying a deletion at the

terminus is deficient in promoting recombination when coupled with a

normal Yé end; however, the mutant end still retains the ability to

confer target immunity. The Yö mutant end can also bind transposase,

consistent with the view that transposase binding to the end sequences

is important for conferring immunity. Moreover, IHF stimulates the

ability of a Yö end to confer immunity, as shown by assaying immunity in

IHF-deficient strains or utilizing mutant ends which are deleted for the

IHF binding site (Wiater and Grindley 1990a). Footprint studies of IHF

and transposase interaction with the Yô ends have demonstrated that IHF

and transposase bind cooperatively to adjacent sites (Wiater and

Grindley 1988, 1991). Thus, the IHF stimulation of immunity may be

explained by its ability to increase transposase binding to yö end

sequences on an immune target. The transposase bound to the immune

target perhaps confers immunity by interacting with the incoming

transposon complex and aborting the transposition reaction (Lee et al.

1983; Wiater and Grindley 1990b).
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Bacterial Transposon Tn?

The bacterial transposon Tri/, which confers resistance to

trimethoprim, spectinomycin, and streptomycin, is particularly

interesting because of its unusual target site selectivity. Originally

identified in E. coli as a determinant for trimethoprim resistance

(Hedges et al. 1972), Tn/ was subsequently recognized for its ability to

insert at unusually high frequency into a single chromosomal site (Barth

et al. 1976). Tn? insertions into a preferred chromosomal site have

later been found in a wide range of bacteria (reviewed in Craig 1989).

In addition to this site-specific mode of transposition, Tn.7 also

inserts at low frequency into many different target sites in plasmids

(Barth and Grinter 1977; Barth et al. 1978)

In E. coli, the specific Tri■ / insertion site, called attTrz, is

located at minute 84 between the two host genes glmS, which is involved

in cell wall biosynthesis, and phoS, which participates in phosphate

transport (Barth et al. 1976; Lichtenstein and Brenner 1981; Walker et

al. 1984). As observed for other transposable elements, Tr/ produces a

short target DNA duplication (5 bp) upon insertion into attTnT.

(Lichtenstein and Brenner 1982; McKown et al. 1988). An interesting

feature is that Th7 transposes to att'Tn/ in a unique orientation, with

the right end of TnT adjacent to glmS and the left end adjacent to phoS.

Examination of Tn 7 transposition to att'Tn/ has shown that plasmids

carrying a chromosomal att'TnT. DNA segment can confer the orientation

and site-specific insertion observed for Tn? transposition (McKown et

al. 1988). Thus, the target DNA information necessary for Tri/ insertion

is contained within the attTrž sequence. Interestingly, the sequence
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information required for attTnT target activity lies entirely to one

side of the specific point of TnT insertion, and the target DNA

sequences immediately surrounding the Tn/ insertion point can be changed

without obviously affecting target activity (Gringauz et al. 1988).

Sequence comparisons between the ends of Tn? and the attTnT target site

also showed no significant DNA homology, another feature indicative of

transposition (Gay et al. 1986; McKown et al. 1988).

Tn/ also displays target site selectivity by evaluating potential

target DNA molecules for the presence of another Th7 element; i.e. Th7

exhibits target immunity, where the presence of Tn/ in a target molecule

greatly inhibits a second insertion of the element (Hauer and Shapiro

1984; Arciszewska et al. 1989). Examination of various Tn) end segments

revealed that the right end of TnT is sufficient to confer target

immunity, and the cis-acting TnT right end sequences required for

transposition are also necessary for immunity (Arciszewska et al. 1989).

Tn? insertion into att'Tn/ also inactivates any subsequent insertion into

the occupied att'Tn/ sequence, thus avoiding tandem element insertions

(Arciszewska et al. 1989).

The relatively large size of Tn/ (14 kb) suggested that it carries

a complex array of DNA sequence information required for transposition,

and TnT derivatives containing internal deletions were first examined to

define these determinants (Smith and Jones 1984; Hauer and Shapiro 1984;

Ouartsi et al. 1985). These studies indicated that the functional ends

of Tn? extended into the element beyond the terminal inverted repeats.

In a later study, the size and complexity of the Tn? ends required for
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transposition was established by analysis of miniTn/ elements containing

various Tri/ end segments (Arciszewska et al. 1989).

The initial studies with Tn/ deletions also indicated that

transposition required several Tn/-encoded genes (Hauer and Shapiro

1984). Subsequent studies, using complementation with various Th7 DNA

segments (Rogers et al. 1986) and using insertional mutations in TnT.

(Waddell and Craig 1988), determined that Th7 encoded five transposition

genes, designated trisa, ths}, thsC., tmsD, and trisB. Moreover, analysis

of transposition to plasmids showed that trisa BC + trisD direct high

frequency, site-specific insertion into att'Tn/, whereas ths ABC + thse

promote low-frequency insertions into other plasmid target sites. Thus,

Tn? transposition occurs along two overlapping, but distinct pathways.

To understand the roles of the Tns proteins in recombination, a

biochemical approach has been undertaken. Purification and

characterization of individual Tn/ recombination proteins has revealed

that Tris B directly binds to the ends of Tn? (Arciszewska et al. 1991;

Tang et al. 1991; Arciszewska and Craig 1991) and TnsC is an ATP

dependent, non-sequence-specific DNA binding protein (Gamas and Craig,

in press). In addition, a cell-free system that reconstitutes Tri'■

transposition to att'Tn/ has been developed using protein fractions from

cells containing the individual tris genes (Bainton et al. 1991).

Analysis of Tn/ transposition in vitro will prove invaluable in

dissecting the mechanism of TnT transposition.
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Objectives

The major objective of this thesis is to determine the mechanism

of target site selection in Tn/ transposition. To this end, I have

addressed the following questions:

1. What are the features of Tn/ insertion sites that influence

target site selection? I examined TnT insertions into the E. coli

chromosome and show that Tri■ directs insertion into two distinct classes

of target sites that differ dramatically in nucleotide sequence. These

studies are presented in Chapter 2, which was published as: K.M. Kubo

and N. L. Craig, "Bacterial transposon Tri/ utilizes two different classes

of target sites." J. Bacteriol. (1990) 172: 2774-2778.

2. How does Tn/ direct site-specific insertion into attin/? I

purified the TnsD protein and show that TnsD directly recognizes attTn/.

Moreover, TnsD participates directly in and is required for

transposition to att'TnT. These studies argue that TnsD recognition of

attTrly is an important determinant for Tri■ / insertion. These results are

described in Chapter 3.

3. How do the protein-target DNA interactions with att'Tn/ promote

Tn/ insertion? These studies, which are a collaboration between Roland

Bainton and myself, are presented in Chapter 4 with a preface that

summarizes the details of our collaboration. We show that TrisD recruits

another transposition protein, TnsC, to the attTrì'■ target site. We

provide evidence that TnsC can associate with the target DNA and likely

plays a role in target selection.

The concluding chapter summarizes our current understanding of

target site selection in Tn/ transposition and its relevance to other

specialized protein-DNA transactions.
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Figure 1. Steps involved in transposition and retroviral

integration.

Insertion of Mu (A), Tn.10 (B), and the retrovirus MoMLV (C) into a

target site are shown. The transposable element and target DNAs are

shown by clear and hatched boxes, respectively. Solid lines indicate the

flanking donor DNA. Arrowheads indicate cleavage sites on each DNA

strand of the transposable element, and asterisks indicate positions of

strand transfer in the target DNA. DNA synthesis after strand transfer

is shown by a dashed line.
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Figure 2. Cleaved donor and strand transfer complexes formed

during transposition.

The transposon (Mu or Tn10) and flanking donor DNAs are clear and

solid black, respectively. The synaptic structures formed at the

transposon ends and the strand transfer junctions are indicated by the

dashed ovals, and the free 5' P04 (circles) and 3'OH (squares) groups at

the ends of the DNA strands are also shown. Figure was adapted from

Haniford et al. (1991).

Mu: The cleaved donor complex contains two single-strand breaks at

the 3' ends of the transposon. Transposon sequences are constrained as

negative supercoils by the synaptic structure; the donor DNA is relaxed.

In the strand transfer complex, the 3'OH ends of Mu are joined to the

5' P04 ends of the intermolecular target DNA (shown as boldfaced

strands). The transposon sequences are constrained as negative

supercoils by the synaptic structure formed at the Mu/target junctions,

but the flanking donor and target DNAs are relaxed.

Tnl0: The Tnl0 termini (T1, T2) and sequences within the transposon

(a, b, c, d, e, f) are indicated. The cleaved donor complex consists of an

excised transposon or ETF (excised transposon fragment) generated by

transposase-mediated double-strand breaks at each transposon end. Th10

is excised from the flanking donor DNA, and the transposon sequences are

constrained as negative supercoils by the synaptic structure. The Tnl0

strand transfer reaction shown here is intramolecular. DNA strand

transfer occurs within the transposon (marked by "X"), resulting in

inversion of the Tn 10 sequences and the formation of 9 bp single-strand
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gaps at the transposon/target junctions. Intramolecular strand transfer

also releases the negative supercoiling in the transposon DNA.

- 42



Figure 2

Mu Tn 10

Cleaved Donor
Complexes

Strand Transfer
Complexes

–4 3–



Chapter 2

Bacterial transposon Tn? utilizes two different classes of target sites
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AB8TRACT

Sites of transposon Tn" insertion in the Escherichia coli

chromosome were examined, and two distinct classes of target sites

differing in nucleotide sequence were identified. The target site choice

was determined by Tn" - encoded transposition genes.

.
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Most transposable elements move at low frequency and insert into

many different target sites (Berg and Howe 1989). The bacterial

transposon Tn/ (Barth et al. 1976; Craig 1989; Figure 1A) is unusual in

that it can transpose at high frequency to a specific site in the

Escherichia coli chromosome called att'Tn/, located near the bacterial

glmS gene (Barth et al. 1979; Lichtenstein and Brenner 1981;

Lichtenstein and Brenner 1982; Gay et al. 1986; McKown et al. 1988;

Figure 1B). Th7 can also transpose at low frequency to many different

sites in plasmids (Barth et al. 1976; Barth et al. 1978; Moore and

Krishnapillai 1982). TnT insertion is accompanied by a 5-bp duplication

of target sequences (Lichenstein and Brenner 1982; Gay et al. 1986;

Krishnapillai et al. 1987; Nash and Krishnapillai 1987; McKown et al.

1988). Tn? encodes five genes - the ABCDE - that mediate two distinct

but overlapping transposition pathways (Rogers et al. 1986; Waddell and

Craig 1988; Figure 1A). Previous studies have shown that ths ABC+tnsD

promote transposition to att'Tn/, whereas trisaEC+tnsE promote trans

position to other sites.

We have analyzed Tri■ / insertions in the E. coli chromosome; its

large size provides a wider variety of target sites than do the plasmids

used in previous studies. We report here that the target site sequences

used by the trisD-dependent (tnsABC+tnsL) and tris E-dependent

(tnsABC+tnsE) pathways differ dramatically. We show that the trisD

dependent pathway has high target site selectivity, promoting

transposition to attTrž and a limited number of other sites similar in

sequence to att'Tn/. By contrast, the tris E-dependent pathway displays
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little target site selectivity, promoting transposition to many

different sites not related in sequence to the trisD-dependent sites.

We evaluated the frequency of TnT transposition to the E. coli

chromosome (Table 2) by measuring the translocation of miniTn7Km, a Tn?

derivative containing a kanamycin resistance marker but lacking the tris

genes (McKown et al. 1988; Arciszewska et al. 1989; Figure 1C), from the

replication- and integration-defective bacteriophage X derivative KK1

into bacteria containing the tris genes and selecting for kanamycin

resistant colonies (McKown et al. 1988). Strains and plasmids used are

shown in Table 1. We also physically analyzed many of these miniTri/Km

chromosomal insertions (Figure 2 and Table 3). Genomic DNA was isolated

(Raleigh and Kleckner 1984), digested with restriction enzymes, resolved

by agarose gel electrophoresis, transferred to Nytran (Schleicher and

Schuell), and filters hybridized with nick-translated kanamycin fragment

or nick-translated TnTR fragment.

tnsABC+tnsD promote relatively high-frequency transposition to the

chromosome (Table 2, line 4), and all such insertions are located in

attTh7 (Figure 2A). To determine whether thsABC+tnsD can also promote

transposition to sites other than att'Tn/, we used a slightly different

target chromosome, one already containing a Tn/ derivative in attTn/.

We used this "blocked attTry" chromosome because multiple Tn 7 insertions

in attTrly have not been observed (Lichtenstein and Brenner 1981; Hauer

and Shapiro 1984; Arciszewska et al. 1989). We detected thsD-dependent

transposition to the "blocked att'TnT." chromosome at a frequency about

104 fold lower than to vacant att'TnT. (Table 2, line 4). Analysis of

these thsD-dependent insertions revealed that they occurred into a
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limited array of sites (Table 3) with a marked preference for the DC-1,

DC-2 and DC-3 sites (DC - thsABC+tnsD Chromosomal).

Comparison of the sequences of several DC sites to each other and

to att'TnT. (Figure 3) reveals considerable sequence similarity among all

these trisD-dependent target sites. This similarity is most pronounced to

one side (rightwards) of the Tn/ insertion points; little similarity is

apparent at the actual insertion points. Strikingly, this region of

similarity between the DC sites and att'Tn/ includes a region which has

been shown to be required for high-frequency, site-specific insertion

into att'Tn/ (Gringauz et al. 1988; McKown et al. 1988; Qadri et al.

1989). Because of their similarity to attTnT., we call the DC sites

"pseudo-att Tril" sites. Thus tris ABC+tnsD direct transposition to target

sites of related nucleotide sequence, promoting high-frequency insertion

in attTri" and low-frequency insertion in pseudo-att'Tn/ sites.

tnsABC+tnsE promote low frequency transposition to the chromosome

(Table 2, line 5). Physical analysis showed that the trisaEC+tnsE

pathway ignores chromosomal att'Tn/ (compare Figure 2A and 2B). A more

detailed analysis of tris E-dependent insertions in a "blocked attTry."

chromosome demonstrated that EC (tnsABC+tnsE Chromosomal) sites were

located in many different positions (Table 3). Notably, no two tris E

dependent insertions occurred at the same target site, nor were any

tnsE-dependent insertions located in the identified pseudo-att'Tn/ sites.

To examine the Tn? insertions at higher resolution, we determined

the nucleotide sequence for several DC and EC sites (Figure 3). Chromo

somal DNA segments containing miniTri■ /Km insertions were isolated by

cloning into puC18 with selection for kanamycin resistance (Maniatis et

.
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al. 1982). The sequences flanking the insertions were determined by the

chain terminator method using Sequenase (USB) following alkali

denaturation (Sanger et al. 1977). Oligonucleotides specific to the left

and right Tri■ ends were used as primers.

Comparison of the DC sites with the EC sites (Figure 3) does not

reveal any striking sequence similarities between these two classes of

target sites, although both result in a 5-bp target sequence dupli

cation. A modest similarity among our EC sites is detectable about 15

bps leftwards of the TnT insertion point; however, its functional

significance is unclear. We note that previously characterized plasmid

insertions of Tn? (Lichtenstein and Brenner 1982; Krishnapillai et al.

1987; Nash and Krishnapillai 1987), which likely resulted from

tnsABC+tnsE transposition, do not all share this sequence similarity in

this region. Analysis of many more tris E-dependent insertions will be

required to determine if ths E-dependent sites actually do share a common

determinant. Nevertheless, the emergent picture is that tmsABC+tnsE

promotes low-frequency transposition to many different target sites with

little obvious target sequence selectivity.

When trisD and tris E are present individually with trisaEC, they

direct Th7 transposition to two different classes of target sites. What

target site class is used when both the D and ths E are present? When

attTrly is available, transposition to this site - a tris ABC+tnsD reaction

- is exclusively observed even in the presence of both trisD and tris E

(Lichtenstein and Brenner 1981; Hauer and Shapiro 1984; Rogers et al.

1986; Waddell and Craig 1988), likely reflecting the high frequency of

this reaction. When attTri■ is unavailable, i.e. in a "blocked att'Tn?"
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chromosome, we have observed similar frequencies of tris D- and tris E

dependent transposition (Table 2, lines 3-6). The distribution of

insertions in a "blocked attºn/" chromosome obtained in the presence of

both trisD and tris E also suggests that both pathways are active under

these conditions (Table 3). Several insertions (D/EC sites 1-3)

apparently lie in thsD-dependent sites DC 1-3, and it is not

unreasonable to suggest that the other D/EC sites represent both thsD

and tris E-dependent chromosomal sites. In previous studies the observed

frequency of trisD-dependent transposition to plasmids is much less than i

that of ths E-dependent transposition (Rogers et al. 1986; Waddell and

Craig 1988), perhaps reflecting a paucity of att'Tn/-like sequences in t

these relatively small DNA molecules. |
We have shown that Tm7 can transpose to two distinct classes of

target sites. thsABC+tnsD transposition utilizes target sites of

related sequence, directing insertion into attTn/ and pseudo-attTri■ /

sites. By contrast, thsABC+tnsE transposition utilizes many different

target sites not markedly related to each other or to the trisD-dependent

target sites. The emergent picture (this work; Rogers et al. 1986;

Waddell and Craig 1988) is that thsABC provide functions common to all

Tn/ transposition events whereas trisD and ths E determine the target

site. An attractive hypothesis is that TrisD and TnsE are target DNA

binding proteins, TnsD being a specific DNA binding protein recognizing

att Trì" and pseudo-att'Tn/ sites and Tns E being a non-specific DNA binding

protein. In support of this view, a trisD-dependent binding activity that

specifically recognizes att'Tn/ has been identified (Waddell and Craig

1989); the TnsD polypeptide copurifies with this att'Tn/-binding activity
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(Chapter 3). Moreover, the trisD-dependent recognition region in att'Tn/

(from about +30 to +50) corresponds to the region of sequence simlarity

among the trisD target sites, i.e. att'Tn/ and the pseudo-att'Tn/ sites.

Is Tn?'s ability to use two distinct classes of target sites

advantageous? Target site specific insertion into attTrly provides a

union between the host and TnT. in which no bacterial gene is inactivated

although sequences in a bacterial gene (glmS) are required for Th7

insertion (Gay et al. 1986). Tn/'s ability to transpose with little

site selectivity is perhaps most useful in its transfer to and among

plasmids.
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Table 1. Strains and plasmids used in this study

Strain Genotype and Reference

NLC51 araB139A A(argº-lac) U169 rpsL150F

relal fibR5301 deocliptsF25 ribsR val" reca■ 6
(Waddell and Craig 1988)

LA214 NLC51 attTn/::miniTh?Cm”
(Arciszewska et al. 1989)

Plasmid Description and Reference

pCW4 pACYC184 derivative containing trisaECDE
(Waddell and Craig 1988)

pCW4miniMu■ ly 6 same as pCW4 except for insertion in tris E
inactivating that gene
(Waddell and Craig 1988)

pCW21 pACYC184 derivative containing ths ABC
(Waddell and Craig 1988)

pCW23 puC18 derivative containing trisD
(Waddell and Craig 1988)

pCW30 puC18 derivative containing tris E
(Waddell and Craig 1988)

*miniTh7Cm is a TnT derivative lacking the tris genes and

containing a chloramphenicol resistance marker (Arciszewska et al.

1989; McKown et al. 1988).

.
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Table 2. Transposition frequency to the E. coli chromosome”

Transposition Frequency (Kmr colonies/PFU)
<Mean + SEM (n) >

tns genes Plasmids Vacant att'■ n'7 att'■ n'7::miniTnTCm

In One In One < 4.3 x 10-8 (3) < 6.3 x 10−9 (3)

nSAB pCW21 < 4.3 x 10-8 (3) < 6.3 x 10-9 (3)

tnSABC::miniMu pCW4miniMu■ ly6 n.d. (1.0 + 0.3) x 10−7 (6)

tnsABC+tnsD pCW21 + pCW23 (3.9 + 2.8) x 10-4 (6) (3.0 + 1.1) x 10-8 (3)

tnsABC+tnsE pCW21 + pcw80 (3.0 + 0.0) x 10−7 (3) (9.1 + 2.4) x 10° (3)

tnsABCDE pCW4 (8.0 + 1.0) x 10−3 (3) (1.1 + 0.3) x 10-7 (6)

*E. coli used were derivatives of NLC51 or LA214 containing the indicated

plasmids (Table 1).

* *
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Table 3. Physical analysis of miniTri/Km insertions in the
blocked att'Tn/ chromosome”

Target Number of Restriction Fragment Size (kb)°
Site Independent
class” Products

EcoRI. Bambi I HindIII
a b

tns■ )
DC-1 12 13.5-20 7.3 - 7.8 11-11.5 10.5
DC-2 10 11.5-15. 5 15-17.5 18.5-20 7.1-8.0
DC-3 7 10.5-13 12-13.5 11-12 n.d.
DC-4 2 14 16.5 - 17 17-17.5 n.d.
DC-5 2 19 17 n.d. n.d.
DC-6 1 19 6.5 9. 0-9.8 3.4
DC-7 1 17 13.5 n.d. n.d.
DC-8 1 12.5 12 10 n.d.
DC-9 1 11.5 20 18 n.d.

tnsB
EC-1 1 7.3 17.5 3. 0-3. 1 2.1
EC-2 1 13 15 16 1.8-1.9
EC-3 1 4.4 17.5 16.5-19 8.1
EC-4 1 19 19 10.5 - 12.5 2.9
EC-5 1 9.3 15 16.5 4. 2-4.6
EC-6 1 9.3 15 8.0 n.d.
EC - 7 1 n.d. 16.5 9.0 n.d.
EC-8 1 11 15.5 17 n.d.
EC-9 1 7.7 17.5 18.5 8.0-8. 7
EC-10 1 7.0 6.0 7.2 1.9-2.0
EC-11 1 13 15.5 5.4 2.4-2.6
EC-12 1 12 11.5 3.3 n.d.
EC-13 1 n.d. 15.5 6.1 1.8
EC-14 1 n.d. 15.5 5.8 2.3
EC-15 1 7.5 7.0 2. 2-2. 3 2.1
EC-16 1 8.0 17 3.3-3.5 2.9

tnsL) + tris E

D/EC-1 (= DC-1) 3 16.5 7.5 11-11.5 10.5
D/EC-2 (= DC-2) 4. 14 17.5 20 n.d.
D/EC-3 (– DC-3) 1 11.5 13.5 11.5 n.d.
D/EC-4 1 4.9 14.5 10 n.d.
D/EC-5 1 11.5 11 2.2 n.d.
D/EC-6 1 9.8 11 8.8 n.d.
D/EC-7 1 9.8 3. 8 19.5 n.d.
D/EC-8 1 10.5 6.7 n.d n.d.
D/EC-9 1 15 10.5 3.4 n.d.
D/EC-10 1 8.6 11 5.1 n.d.
D/EC-11 1 7.3 16 4.8 n.d.
D/EC-12 1 18 14.5 2.3 n.d.
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*Genomic DNA from various miniTh7Km insertions in a "blocked attin/"

chromosome obtained as described in Table 2 (tnsABC+tnsD as in line 4;

tnsABC+tnsE as in line 5; t■ msABCDE as in line 6) was physically analyzed

as described in text.

*Independent insertions are classified as in the same target site if

they share similar restriction fragment sizes; size ranges are from

determinations repeated on separate blots. Insertions producing

restriction fragments of related size were examined on the same blot,

and additional restriction fragments were analyzed to confirm target

site classes (data not shown). DC - trisaEC+tnsD Chromosomal, EC -

tnsABC+tnsE Chromosomal, and D/EC = trisaECDE Chromosomal.

°The lengths of miniTh"Km-containing restriction fragments are shown, as

detected by using a nick-translated kanamycin fragment or a nick

translated TnTR fragment. Both probes identify EcoRI and BamhI fragments

containing intact miniTh?Km and flanking DNA. For HindIII, the kanamycin

probe identifies two fragments (a, b for HindIII) and the TnTR probe

identifies one fragment (a for HindIII) containing portions of miniTh?Km

and flanking DNA.
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Figure 1. Th7, att'Tn/ and miniTh7Km.

(A) Th7.

The left (TnTL) and right (TnTR) ends of Tn/ are indicated. Th7 contains

two resistance determinants, dhfr encoding a dihydrofolate reductase

providing trimethoprim resistance, and aadA encoding 3 '' (9)-O-

nucleotidyl-transferase providing spectinomycin and streptomycin

resistance (Fling and Richards 1983; Simonsen et al. 1983; Fling et al.

1985). The five TnT transposition genes trisaBCDE (Rogers et al. 1986;

Waddell and Craig 1988) are shown.

(B) Chromosomal attTn/.

The point of Tn? insertion is indicated (vertical arrow) and lies

between the phoS and glmS genes as previously described ( Lichtenstein

and Brenner 1981; Lichtenstein and Brenner 1982; Gay et al. 1986; McKown

et al. 1988). Th7 insertion into att'Tn? is orientation-specific such

that Th7L is proximal to phoS and TnTR is proximal to glimS (Lichtenstein

and Brenner 1981).

(C) MiniTh7Km.

The ends of Tn) are shown as open boxes and the segment between them

encodes a gene that confers resistance to kanamycin (McKown et al. 1988;

Arciszewska et al. 1989). Restriction sites: H, HindIII.
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Figure 1
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Figure 2. Distribution of chromosomal insertion sites.

Each numbered lane contains genomic DNA from a single transposition

product which was physically analyzed as described in text. Genomic DNA

was digested with HindIII and hybridized with nick-translated kanamycin

fragment. The lanes marked "*" are from an att'Tn/: : miniTn 7Km chromosome;

digestion with HindIII generates two 6.5 kb fragments (Figure 1) not

resolved here which hybridize to the kanamycin probe. The lane marked

"M" has molecular weight markers. Panel A: tnsABC+tnsD insertions

generated in vacant att'Tn/ chromosome as in Table 2, line 4. Panel B:

tnsABC+tnsE insertions in a vacant att'Tn/ chromosome generated as in

Table 2, line 5.
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Figure 3. Sequence analysis of Tn? insertion sites.

The boxed nucleotides indicate the 5-bp chromosomal sequence duplicated

upon Tn■ insertion (Lichtenstein and Brenner 1982; Gay et al. 1986;

McKown et al. 1988). The upper panel also shows the sequence of att'Tn/;

the central bp of the duplicated sequence is designated "0", sequences

leftwards (towards phoS) are given "-" values and sequences rightwards

(towards glmS) are given "+" values (see McKown et al. 1988); the COOH

terminus of the glmS gene product is also indicated (Gay et al. 1986).

The bar underlines the region containing the nucleotides required for

attTn/ target activity (McKown et al. 1988; Gringauz et al. 1988; Qadri

et al. 1989). Among the tris D-dependent (DC) sites, sequence identities

with att'Tn/ are indicated in boldface type and positions with 3 sequence

identities among attTn/ and the pseudo-att Trž sites are indicated with

"*". The sequence of two independent DC-1 insertions was determined; a

difference of 1 bp in the positions of the duplicated nucleotides was

observed (other duplication = GGTTG). A small degree of "wobble" has

also been observed upon insertion in att'TnT. (McKown et al. 1988). The

lower panel shows the sequences of tris E-dependent (EC) sites. Positions

of sequence identify among at least 3 of the EC sites are indicated by

boldface type and "*". The chromosomal locations of the DC and EC sites

are not known, although sequence comparisons suggest that the DC-3

insertion may lie within the bacterial aceK gene (Cortay et al. 1988;

Klumpp et al. 1988). Nucleotide sequences of the DC and EC sites have

been deposited in the GenBank data base (accession nos. M31529-M31536).
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Chapter 3

Purification and characterization of TnsD, a Tn? transposition protein

that binds specifically to the attTrž target site

* * * *
***"
****
sºn 5

* * *
* * * *
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ABSTRACT

The bacterial transposon Tn/ encodes four transposition genes,

tnsABCD, that are required for high frequency insertion into a specific

site, called attTnT. We have purified TnsD protein and show that ThsD

directly binds to att'Tn/, recognizing sequences located at a distance * * * *

***
from the specific point of Tn? insertion. We also demonstrate that TrisD º

sº

directly participates in and is essential for transposition to attTri■ / in º:

a cell-free recombination system. These studies indicate that Tris D is a

critical determinant for the selection of att'Tn/ as a specific site of

Tri■ / insertion.
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INTRODUCTION

Most transposable elements insert into many different target sites

at low frequency (for review, see Berg and Howe 1989). The bacterial

transposon TnT is unusual in that it can transpose at high frequency to

a specific site in a variety of bacterial genomes (Barth et al. 1976;

for review, see Craig 1989). In Escherichia coli this site, called

att'Tn/, is located at minute 84 near glmS, a gene involved in cell wall

biosynthesis (Lichtenstein and Brenner 1981; Gay et al. 1986; Gringauz

et al. 1988). We are interested in understanding how Tn'■ recognizes and º:
inserts specifically into att'Tn/. tº

Tn? encodes five genes, tris ABCDE, which mediate transposition to

two distinct classes of target sites (Rogers et al. 1986; Waddell and

Craig 1988; Kubo and Craig 1990). trisaEC + trisD direct insertion at high

frequency into attTn/ and at low frequency into pseudo-att'Tn/ sites, tº

which are related in sequence to att'Tn/. By contrast, trisaEC + tris E º

promote low frequency insertion into many apparently random sites which

are unrelated to attTn/. Thus, trisaBC provide functions common to all

Tn? insertions, whereas tris D and ths E mediate target site selection.

We have proposed that TnsD protein is a specific target DNA

binding protein which recognizes attTn? (Waddell and Craig 1989; Kubo

and Craig 1990). Analysis of crude cell lysates has identified a trisD

dependent DNA binding activity that specifically recognizes att'Tn/

(Waddell and Craig 1989). We report here the purification of TnsD

protein and show that it directly interacts with att'TnT. We also show

that the trisD-dependent attTn/ binding activity observed in crude cell
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lysates reflects the interaction of both TnsD and a host protein with

att'Th7. Using a cell-free system (Bainton et al. 1991) we also

demonstrate that TnsD directly participates in and is essential for Th7

insertion into att'Tn/. Thus, TnsD promotes Tn/ insertion by directly

interacting with attTn/.

We have also determined the region of attTnT. that contains the

specific nucleotide sequences required for ThsD binding and for attTn/

transposition activity. In our nomenclature for attTn/, the central base

pair of the 5 bp target sequence duplicated by Tn■ insertion

(Lichtenstein and Brenner 1982; Gay et al. 1986; McKown et al. 1988) is

designated "0", with sequences toward glmS given positive values, and

sequences away from glmS given negative values. Other studies have shown

that sequences required for att'Tn/ target activity are arranged in an

interesting way: the sequence information lies at a distance, within the

region from +14 to +58, so that no special sequences at the specific

point of Tn? insertion are required (Gringauz et al. 1988; McKown et al.

1988; Waddell and Craig 1989; Qadri et al. 1989). We show here that a

small region of att'Tn/ from +23 to +58, which contains the sequences for

TnsD interaction and lies within glmS, can efficiently promote Tn/

transposition. We suggest that DNA recognition by TnsD is the critical

determinant for attTrž target activity.
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RESULT8

Purification of Tns D

As a source of TnsD protein, we used an E. coli strain carrying an

expression plasmid in which the the proposed trisD initiation codon

(Flores et al. 1990; Orle and Craig 1991) is fused just downstream of a

heterologous ribosome binding site and a highly expressed, IPTG

inducible peptide. thsD overexpression in this construction apparently

results from translational coupling to the upstream peptide open reading

frame (Ghrayeb et al. 1984). Using this construction, the TnsD

polypeptide is approximately 0.05% of total protein in a cleared cell

lysate; this source produced about ten-fold more trisD-dependent att'Tn?

binding activity than other trisD expression plasmids and at least

several hundred fold more binding activity than Tn? in the chromosomal

attTnT. site. (Waddell and Craig 1989; Orle and Craig 1991; K. M.K., C.S.

Waddell, and N. L. C., unpublished data).

The TnsD purification procedure involves a sequential

polyethylenimine and ammonium sulfate fractionation of a cleared,

sonicated cell lysate, which is then followed by three chromatography

steps: Affigel heparin, green-1, and hydroxylapatite. A typical

purification is shown in Figure 1A and Table 1. We purified TnsD protein

by following the fractionation of the trisD-dependent attTh7 binding

activity using a previously developed mobility shift assay in which TnsD

fractions are supplemented with crude extract from E. coli cells lacking

Tn? (Waddell and Craig 1989). We also monitored the TnsD polypeptide

(Orle and Craig 1991) by immunoblotting with affinity purified TnsD
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antisera (Figure 1B). The apparent molecular weight of TnsD as

determined by SDS-PAGE is 54 kD, which is in close agreement with the

value of 59 kD from the proposed amino acid sequence of TnsD (Flores et

al. 1990). In all fractionation steps, the TnsD polypeptide copurified

with the att'Tn/ binding activity. From this procedure 57 g cell paste

yielded about 140 pig TnsD protein of nearly 85% purity, and the specific

activity of TnsD increased over 2000-fold (Table 1). Purified TmsD has

no detectable nuclease activity with both supercoiled and linear

substrates that contain or lack attTr'■ sequences (R. Bainton, K.M. K.,

and N. L. C., unpublished data).

TnsD directly recognizes att'TnT.

Using a mobility shift assay (Fried and Crothers 1981; Garner and

Revzin 1981), we examined whether purified TnsD protein binds to attTn/

(Figure 2A). Using an end-labeled att'Tn/ (-25 to +64) segment, we found

that purified TnsD with added crude extract from cells lacking Tn?

produces the trisD-dependent complex observed in crude Tns D lysates

(Figure 2A, lanes 3 and 4). This TnsD+Host complex is not present in

crude host extract alone (lane 2). Purified TmsD alone also produces a

discrete retarded species (lane 5); however, this TrisD complex migrates

faster than the TnsD+Host complex. We evaluated the att'TnT. specificity

of the TnsD and TnsD+Host species by substituting an end-labeled DNA

fragment of similar length but lacking att'Tn/ sequences (lane 8); in

this case, no retarded complexes were observed. Furthermore, the attTrly

binding activity also cosedimented with the TnsD polypeptide on a
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glycerol gradient, indicating that TnsD participates directly in binding

to attTril (Figure 3).

In addition to changing the mobility of the TnsD complex, the

inclusion of host extract with purified TnsD stimulates by as much as

10-fold the amount of total complex formed as compared to the TnsD

complex alone for a given amount of TnsD protein (compare Figure 2A,

lanes 4 and 5; K. M. K. and N. L. C., data not shown). The host activity is

heat-stable, trypsin-sensitive, phenol-sensitive, and nuclease

resistant, suggesting that it is protein (K. M. K., O. Hughes, and N. L.C.,
**
***

unpublished data). gº

--

Formation of the TnsD and TnsD+Host complexes requires relatively ** *

simple buffer and salt conditions; ATP does not obviously affect these

species. Although these complexes are stable to relatively high salt

concentrations (> 0.3 M KCl), they show a particular sensitivity to

MgCl2 (> 5 mM) (data not shown). We note that these complexes can stably

form when incubated with other divalent cations, such as in MnCl2 and

CaCl2. We thus performed nuclease footprint analyses of the complexes

(as described below and in Experimental Procedures) utilizing low MgCl2

concentrations or other divalent cations.

Analysis of TnsD interaction with att'Tn 7 by nuclease protection

We examined the interaction between TnsD and att'Tn/ by footprint

analysis of TnsD-att'Tn/ complexes. We incubated purified TnsD (in the

absence of crude host extract) with end-labeled att'Tn/ and then treated

the mixture briefly with either micrococcal nuclease or DNase I. After

resolving the treated TnsD-attTn/ complexes by polyacrylamide gel
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electrophoresis, we analyzed the recovered DNA on a sequencing gel. The

results of this analysis are shown in Figure 4 and summarized in Figure

5.

Micrococcal nuclease analysis revealed a region of protection in

att'Tn/ located entirely rightward of the specific Th7 insertion point

(Figure 4A). The extent of protection spans from about +24 to +53; some

positions within this region do remain accessible to cleavage. Notably,

the region encompassing the specific point of Tn? insertion remains

accessible to attack, indicating that TrisD does not directly contact

these sequences. We obtained a similar result from footprint analysis

with DNase I, where the region of TnsD protection extends from about +30

to +50 (Figure 4B). We note that several positions within this protected

region also remain sensitive to attack.

We have also examined the TnsD+Host interaction with att'Tn/ by

DNase I protection. We observed only a modest protection on the top

strand that was similar to the TnsD protection (data not shown);

however, analysis of the bottom strand revealed that the TnsD+Host

footprint, which extends from about +18 to +59, is significantly longer

and more strongly protected than that of TnsD alone (Figure 4C). Thus, a

host activity can contribute to the TnsD interaction with att'Tn/.

Whether the extended protection represents additional contacts by a host

protein(s) or TrisD remains to be established.

* * *

***

: º
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Nucleotide sequences required for TmsD-attTn/ binding and attTrly target

activity

Previous studies have shown that the sequence information required

for att'Tn/ target activity is displaced entirely rightward of the Tn?

insertion towards glmS. A plasmid containing att'Tn/ sequences (+7 to

+64) efficiently promoted TnT transposition in vivo (Gringauz et al.,

1988). We found that a plasmid containing a short att'Tn/ segment (+23 to

+58) has target activity comparable to a larger att'Tn/ segment (-52 to

+64) which provides wild-type activity (Table 2). As previously shown, a

smaller att'Tn/ segment (+28 to +55) is substantially diminished in ºrs

target activity, although Tn,7 can insert specifically into this att'TnT. º
target (Waddell and Craig 1989; Table 2). Thus, the sequences essential ==

for att'Tn/ target activity correspond to those protected by TrisD (see

above).

The sequences that provide attTry target activity are also very

similar to those specifically bound by TnsD as shown by mobility shift

assay (Figure 2B). We found that TrisD efficiently promotes complex a *

formation with a DNA fragment containing att'Tn? (+23 to +58) (Figure 2B,

lane 3), which also served as an effective target. A DNA segment with

less attTn/ sequences (+28 to +55), which is reduced in target activity,

is also defective in TnsD binding (lane 6), although both the att'Tn/

(+28 to +55) and attTrž (+23 to +58) segments are bound efficiently by

TnsD+Host (lanes 2 and 5). These results indicate that the TnsD binding

region closely approximates the sequences required for att'TnT target

activity.
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TnsD participates in transposition in vitro to att'Tn?

We asked whether purified TnsD is active in Tn/ transposition. We

assayed transposition with a cell-free system (Bainton et al. 1991) in

which a miniTh7 element transposes from a donor plasmid into an attin/

target plasmid in the presence of protein fractions from cells carrying

tnsA, trisB, trisC, and thsD, i.e. the genes required for in vivo

insertion into attTh7 (Rogers et al. 1986; Waddell and Craig 1988).

Purified TnsD provides the trisD function required for Tri'■ transposition

in vitro to attTn/; in the absence of TnsD, no insertions into att'Tn/
* * *
***

were generated (Figure 6A). Transposition activity was comparable in * * *

crude TnsD lysates or with purified TnsD at equivalent concentrations of
g:

TnsD, suggesting that the TnsD activity is not significantly altered

during purification (data not shown). Moreover, transposition activity

cosedimented on a glycerol gradient with the TnsD-att'Tn/ binding

activity (Figure 6B). Thus, TnsD participates directly in both Tn,7

transposition and specific binding to attTril.

DISCUSSION

We have previously proposed that Tris D is a target DNA binding

protein which specifically recognizes attTrž (Waddell and Craig 1989;

Kubo and Craig 1990). In this work, we have purified TmsD and show that

TnsD directly recognizes att'TnT. We have also determined that purified

TnsD also participates directly in and is essential for transposition in

vitro to att'Tn/. ThsD therefore has a direct role in Tri■ transposition

which explains the requirement for the trisD gene in Tn/ insertion into
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att'In/ in vivo (Rogers et al. 1986, Waddell and Craig 1988). Biochemical

activities have also been established for other Tms proteins that

participate directly in Tn/ transposition: Tris B is a sequence-specific

DNA binding protein that recognizes the ends of Tn" (McKown et al. 1987;

Arciszewska et al. 1991; Tang et al. 1991), and TnsC is an ATP-dependent

nonspecific DNA binding protein (Gamas and Craig, in press).

A particularly interesting feature of the attTn/ target activity

is the requirement for sequences within the glmS gene which are

displaced from the specific point of Tn? insertion. We have found that a

small att'Tn/ segment (+23 to +58) can confer high frequency target

activity. In addition, att'TnT target activity closely correlates with

the sequences required for TrisD interaction: the TnsD footprint extends

from approximately +24 to +53, and TnsD binds efficiently to the small

attTn/ segment (+23 to +58). It is tempting to speculate that TrisD

binding is the only sequence-specific determinant for att'Tn/ target

activity. Notably, the TnsD recognition site lies within the glmS coding

sequence, but Th7 insertion occurs downstream of glmS, thereby avoiding

inactivation of this essential gene. The likely presence of glmS-like

genes in a number of different bacteria may also explain the ability of

Tn/ to insert in a site-specific manner in a wide host range (reviewed

in Craig 1989; Qadri et al. 1989).

In addition to directing transposition at high frequency into

att Th1, ths ABC + trisD also promote insertions at low frequency into

pseudo-attTrly sites, which are related in sequence to attTri■ (Kubo and

Craig, 1990). Notably, the pseudo-att'Tn/ and att'Tn/ sites are

considerably similar in sequence from approximately +30 to +50. This
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region of homology coincides with the TnsD recognition sequence in

att'Tn/, suggesting that Tris D directs insertion into pseudo-att Tri■ / sites

by directly binding to these sequences. The reduced target activity of

the pseudo-att'Tn/ sites presumably reflects the differences in

nucleotide sequence between these sites and attTril. It will be

interesting to determine whether these sites are reduced in TmsD binding

or reflect some other feature of the target DNA.

Our studies have also revealed that the att'Tn/ binding activity in

crude TnsD lysates actually results from the interaction of TnsD and a

host protein(s) with att'Tn/. The identity of the host protein(s) and its

activity in Tn/ recombination remains to be established. We have shown

that neither IHF nor HU affects TmsD-att'Tn/ binding (data not shown).

Tn/ transposition to attTrly can also occur in a reconstituted in vitro

system with purified TnsA, TnsB, TnsC, and TnsD (Chapter 4). Thus, host

proteins do not play an obviously essential role in Tn■ recombination,

although they may act as accessory proteins (Dr.lica and Rouviere-Yaniv,

1987; Friedman, 1988; Glasgow et al., 1989; Landy, 1989). In addition,

E. coli mutations which affect Th7 transposition in vivo have been

identified (0. Hughes and N. L. C., unpublished data).

We have shown that TmsD directly recognizes attTnT. and may be the

unique specificity determinant for target activity. TnsD apparently

lacks catalytic activity, i.e. transposon end cleavage and strand

transfer, since Tris ABC with AMP-PNP can promote non-target site

selective insertions (Chapter 4). It is tempting to speculate that TmsD

activates the transposition machinery in a manner analogous to the MuB

protein in bacteriophage Mu transposition, where MuB can both direct
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target selection and stimulate Mu end cleavage and strand transfer

(Baker et al. 1991; Surette et al. 1991; Surette and Chaconas 1991).

TnsD may also direct assembly of the transposition apparatus onto the

att Th7 target site. In this view, TnsD plays a role similar to

replication or transcription initiation proteins which bind to DNA in a

sequence-specific manner to facilitate assembly of the catalytic

machinery at the proper initiation site (Bramhill and Kornberg 1988;

Echols 1990; Greenblatt 1991). Elsewhere, we have demonstrated that TrisD

recruits TnsC, an ATP-dependent non-specific DNA binding protein, to the

att Tri■ target sequence (Chapter 4). Ths C may thus mediate the

communication between TnsD, bound specifically to att'TnT., and the rest

of the transposition machinery. Further biochemical studies of TnT.

transposition will provide more insight into the assembly and activity

of multiprotein-DNA complexes.
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EXPERIMENTAL PROCEDURE8

Plasmids and bacterial strains

The TnsD expression plasmid pKK18 was constructed by inserting a

Ncol-HindIII trisD fragment from pKAO41 (Orle and Craig 1991), after

partial digestion with HindIII, between the Ncol and HindIII sites of

pGD108 (Ghrayeb et al. 1984). In pKAO41 the proposed tns) initiation ATG

was modified to produce a Ncol site, which produces a change in the

second amino acid from the N-terminus of TnsD (Gly to Ser).

Plasmids containing att'Tn/ sequences were also used; att'Tn/

sequences are numbered as shown in Figure 5. pKK20 contains the BamhI

EcoRI attTn/ (-25 to +64) fragment inserted between BamhI and EcoRI

sites of puC18. pKK24 contains the Bambi I-EcoRI att'Tn/ (-25 to +64)

inserted between BamhI and EcoRI sites of puC19. pKK25 contains the

BamhI-EcoRI att'Tn? (-52 to +64) fragment from peG31 inserted between the

BamhI and EcoRI sites of puC19. pKK28, which contains att'TnT. (+23 to

+58), an EcoRI linker, and HindIII and Sall staggered ends, was obtained

by annealing two 46 nt. synthetic oligonucleotides:

5'-AGCTTTACTCAACCGTAACCGATTTTGCCAGGTTACGCGGAATTCG
AATGAGTTGGCATTGGCTAAAACGGTCCAATGCGCCTTAAGCAGCT-5'

followed by insertion between the HindIII and Sall sites of Bluescript

SK (Stratagene).

TnsD protein was prepared from NCM533 = E. coli K-12 X+ lac Z: :Tn5

lacI* (Shand et al. 1991) carrying the pKK18 trisD plasmid. Host lysate

for analysis of TnsD binding and transposition activity was prepared

from MC4100 - F- araB139A A(argE-lac) U169 rpsL150 relA1 flbB5301 deoC1

ptsF25 rbsk. For X hop assays, LA3 (= MC4100 val R recA56) was used.
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Preparation and labeling of DNA fragments

Plasmid DNA was digested with appropriate restriction enzymes and

end-labeled at 3' ends with (a-32P) dATP and the Klenow fragment of DNA

polymerase I. End-labeled fragments were purified by separation in a

nondenaturing polyacrylamide gel and visualized by autoradiography. DNA

fragments were recovered by electroelution followed by isopropanol

precipitation.

For mobility shift assays, fragments containing the following

sequences were used: puC18, the 122 bp Pvul-HindIII puC18 fragment;

att Tm2 (-25 to +64), the 115 bp EcoR1-BamhI pKK20 fragment; attTn/ (+23

to +58), the 92 bp BamhI-Apal pKK28 fragment. For nuclease protection

studies, the pKK20 EcoR1-HindIII fragment (151 bp), labeled at either

the HindIII or EcoR1 end for analysis of the top and bottom strand (as

shown in Figure 5), respectively, was used. In addition, the EcoRI-Pvul

fragment (260 bp), labeled at the EcoRI end, from pKK25, containing

att'TnT (-52 to +64), was used to analyze the bottom strand for TnsD+Host

footprint analysis.

Mobility shift assays

Reaction mixtures (20 pul) contained 50 mM Tris-HCl (pH 8.0), 140

mM KC1, 1 mM EDTA, 1.8 mM DTT, 9.8% glycerol (v/v), 340 pg/ml BSA, 17

pg/ml sheared salmon sperm DNA, and approximately 0.01 pmol end-labeled

DNA fragment. After incubation for 15 minutes at room temperature, the

reaction mixtures were electrophoresed through 5% polyacrylamide gels

(29:1 acrylamide/N, N'-methylene-bisacrylamide) in Tris borate/EDTA
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buffer at 11.5 V/cm for 1.75 hr. Gels were vacuum dried and exposed to

X-ray film. Quantification of protein-DNA complexes was done by exposure

of gels to a Molecular Dynamics phosphoimager.

Purification of Tns D

Unless otherwise indicated, all steps were done at 4°C.

Cell growt

Cells used for purification were grown at 37°C in a 200 L fermen

tor in LB broth (Miller, 1972) supplemented with 100 pg/ml carbeni

cillin. At OD 600 = 1.0, IPTG was added to 100 p.m. Growth was continued

for an additional 2 hours and cells were harvested by centrifugation.

Cell paste was frozen and stored at -80°C.

Cleared cell lysate preparation

2 ml/g cells of buffer B (50 mM Tris-HCl pH 8.0, 1 mM EDTA, 2 mM

DTT, 10% (v/v) glycerol) with 1 M KCl was added to 57 g cells. Cells

were subjected to sonication, cell debris was removed by centrifugation

for 30 min at 16,800 x g, and supernatant was collected (Fraction I).

Polyethylenimine and ammonium sulfate fractionation

Polyethylenimine (pH 7.5) was added to 0.9% (v/v), the mixture

incubated for 10 min, centrifuged for 30 min at 16,800 x g, and

supernatant collected. Solid ammonium sulfate was added (423 mg/ml) with

stirring over 40 min, the mixture was incubated an additional 20 min,

and the resulting pellet was collected by centrifugation for 30 min at

16,800 x g. The pellet was resuspended in buffer B with 0.3 M KCl using

volume equal to the 2 ml/g cells used for purification, followed by

dialysis against buffer B with 0.3 M KCl with two 10 hr changes. After
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centrifugation for 30 min at 16,800 x g, the supernatant was collected

and diluted to 0.18 M KC1 by the addition of buffer B with 0.1 M KC1.

The diluted sample was centrifuged for 30 min at 16,800 x g, and

supernatant collected (Fraction II).

Affigel heparin chromatography

Fraction II was applied to an Affigel heparin (Bio-Rad

Laboratories) column (2.5 x 20 cm) equilibrated in buffer B with 0.18 M

KC1. The column was washed with the same buffer, and eluted with a 500

ml linear gradient of 0.18-0.3 M KC1 in buffer B, followed by a 250 ml

elution with 0.3 M KCl in buffer B. Tris D binding activity eluted

beginning at 0.27 M KC1, and active fractions were pooled (Fraction

III).

Green-1 chromatography

Fraction III was applied to a Protrans Green-1 (ICN Biomedicals)

dye column (1.0 x 7.0 cm) equilibrated in buffer B in 0.4 M KC1. The

column was washed with same buffer and eluted with a 120 ml linear

gradient of 0.4-1.0 M KCl in buffer B. ThsD binding activity eluted in a

broad peak beginning at 0.65 M, and active fractions were pooled

(Fraction IV).

Hydroxylapatite chromatography

Fraction IV was applied to a Bio-Gel HT hydroxylapatite (Bio-Rad

Laboratories) column (0.8 x 2 cm) equilibrated in buffer B with 1.0 M

KC1. The column was successively eluted with 0.5 M KC1, 0.5 M KCl + 25

mM KPO4 (pH 8.0), and 0.5 M KC1 + 50 mM KPO4 (pH 8.0) in buffer B. TrisD

binding activity eluted at 0.5 M KC1 + 50 mM KPO4 (pH 8.0); active

fractions were dialyzed against 0.5 M KCl in buffer B with 25% (v/v)
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glycerol instead of 10% glycerol. Dialyzed fractions (Fraction V) were

frozen in liquid nitrogen and stored at -80°C. TrisD fractions were

stable for at least several months.

Glycerol gradient sedimentation

5 ml of 20-40% (v/v) glycerol gradients were prepared in 50 mM

Tris-HCl (pH 8.0), 2 mM DTT, 1 mM EDTA, and 0.5 M KC1. Approximately 3

pig TnsD (Fraction V) with 2 mg BSA and 2 mg ovalbumin were layered onto

the gradients and centrifuged for 44 hr at 2°C at 40,000 rpm in a SW50.1

rotor. Fractions were collected from bottom of gradient.

Nuclease protection experiments

DNase I protection assays were performed using the method of

Andrews et al. (1987), and micrococcal nuclease protection assays were

done according to Zhang and Gralla (1989). The reactions (100 pul)

contained 45 mM Tris-HCl pH 8.0, 90 mM KC1, 0.1 mM EDTA, 1.8 mm DTT, 320

pg/ml BSA, 20 pg/ml sheared salmon sperm DNA, 2 pg/ml TnsD (Fraction

V), and approximately 0.15 pmol 3' end-labeled DNA fragments. After

incubation for 20 min at 30°C, reactions were subjected to either DNase

I or micrococcal nuclease attack. For DNase I treatment, 5 pil of 20 mM

MgCl2 + 2 mM CaCl2 solution and 5 ul of 4 ug/ml DNase I (Boehringer

Mannheim) were added. (In some cases, MnG12 was substituted for MgCl2,

as described below). Incubation was continued for 1 min, and reaction

was stopped by addition of EDTA to 10 mM. For micrococcal nuclease

treatment, 5 ul of 20 mM CaCl2 and 5 ul of 1.4 ug/ml micrococcal

nuclease (Boehringer Mannheim) were added. Incubation was continued for
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2 min, and reaction was stopped by addition of EDTA to 10 mM. TnsD-DNA

complexes were resolved by electrophoresis, and gel slices containing

DNA of interest were isolated. DNA was electroeluted, recovered by

isopropanol precipitation, and then analyzed on a sequencing gel. DNA

sequencing was performed using the method of Maxam and Gilbert (1980).

TnsD+Host complexes were analyzed by DNase I attack as described

above, with the following modifications: MnG12 was substituted for

MgCl2, and 0.4 pg/ml TnsD (Fraction V) was used with 2 pig MC4100 host

extract, which was prepared by boiling MC4100 crude cell lysate for 2

min and collecting the supernatant after centrifugation for 2 min at º,

room temperature (Bainton et al. 1991). ** r *

Tn? transposition in vitro

Reactions were performed according to Bainton et al. (1991).

Reaction mixtures (100 pul) contained 25 mM HEPES pH 8.0, 3.5 mM Tris-HC1

(pH 8.0), 0.1 mM EDTA, 27 mM KC1, 5 mM NaCl, 2.1 mM DTT, 15 mM magnesium

acetate (MgAc), 1.4% (v/v) glycerol, and 5% polyvinyl alcohol MW 8000 in

the presence of 100 ng of donor plasmid containing a miniTri'■ element and

2 pig of an attTn/ target plasmid. The reactions also contained 5 pig of

crude the A extract (Bainton et al. 1991), 50 ng of fraction IV Tris B

(Arciszewska et al. 1991), 50 ng of fraction III TrisC (Gamas and Craig,

in preparation), and 2 pig host extract (Bainton et al. 1991). The

indicated reaction in Figure 6A also contained 15 ng TnsD (fraction V).

After incubation in the absence of MgAc for 7 min at 30°C, 4 ul

375 mM MgAc was added and incubations continued for 30 min at 30°C. As

described in Bainton et al. (1991), reactions were stopped and the DNA

-80–



recovered by spermine precipitation. An aliquot of the recovered DNA was

digested with EcoRI (Figure 6A) or Bgl II (Figure 6B), electrophoresed

through 0.7% agarose, transferred to Nytran (Schleicher and Schuell),

and analyzed by Southern hybridization using a miniTn?-specific DNA

probe. Reaction products were quantified by exposing blots on a

Phosphorimager (Molecular Dynamics).

X hop assays

attTnT target activity was evaluated by a TnT. A hop assay (McKown

et al. 1988) in which the att'Tn/-containing plasmids to be assayed were

introduced into LA3, a strain containing a chromosomal insertion of TnT.

to provide transposition proteins. The replication- and integration

defective XKK1 (Chapter 2) contains miniTri/Km, which translocates into

the attTrly target plasmid from XKK1 upon infection.

Protein analysis

Protein concentration was determined using Bio-Rad Protein Assay

with BSA as standard. SDS-PAGE using 10% gels was carried out by method

of Laemmli. Prior to loading, TnsD fractions were concentrated by 10%

TCA precipitation with insulin (Sigma) as carrier. Anti-Tris D antibodies

were prepared as described elsewhere (Orle and Craig, 1991), except that

TnsD antisera was affinity purified against a TnsD protein fusion to

glutathione-S-transferase. Immunoblot analysis was carried out as

described (Orle and Craig, 1991), except that 35S-labeled Protein A was

used after incubation with anti-Tris D antibodies. Quantification of TnsD

was performed by exposure to a Phosphorimager (Molecular Dynamics).
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Table1:TnsDPurification
Volume
Total

Total

proteinactivity

SpecificPurificationYield activity

ml 130 360 270 52 5.4

6240 3600 1.3 0.16

units 240,000 180,000 78,000 42,000 16,000
units/mg
-
fold%

38(1)(100) 501.375 3,0007932 32,00084018 100,00026.306.7

Specificactivities
ofthepooledfractionswere

comparedusingthemobilityshift

assayto
determineTnsDbindingtoattin/.
Aunitof
activitywasdefinedasthe amountof

proteinrequired
toshiftabout10%ofattin/inthepresence
ofanE.

Fraction
I

Clearedlysate II

Polyethylenimine/ AmmoniumSulfate
IIIAffi-gelHeparin

IV
Green-1

V

Hydroxylapatite colilysate.



Table 2. Evaluation of attTnT target activity.

Plasmid att'Tn/ sequence Transposition/PFU
<mean + SEM (n) >

pSK none (2.5 + 2.5) x 10-7 (2)

pKK26 -52 to +64 (2.5 + 2.1) x 10−3 (3)

pKK28 +23 to +58 (3.7 ± 2.7) x 10−3 (3)

pKK27 +28 to +55 (2.9 + 1.6) x 10-% (2)

2, hop assays were done in LA3 containing the indicated plasmids. PFU,

Plaque-forming units.

+A3 cells lacking any plasmids show a similar transposition frequency

C Kubo and Craig, 1990).
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Figure 1. Purification of TnsD.

A) SDS-PAGE analysis of TnsD fractions. Lane 1: Fraction I, 95 pig. Lane

2 : Fraction II, 95 pig. Lane 3: Fraction III, 10 pg. Lane 4: Fraction IV,

5 Aug. Lane 5: Fraction V, 1.5 p.g. The numbers at the left indicate the

positions of the molecular weight markers, and the arrow indicates the

position of the TnsD polypeptide.

B X Immunoblot analysis of TnsD. Lane 1, NCM533 crude lysate lacking

TrisD, 50 pig; lanes 2 and 3, NCM533 crude lysate containing TnsD, 100 pig;

larie 4, TnsD protein (Fraction V), 100 ng. The numbers at the left and

right indicate the positions of the molecular weight markers, and arrows

iridicate position of TnsD polypeptide.

* *

* *

a tº
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Figure 2. Mobility shift analysis of Tns D binding to attTrz.

A) Lanes 1-5 contain attTnT (-25 to +64); lanes 6-8 contain puC18 (122

bp). Lanes 1 and 6, no host lysate or TnsD. Lane 2, crude host lysate (5

Asg). Lane 3, crude TnsD lysate (5 pig). Lanes 4 and 7, crude host lysate

C 5 pig) and TnsD (15 ng fraction V). Lanes 5 and 8, TnsD (15 ng fraction

VD .

B X Lanes 1-3 contain att'Tn/ (+23 to +58); Lanes 4-6 contain att'Tri■ (+28

to +55). Lanes 1 and 4, no TnsD or host lysate. Lanes 2 and 5, TnsD (5

rig fraction V) + host lysate (5 pig). Lanes 3 and 6, TnsD (15 ng fraction

VD -
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Figure 3. Cosedimentation of TnsD polypeptide and TnsD-dependent binding

activity to att'Tn/.

Tris D (fraction V) was fractionated on a glycerol gradient, and each

fraction was evaluated for TnsD binding to att'Tn/ using a mobility shift

as say. The amount of TnsD in each fraction was quantified by immunoblot

arlalysis followed by exposure of the resulting blot to a Phosphorimager.

The amount of TnsD polypeptide in gradient fraction 16 was arbitrarily

designated 1.0; the actual TnsD concentration was about 2.5 pg/ml.

at tin/ binding activity is shown as the ratio of bound complex to total

att'Tn? DNA.
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Figure 3
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Figure 4. Footprint analysis of Tns D and TnsD + Host complexes with

att'Tri■ /.

Tris D and TnsD+Host complexes with att'Tn/ were formed, treated with

micrococcal nuclease (TnsD complexes) or DNase I (TnsD and TnsD+Host

complexes), and the DNA recovered from the isolated complexes. Top and

bottom strands of att'Tn/, and the numbering of the nucleotide positions

are as shown in Figure 5. The vertical lines indicate the extent of

protection, and asterisks indicate individual protected positions

observed outside the contiguous protection region. Lanes marked "AG"

contain Maxam-Gilbert A+G reaction of same fragment.

A X Micrococcal nuclease footprint of TnsD-att'Tn/ complex. Left and right

Panels show top and bottom strands, respectively. Lane 1 (both panels),

Tris D at 2 pg/ml; lane 2, no TnsD added.

R X DNase I footprint of TnsD-attin/ complexes. Left and right panels

show top and bottom strands, respectively. Lanes 1 and 2, no TnsD added;

+aries 2 and 3, TnsD at 2 pg/ml.

C D DNase I footprint of of TnsD and TnsD+Host complexes with att'Tn/.

**ttom strand is shown in both panels. Lane 1, TnsD at 2 pg/ml; lane 2,

*** ThsD added; lane 3, TnsD at 2 ug/ml and host lysate at 0.4 ug/ml;

+=rie 4, no TnsD or host lysate added.
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Figure 4 B
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Figure 4 C
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Figure 5. Summary of Tns D protection of att'Tn/ nucleotide sequences

against nuclease attack.

The attTn/ sequence is shown, with boxed nucleotides indicating the 5 bp

sequence duplicated upon Tn/ insertion (Lichtenstein and Brenner 1982;

Gay et al. 1986; McKown et al. 1988). The central base pair of the

target duplication is designated "0"; sequences extending leftward are

given negative values, whereas sequences extending rightward are given

positive values. Solid bars above and below the sequence show the extent

of protection on the top and bottom strands, respectively, in the

presence of the indicated Tns proteins. The bars extend to the outermost

positions that are inaccessible to DNase I, and arrows designate

accessible positions within protected regions (arrows marked with X

indicate enhanced cleavage positions). Open circles mark the positions

nearest the protected regions that are accessible.
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Figure 6. ThsD is required for in vitro Tn 7 transposition to att'Tn/.

A) Purified TnsD is active for in vitro transposition to attTn/. In

vitro Tn 7 transposition to att'TnT. was done in the presence (+) or

absence (-) of TnsD protein. DNAs were detected by Southern

hybridization with a miniTri■ /-specific probe, and transposition was

evaluated by translocation of the miniTh" element from a donor plasmid

(indicated by "D") into an att'Tn/ target plasmid to produce a simple

insertion product (indicated by "P").

B) Cosedimentation of tris D-dependent transposition and TnsD-att Tri■ /

binding. TmsD (fraction V) was fractionated on a glycerol gradient, and

each fraction was evaluated for thsD-dependent transposition activity

and TnsD binding to att'TnT. Transposition activity is shown as the ratio

of insertion product to the sum of the insertion product and remaining

donor plasmid. att'Tn/ binding is shown as the ratio of bound complex to

total att'Tn 7 DNA.
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Figure 6B
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Chapter 4

Tn 7 Transposition: Target DNA recognition by multiple Tn?-encoded

proteins
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This work was done in collaboration with Roland Bainton. The mobility

shift and footprinting studies were done by me, and we both performed

the in vitro transposition reactions using a linear attTn/ target (shown

in Figure 4B). The remaining in vitro transposition experiments and the

purification of TnsA were done by Roland Bainton.
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ABSTRACT

We have reconstituted the transposition of the bacterial

transposon Tn? into its specific insertion site att'Tn/ with purified

proteins. att'Tn/ insertion in vitro requires four Tri/- encoded

transposition proteins, TnsA, TnsB, TnsC, and Tns D, and ATP. Insertion

without target site selectivity is observed with TnsA + TnsB + Tris C and

AMP-PNP; thus, these proteins mediate the donor cleavage and strand

transfer stages of recombination. We provide evidence that TrisC, an ATP

dependent non-sequence-specific DNA binding protein, can associate with

the target DNA and likely plays an important role in target selection.

During transposition to att'TnT., TnsC associates with the target DNA in

the presence of TnsD, an att'Tn/-specific DNA binding protein. TnsC also

appears to be required for Tn? to insert selectively into target DNAs

which do not already contain Tn/, i.e are not immune. We suggest that

TnsC plays a central role in communication between the target DNA and

the other components of the transposition machinery.
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INTRODUCTION

Transposition is a DNA rearrangement that involves three distinct

DNA segments: two transposon ends and an insertion site in the target

DNA (reviewed in Berg and Howe 1989). Critical steps in transposition

include the choice of an insertion site and the DNA strand breakage and

joining reactions at the transposon ends which separate the transposon

from the donor DNA and join it to the target DNA.

We are interested in understanding the mechanism of transposition

of the bacterial transposon Tn" which displays unusual target site

selectivity (Barth et al. 1976; Craig 1989). Th7 is distinguished by its

ability to insert at high frequency into a specific site called att'Tn/

in the chromosomes of Escherichia coli and many other bacteria (Barth et

al. 1976; Lichtenstein and Brenner 1982; Craig 1989). As is true in all

other transposition reactions, no DNA sequence homology between the Tn/

ends and att'Tn? is involved in the choice of att'Tn? as an insertion site

(Gay et al. 1986; McKown et al. 1988). When att'Tn/ is unavailable, Tn.7

resembles most other transposable elements, inserting at low frequency

into many different sites with little obvious sequence selectivity

(Rogers et al. 1986; Waddell and Craig 1988; Kubo and Craig 1990). The

frequency of Tn/ insertion into a particular target DNA molecule is also

highly influenced by whether the target replicon already contains a copy

of Tn?. If the target already contains Tn", the frequency of insertion

of a second TnT into that DNA is greatly reduced (Hauer and Shapiro

1987; Arciszewska et al. 1989). Such "target immunity" dictated by the

presence of another copy of the transposon in the target DNA is also
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displayed by the bacterial transposons bacteriophage Mu and the Tn3

class of mobile elements (Lee et al. 1983; Darzins et al. 1983; Adzuma

and Mizuuchi 1988).

Tn? transposition to its different classes of target sites is

mediated by two distinct but overlapping sets of Tn/-encoded

transposition genes (Rogers et al. 1986; Waddell and Craig 1988; Kubo

and Craig 1990). trisaEC + trisD promote "target site-specific" insertions

into sites that are related in nucleotide sequence, i.e. into att'Tn/ at

high frequency and into pseudo-att'TnT. sites at low frequency. In TnT.'s

"random target site" pathway, thsABC + tris E promote low frequency

insertion into many different sites that are distinct from att'Tn? and

not apparently related to each other. Thus, trisaEC provide functions

common to all types of Tn/ transposition, and trisD and tris E are

alternative target site-determining functions. Th7 transposition

immunity is active in both the trisD and tris E-dependent pathways

(Arciszewska et al. 1989).

Dissection of the mechanism and control of Tri■ transposition

requires a biochemical approach. We have extended our earlier

biochemical analysis of Tn" insertion into attTn/ via the trisaEC + thsD

pathway (Bainton et al. 1991) by reconstituting this reaction in vitro

with purified TnsA, TnsB, TnsC, and TnsD, which indicates that these Tns

proteins participate directly in recombination. What roles do the Tns

proteins play in recombination? Analysis of recombination reactions

using the alternative cofactor AMP-PNP instead of the usual cofactor ATP

reveals that TmsA + Tris B + Tris C can perform the DNA strand breakage and

joining reactions in the absence of TnsD. Other experiments demonstrate
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that TnsD binds specifically to att'Tn/ and thus plays a critical role in

the identification of att'TnT. as a specific and efficient site for Th7

insertion (Chapter 3). We show here that TnsC, an ATP-dependent non

sequence-specific DNA binding protein (Gamas and Craig, in press), also

interacts with the target DNA, likely through binding to TnsD. We also

suggest that Tris C plays a key role in evaluating whether a target DNA is

immune, i.e. already contains a copy of TnT. Our results suggest that

TnsC plays an important role in target selection and mediates

communication between the transposon ends and the target site.

RESULTS

Reconstitution of Tn? transposition in vitro with purified Tns proteins

and ATP

We have previously reported (Bainton et al. 1991) the development

of a cell-free TnT transposition system using crude extracts that

reproduces many features of Tn'■ transposition in vivo to attTri■ /. We

established that a miniTh? element can transpose from a donor plasmid

into att'Tn/ in a target plasmid upon incubation of these substrates in

crude extracts derived from cells containing individual tris genes (tnsA,

tnsB, tris C and trisD) and ATP. We demonstrated that transposition

proceeds via a non-replicative mechanism in which Tn/ is excised from

the donor and specifically inserted into attTnT. (Figure 1). We have now

reconstituted TnT insertion into attTn/ using four highly purified

protein fractions containing TnsA, TnsB, TnsC, or TrisD.

We report here the purification of TnsA, as described in detail in

the Experimental Procedures. We constructed a fusion protein in which
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TnsA is fused to the carboxy-terminus of glutathione-S-transferase (GST)

(Figure 2A, lane 1), and purified the GST-TnsA fusion protein (54 kd) by

binding it to glutathione agarose beads and releasing TnsA (29 kd) from

the GST domain by cleavage with thrombin (lane 2). Removal of the GST

domain by affinity chromatography results in highly purified TmsA

protein whose only obvious contaminant is residual GST domain (lane 3).

The transposition activity of purified TnsA protein when added to crude

extract lacking TnsA is comparable to authentic crude TnsA protein (R.

Bainton and N. L. C., unpublished data). We have previously described the

purifications of Tns B, TnsC and TnsD (Arciszewska et al. 1991; Gamas and

Craig, in preparation; Chapter 3).

Transposition in vitro is evaluated by extraction of DNA from the

incubation mixtures, digestion with restriction enzymes, separation by

gel electrophoresis and hybridization with specific probes. We find

that Th7 transposes efficiently in vitro when the substrate miniTr'■

donor and attTrz target plasmids (Figure 1) are incubated at 30°C in

reaction mixtures with highly purified Tns protein fractions, ATP, and

magnesium acetate (MgAc). Using a transposon-specific probe, we observe

that more than 80% of the donor substrate can be converted to simple

insertion product (Figure 2B); the other product of transposition, the

donor backbone from which the TnT. element is excised, is also present in

these reactions, but is not detectable by this hybridization probe.

Also detectable with the reconstituted system are several DNA

species indicated in the crude extract studies to be intermediates in

Tn? transposition: donor molecules broken by a single double-strand

break between the backbone and either transposon end (DSB. L = double
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strand break. left end or DSB. R-double-strand break. right end) and

excised linear transposons (ELT-excised linear transposon) cut away from

the donor backbone by two double-strand breaks (see Figure 1). Time

courses demonstrate that the DSBs in the reconstituted system display

the kinetic properties of transposition intermediates (data not shown).

We have also observed in the reconstituted system a DNA species in

which the exposed left transposon ends of DSB. Ls are apparently joined

to a single DNA strand of att'TnT. in the target molecule (see Figure 1);

we call these species DSB-SE.J. L (-single end join of left end of DSB. L).

The identity of this species has been determined by digestion with a

variety of restriction enzymes and hybridization to specific probes

(data not shown). Using different restriction enzymes, these

experiments have shown that the DSB-SEJ.R species (-single end join of

the right end of a DSB.R) is detectable in amounts equivalent to that of

the DSB-SE.J. Ls. Also, ELTs which have joined one transposon end to one

strand of att'Tn/ in the target DNA are observed (ELT-SE.J. L and ELT

SEJ.R), albeit at very low levels (see Figure 1). All of these SEJ

species appear late in the reaction and accumulate in reaction time

courses (data not shown), suggesting that they are not key transposition

intermediates. Although these other species are present, we emphasize

that the simple insertion molecules are by far the predominant

transposition product.

We find that the presence of all four Tris proteins is required for

the generation of the simple insertion transposition product (Figure 2B,

lanes 2-5). It is notable that no transposition intermediates of any

sort are detectable when TnsA, TnsB, or Tris C is omitted from the
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incubation mixture, indicating that these proteins are critical to the

initiation of recombination, i.e. the double strand breaks which

separate the transposon from the donor backbone. However, very low

levels of the transposition intermediates (DSBs and ELTs) are observed

when TnsD is omitted from the reaction, i.e. with only TmsA, TnsB and

TnsC present (Figure 2B, lane 5). (The activities of TnsA + TrisB + TrisC

are considered below.) Also notable is that the presence of att'Tn/ is

required for the efficient production of transposition intermediates or

products: although donor cleavage apparently precedes joining of the

transposon to the target DNA during transposition, no donor cleavage

occurs in the absence of attTrì" (Figure 2B, lane 7).

As transposition does occur with highly purified Tms proteins, Tn?

transposition in vitro does not obviously require any E. coli proteins;

however, it should be noted that the addition of crude extracts from

cells lacking the tris genes can stimulate transposition, particularly

under sub-optimal conditions (data not shown). Thus, although not

apparently essential, host proteins may be able to act as accessory

proteins in Tm? transposition.

We find that ATP is an essential cofactor for Th7 transposition in

vitro in the reconstituted system with purified Tms proteins; no

recombination intermediates or products are observed when ADP is

substituted for ATP (Figure 2B, lane 6). (We cannot completely omit ATP

from the reaction mixture as it is present in the TnsC fraction to

increase TnsC's solubility.) We have established elsewhere that Tris C is

an ATP binding protein that binds to DNA in an ATP-dependent fashion and

thus imagine that Tris C is the likely site of ATP action during TnT.
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transposition (Gamas and Craig, in preparation).

These experiments provide evidence that the four Tris proteins

participate directly in transposition and also establish that ATP is an

essential cofactor for this reaction.

TnsC and TnsD can interact with target DNA: Efficient Tm7 transposition

in vitro requires preincubation of attTril, TnsC, TnsD, and ATP

Our reaction mixtures include MgAc; no recombination is observed

when MgAc is omitted (Figure 3A, lane 1). Recombination is most

efficient, however, when all the reaction components except MgAc are

mixed, incubated at 30°C, and then incubated further at 30°C after the

addition of MgAc (Figure 3A, lane 3; also see Figure 3B). Little

recombination occurs if MgAc is present for the entire incubation period

(Figure 3A, lane 2).

Not all of the reaction components are required to be present in

the "preincubation" step that lacks MgAc. The presence of att'TnT., TnsC,

TnsD and ATP is required in the preincubation step for high-level

recombination; if any one of these components is omitted, little

recombination is observed (Figure 3A, lanes 4-7). Efficient

recombination is still observed if Tris/A, TnsB and the donor DNA are

added after the precincubation step, i.e. when MgAc is added (lane 8).

The requirement for the simultaneous presence of TnsC, TnsD, attTril, and

ATP in the preincubation step suggests that the intial interaction of

these components is stimulated by the low MgAc conditions.
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Formation of protein-DNA complexes involving TnsC and TnsD on att'Tn/

The observation that recombination is stimulated by the

preincubation of TnsD with attºn/ is not unanticipated; we have shown

elsewhere that TmsD is a sequence-specific DNA binding protein that

recognizes attTrž (Chapter 3). Other studies have also revealed that

TnsC is an ATP-dependent non-sequence-specific DNA binding protein. We

have used gel mobility shift assays to establish that in the presence of

ATP, TnsC and TnsD can form a distinctive novel complex on att'Triz.

Specific binding of TnsD to a labeled att'TnT fragment is observed

by the formation of a complex of retarded electrophoretic mobility

(Figure 4A, lane 3). No binding of TnsC alone to the labeled att'Tn/

fragment is observed because of the presence of a large excess of

unlabeled competitor DNA in these assays (lane 2). However, when TnsC

and ATP are mixed with TnsD and the att'TnT fragment, a novel protein-DNA

complex is observed (lane 4). Formation of this novel complex requires

ATP, and no "supershifted" complex is observed in presence of ADP (lanes

6 and 7). (Reaction mixtures to which ATP is not added do not entirely

lack ATP because of the presence of ATP in the TnsC fraction.)

Formation of the ATP-dependent TmsC-TmsD-attTn/ complex is specific to

TnsC; no such complex is observed when TnsA or Tris B are substituted for

TnsC (data not shown). Formation of the TnsC-TmsD-attTnT. complex is

also dependent on att'Tn/, as no protein-DNA complexes are observed with

a DNA fragment lacking att'Tn/ sequences (lane 9).

The observation of an ATP-dependent TmsC-TnsD-att'Tn/ complex by

mobility shift assay suggests that a similar complex may be formed

during the stimulatory preincubation step of transposition that lacks
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MgAc and also requires the presence of TnsC, TnsD, att'Tn/ and ATP. This

view is supported by the finding that formation of the TnsC-TnsD-attin/

complex is blocked by the presence of MgAc in the reaction mixture

(Figure 4A, lane 5), a condition that also blocks transposition (Figure

3A, lane 2).

The ATP-dependent Tms C-Tris D-att Trly complexes are formed under

conditions somewhat different from those of the normal preincubation

step of transposition; for example, in the standard transposition

reaction attTri" is part of a supercoiled plasmid whereas the attTrly used

in analyzing complex formation is a short linear DNA fragment; also, the

ionic conditions of the incubations are different. We have therefore

repeated the transposition reactions under conditions similar to those

used for the gel mobility shift assays. We find that efficient insertion

of Tn? into att'Tn/ DNA fragments is observed when TnsA, TnsB, donor DNA

substrate, and MgAc are mixed with ATP-dependent TmsC-TnsD complexes

formed on the att'Tn/ fragments (Figure 4B, lane 1). No Tn/ insertions

are observed when only TnsD-att'Tn/ complexes are formed (lane 2), and

transposition into these small linear targets also requires a

preincubation step without MgAc (lane 3). These observations support the

hypothesis that a key feature of the stimulatory preincubation step in

Tn/ transposition in vitro is the ATP-dependent formation of a TrisC-TnsD

complex on attTn/.

We have explored the stability of the TnsC-TmsD complexes formed

on attTnT. during the preincubation step by challenging the reactions

mixtures with competitor attTril plasmid (at 10-fold molar excess

compared to linear att'TnT target) prior to or after the precincubation
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step. The protein complex formed on the target is apparently stable as

no reduction in Tn/ insertion is observed by the addition of competitor

attTrly plasmid after the preincubation step, whereas competitor att'Tn/

DNA added from the beginning of the reaction successfully competes with

linear att'TnT target DNA (Figure 4B, compare lanes 4 and 5). This

finding is consistent with the view that the complexes formed during the

preincubation step, which are detectable as TnsC-TnsD complexes by

mobility shift assays, are the targets for Th7 insertion.

Footprinting analysis of TnsC-Tris D complexes on att'Th7

We have also characterized the TnsC-TnsD-att Tm/ complex by

footprinting analysis. We formed complexes with end-labeled att'Tn/ DNA,

treated these mixtures briefly with DNase I, isolated complexes after

polyacrylamide gel electrophoresis, and then analyzed the recovered DNA

on a DNA sequencing gel. The results of this analysis are shown in

Figure 5 and summarized in Figure 6.

In the TnsC-TrisD complex, we find that a region approximately

50 bp in length, extending rightwards from about 10 nt to the right of

the specific point of Tn? insertion (designated +10) to about 60 nt to

the right of the Tn 7 insertion point (+60), is protected from DNase I

attack. This pattern is notably different from that observed with TnsD

alone (Figure 5, also see Chapter 3), the TnsC + TrisD pattern being both

more extensive and the degree of protection much greater. On the bottom

strand of attTrž, protection by TnsD alone extends from about +25 to

+50, whereas the TnsC + TrisD protection extends from about +10 to +60.

On the top strand, although a striking protection is observed with TnsC
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+ TnsD, only a modest and limited protection is seen with TnsD alone. It

remains to be established which positions in attTnT may be most directly

contacted by TnsC and TnsD; it is not possible to discern the actual

dispositions of the proteins from such protection experiments. A simple

view however, is that TmsC occupies the region of attTn/ DNA that

extends from the observed edge of the binding region for Tris D alone

(about +30) to the border of the TnsC + TrisD protection that is closest

to the point of insertion (about +10). An important feature of the TnsC

+ TnsD protection is that the specific point of Tn) insertion is

accessible to the attack reagent and thus does not appear to be directly

contacted by either TrisC or TrisD.

TnsA + TnsB + ThsC can promote transposition in the presence of AMP-PNP

A notable feature of Tn? transposition in vitro using either the

crude system or the reconstituted system is the highly coupled nature of

the reaction, i. e. generation of the simple insertion transposition

product requires the presence of all four Tris proteins and ATP (Figure

7A, lane 2). Likely because of the high efficiency of the reconstituted

system, we observe in these reactions low levels of the transposition

intermediates, DSBs and ELTs, when TnsD or att'Tn/ are omitted from the

reaction (Figure 7A, lanes 1 and 3, respectively). This observation

reveals that the active site for strand cleavage of the donor molecule

lies within TnsA + Tris B + TrisC. In contrast to the lack of detectable

insertion product in TnsA + Trisb + TnsC reactions that use ATP as a

cofactor, simple insertion transposition products and high levels of

recombination intermediates are generated when AMP-PNP is substituted
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for ATP, even in the absence of TnsD (Figure 7A, compare lanes 4 and 6).

Determination of the DNA sequence for several of these AMP-PNP

insertions after transformation reveals that they, like products

obtained with ATP, generate 5 bp target sequence duplications (data not

shown), as observed for Tm 7 insertions in vivo (Lichtenstein and Brenner

1982; Chapter 2). We suspect that TnsC, an ATP-dependent DNA binding

protein, is the site of action for the nucleotide cofactor; the location

of the active site (s) for DNA strand cleavage and transfer is not known.

The simple insertions produced with TnsA + TrisB + TnsC in the

presence of AMP-PNP display little target site-selectivity, since

efficient insertion into target molecules that lack att'Tn/ is observed

(Figure 7A, lane 5). As expected when TnsD is absent, there is no

apparent preference for att'Trly insertion even when this site is present

in a target molecule (Figure 7A, lane 4). Insertions generated by Trisa +

TnsB + Tris C appear to be randomly distributed in the target molecule

(Figure 7B). Another indication of the apparently random distribution of

insertions is that the quantity of insertion product generated is

proportional to the size of the target DNA segment examined (data not

shown).

TnT.'s ability to insert specifically and selectively into attTn/

is not entirely abolished when AMP-PNP is used as a cofactor instead of

ATP. In TnsA + TnsB + TnsC + TrisD reactions performed in the presence of

AMP-PNP, specific insertions into att'Tn/ and random insertions into the

target backbone are both observed (Figure 7A, lane 6). AMP-PNP is also

an effective cofactor in promoting the formation of TnsC-TmsD att'Tn/

complexes as evaluated in mobility shift assays (data not shown). These
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results suggest that although AMP-PNP can dramatically change the

insertion specificity, it does not abolish the ability of TnsD to direct

TnsC to att'Tn?.

A prominent feature of the standard TnT transposition reactions

performed with ATP is that recombination is most efficient when TnsC,

TnsD, att'TnT., and ATP are preincubated in the absence of MgAc and the

other reaction components to facilitate the formation of the TnsC-TmsD

complex on the target DNA. In TnsA + TrisB + TrisC reactions with AMP-PNP,

recombination does proceed more efficiently when TnsC, the target DNA,

and nucleotide are precincubated prior to the addition of MgAc and the

other reaction components (data not shown). Although there is a much

greater degree of stimulation by preincubation in the ATP reaction

compared to the AMP-PNP reaction, the fact that recombination is

increased in both cases argues that interaction of TnsC with the target

is a critical step in recombination.

Lack of target immunity in Tn? transposition in vitro with AMP-PNP.

Tn/ displays transposition immunity in vivo; that is, DNA

molecules that already contain Tn/ are poor targets for transposition.

The presence in the target DNA of the sequences from the right end of

Tn? that participate directly in recombination are sufficient to provide

immunity (Arciszewska et al. 1989). We previously established that Tn/

immunity is active in vitro in the crude extract system (Bainton et al.

1991). We have found that Th7 transposition immunity is active in the

reconstituted TmsA + TrisB+ TnsC + TrisD system when ATP is used as a
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cofactor (Figure 8). In these reactions with ATP, which include both a

standard att'Tn/ target plasmid and an immune att'Tn/ target plasmid, i.e.

one containing both attTrž and a Tri■ /R end segment, no insertions into

the immune target are observed although the standard att'Tn/ plasmid

remains an effective target (lanes 1 and 2). We find, however, that

transposition immunity is virtually abolished when AMP-PNP is used as a

cofactor instead of ATP (lanes 3 and 4). In the presence of AMP-PNP,

insertions into both the non-immune and immune target molecules are

readily detected. A similar result is also seen in the absence of TnsD,

although insertions into att'Tn/, as expected, are significantly reduced

(lanes 7 and 8).

Thus, substitution of AMP-PNP for ATP dramatically changes the TnT.

transposition machinery's sensing of the target DNA: 1) a target DNA is

no longer evaluated for the presence or absence of an existing copy of

Tn/, i.e. target immunity is no longer operative, and 2) the target

sequence selectivity is reduced, i.e. att'Tn/ is no longer the exclusive

site of transposon insertion. As TnsC is an ATP binding protein which

associates with DNA in an ATP-dependent manner (Gamas and Craig, in

press), it seems reasonable to suggest that differences in the

interaction of Tris C with these alternative adenine cofactors and the

resultingly different interactions of TnsC with the target DNA underlie

the observed differences in recombination. These observations further

support the view that the interaction of TnsC with the target DNA is a

key step in Tm7 transposition.
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DISCUS8ION

Tn 7 transposition is executed by four Th7-encoded proteins.

We have extended our biochemical dissection of Tn? transposition

to its preferred insertion site att'Tn/ through in vitro reconstitution

of this reaction. We have established that Tri■ inserion into attTrž in

vitro can occur efficiently in the presence of and requires four

purified Tm 7-encoded transposition proteins, TnsA, Tns B, TnsC, and TnsD,

and ATP. These findings have revealed that each of these Tns proteins

are likely to participate directly in Tn/ transposition, accounting for

the genetic observation that the tris genes encoding these proteins are

essential to TnT transposition in vivo (Rogers et al. 1986; Craig and

Waddell 1988). The observation that ATP is an essential cofactor in the

reconstituted system reveals that this molecule also has a direct role

in recombination.

The ability of the four purified Tns proteins to promote Tn/

transposition in vitro suggests that these proteins contain both the

specificity determinants for transposition, i.e. the ability to

specifically recognize the transposon ends and attTril, and the active

site (s) that mediates strand exchange, i.e. the cleavage reactions which

separate the transposon from the donor DNA and the strand transfer

reactions which join the transposon ends to the target DNA. The

interactions of some individual Tns proteins with the substrate DNAs has

suggested their activities in recombination: TnsB is a sequence-specific

DNA binding protein that recognizes the ends of TnT. (Arciszewska et al.

1991; Tang et al. 1991), and TnsD is a sequence-specific DNA binding
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protein that recognizes attin/ (Chapter 3). Because TnsC is an ATP

dependent non-sequence-specific DNA binding protein (Gamas and Craig, in

press), a reasonable hypothesis is that it is the site of action of the

essential ATP cofactor in Tn? transposition. As discussed below, we

have provided evidence that TrisC can interact with the target DNA and

with TnsD, and propose that Tris C mediates communication between the

target DNA and the transposon ends. The role of TnsA protein in Tn?

transposition has not yet been explicitly identified.

The roles of E. coli-encoded proteins in TnT transposition remain

to be determined. Recombination in the reconstituted reaction occurs in

the absence of any obvious host protein, suggesting that a host protein

is not essential to this reaction. However, it is important to note

that we cannot exclude the possibility that a contaminating host protein

present at low levels in our Tris fractions is required for Th7

recombination. Also, the possibility that a host protein(s) may

participate in recombination in an accessory role should not be

dismissed. Indeed, we observe that transposition can be stimulated

under some conditions by the addition of crude host extract to the

purified Tns proteins; also, our optimization of recombination in the

reconstituted system may have bypassed an important host contribution.

The observation that mutations in some E. coli genes do alter Tri/

transposition in vivo (0. Hughes and N. L. C., unpublished data) also

supports the view that host proteins contribute to this reaction. Many

reactions involving extrachromosomal DNA elements are mediated by

collaborations between element and host-encoded proteins (Dr.lica and

Rouviere-Yaniv 1987; Friedman 1988; Glasgow et al. 1989; Landy 1989).
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TnsC can interact with the target DNA

Characterization of the reconstituted TnT transposition system has

revealed that efficient recombination to apparently random target sites

occurs with TnsA + Trisb + Tris C and AMP-PNP. Also, cleavage of the

transposon from the donor backbone is observed, albeit at very low

levels, in the presence of TnsA + TrisB + TrisC and ATP. These

observations demonstrate that the active site(s) for donor cleavage and

strand transfer are contained within Trisa + Tris B + Tris C. Because TnsC

can bind ATP, AMP-PNP is likely influencing the activity of TnsC in its

reaction with TnsA + Tris B + Tris C. Moreover, because TnsC is an ATP

dependent DNA binding protein whose apparent affinity for DNA is

increased in the presence of non-hydrolyzable ATP analogues such as AMP

PNP (Gamas and Craig, in press), it is reasonable to suggest that AMP

PMP promotes recombination under conditions where ATP does not, i.e. in

the absence of TnsD, by promoting a more stable interaction of TnsC with

DNA. The finding that insertion into a target DNA is most efficient

when that DNA is preincubated with TnsC and AMP-PNP in the absence of

the other reaction components (the donor DNA, Tris A, and TnsB) suggests

that TrisC interacts directly with the target DNA during recombination.

The hypothesis that the ATP-dependent interaction of TnsC with the

target DNA plays a central role in Tn/ transposition is supported by the

different effects of ATP and AMP-PNP on target immunity. The frequency

of Tn? insertion in vivo into a target DNA is much reduced by the

presence of Tn/ or even just the right end of Tn/ in that DNA, i.e. the

Tn 7-containing target is immune (Arciszewska et al. 1989). In the
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presence of ATP, Tn" target immunity is active in the crude extract

(Bainton et al. 1991) and reconstituted TnT transposition systems. By

contrast, target immunity is abolished when AMP-PNP is used as the

cofactor in transposition. Thus, the nature of the adenine cofactor has

a profound impact on target immunity, i.e. the ability of the Tn?

transposition machinery to evaluate the target DNA for the presence of a

Tn? end. An attractive hypothesis is that Tris C mediates the recognition

of immune and non-immune target DNAs through its ATP-dependent binding

to DNA. We postulate that in the presence of AMP-PNP, TnsC binds stably

to all target DNAs, including those containing Tn? end sequences, and

that when ATP is used as a cofactor, the binding of TnsC to immune

targets is discouraged. In this view, immune DNA molecules, i.e. those

that contain a TnT end, are poor substrates for tranposition because

TnsC cannot effectively interact with these DNAs.

The picture that has emerged from these experiments is that TrisC

can interact with the target DNA during transposition, Tn■ insertion

being directed to DNAs on which TnsC is stably associated. An

attractive view is that TrisC both contacts the target DNA and also

communicates with the transposon ends, perhaps via protein-protein

contacts with TnsB and/or Trisa, thereby interacting with the transposon

ends.
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Comparison of Tn? TnsC protein and bacteriophage Mu transposition

protein MuB

The view we have presented for the central role of the ATP

dependent interaction of TnsC with the target DNA is very reminiscent of

the proposed role of Mub protein in bacteriophage Mu transposition. Mua

protein, a Mu-end binding protein (Craigie et al. 1984), with ATP and

MuB collaborate to promote Mu recombination (Surette et al. 1987;

Craigie and Mizuuchi 1987). Like TnsC, MuB is a non-specific DNA

binding protein (Chaconas et al. 1985) that requires ATP for stable

association with DNA (Maxwell et al. 1987); upon ATP hydrolysis, Mub

dissociates from DNA (Adzuma and Mizuuchi 1988, 1989). MuE can

stimulate Mu transposition by interacting with both the target DNA and

Mua bound to the transposon ends (Baker et al. 1991; Surette et al.

1991; Surette and Chaconas 1991).

MuB has been directly shown to play a key role in target immunity

during Mu transposition (Adzuma and Mizuuchi 1988, 1989). MuB

selectively dissociates from immune target DNAs through stimulation of

its ATPase activity which is provoked by an interaction with Mua bound

to the transposon ends on the immune target. Transposition immunity is

abolished in the presence of the non-hydrolyzable ATP-YS which promotes

stable association of Mub with both non-immune and immune DNAs, making

them both effective targets for Mu insertion.

In spite of the apparently strong similarities between TnsC and

MuE in their activities and roles in recombination, there is no obvious

similarity in the amino acid sequences of these proteins beyond the
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limited regions likely to be directly involved in ATP binding (Miller et

al. 1984; Flores et al. 1990).

Tns C and Tns D can act on att'Tn/

Several observations provide evidence that during TnsD-dependent

transposition, the interaction of TnsC with the attTrly target DNA is

promoted by TnsD. A reasonable hypothesis is that TmsC, an ATP

dependent non-sequence-specific DNA binding protein, is directed to

attTnT. by protein-protein contact with TnsD, a protein which binds

directly to att'Tn/.

We have observed that Tris C and TnsD can form specialized complexes

with att'Tn/... We have detected these TnsC-Tris D attTrly complexes in the

presence of ATP by mobility shift assays. We have also found that

recombination is stimulated by conditions that favor the formation of

such a complex. Recombination in vitro is most efficient in the

presence of high MgAc, but efficient recombination also requires the

preincubation of TnsC, TnsD, att'TnT., and ATP in the absence of MgAc.

The binding of TnsC and TnsD to DNA is individually sensitive to MgAc,

and the initial presence of MgAc blocks the formation of the TnsC-TmsD

att Th7 complex (data not shown). We hypothesize that the preincubation

step promotes the formation of a TrisC-TmsD attTri■ / complex which is

relatively resistant to MgAc. The subsequent presence of high MgAc

perhaps stimulates some other step in recombination, for example, the

DNA strand cleavage and strand transfer steps.

We propose that TrisC is directed to att'Tn/ by interaction with

TnsD. Although TnsC alone can bind to DNA, no specific interaction of
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TnsC with attTri■ / is observed in the absence of TnsD. Furthermore, no

specific sequences in att'Tn/ outside the region of attTn/ which can

interact with TnsD alone appear to be required for att'Tn/ target

activity (Chapter 3). Of course, we cannot exclude the possibility that

TnsD induces a particular conformational change in the att'Tn/ DNA which

is specifically recognized by TnsC or that there are additional specific

TnsC contacts within this TnsD region. However, a reasonable view is

that TnsD binds specifically to att'Tn/ and that ThsC also interacts with

attTrì'■ through specific protein-protein contacts with TnsD and non

specific contacts with DNA. The ability of TnsC alone to bind DNA is

influenced by ATP; it remains to be determined how this ATP-dependent

interaction of TnsC with DNA is modulated by TnsD.

How might TmsC interact with the rest of the recombination

machinery, i.e. the ends of Tn/, TnsA and TnsB? We have observed that

in the ATP-dependent TmsC-TmsD att'TnT. complexes, the region of the

target DNA immediately surrounding actual point of TnT insertion is not

contacted by either TmsC or TnsD; this region is accessible to attack by

DNase I. The region of TnsC-TnsD protection is about 50 nt in length and

extends rightwards from a position about 10 nt from the specific point

of Tn" insertion. Because the region of att'TnT. that can be contacted by

Tns D alone, which also contains the nucleotide sequence information

required for attTrž target activity (Gringauz et al. 1988; Qadri et al.

1990; Chapter 3), lies within the rightward portion of the region of

TnsC-TrisD protection, we speculate that the region of the TnsC-TrisD

protection that adjoins but does not directly contact the Tn■ point of

insertion reflects the interaction of TnsC with the target DNA. We are

-122



intrigued by the hypothesis that during transposition the region

immediately surrounding the point of insertion is actually occupied by

the transposon ends, TnsA, and TnsB. Given the spatial separation

between the actual point of Tn? insertion and apparent position of TnsC,

we speculate that Tris C may act in transposition by protein-protein

contact with TnsB and/or Thsa, thereby juxtaposing the transposon ends

with the target DNA and promoting the DNA strand cleavages at the

transposon ends and the strand transfer reactions which join the

transposon to the target DNA.

Tn 7 transposition occurs in an elaborate nucleoprotein complex

We have observed in both the crude extract cell-free Tn?

transposition system (Bainton et al. 1991) and the reconstituted system

that Th7 transposition is highly coupled: the presence of all the

recombination proteins is required to produce significant amounts of

recombination intermediates and products, and, furthermore, that the

presence of att'Tn/ is required to provoke the first steps in

transposition, i.e. cleavage of the donor DNA. Thus, we argue that Tm 7

transposition actually occurs within an elaborate nucleoprotein complex

that contains all the Tns proteins and the three DNA recombination

substrates, i.e. the Tri/ ends and att'TnT. Multiple protein-DNA and

protein-protein interactions must underlie the assembly and activity of

this elaborate nucleoprotein complex. It is not unreasonable to consider

that the assembly of the final complex that actually executes strand

exchange can occur via several alternative pathways. For example, our

particular reaction conditions appear to favor the formation of a
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distinct ThsC-TnsD complex on att'Tn/ as a critical step in

recombination; under other conditions, for example, formation of a

distinct complex containing the ends of Tn" and TnsA + Tris B + TrisC may

precede the interaction of TnsC with target DNA and/or TrisD.

We propose that in the recombination complex Tris C plays a key role

in communication between the target DNA and the transposon ends. Several

types of evidence have revealed that TnsC can interact with the target

DNA: we have found that TnsC can form a special complex with TnsD on the

att Tril target, transposition appears to be directed towards DNA to which

TnsC is bound, and also TnsC appears to play a central role in

evaluating whether or not a target DNA is immune. We speculate that

TnsC may also interact via protein-protein contacts with TnsA and/or

TnsB to communicate with the transposon ends. We imagine that the

initiation of recombination in this complex, i.e. the execution of the

strand cleavages at the transposon termini which is followed by the

strand transfer reactions which join the transposon ends to the target

DNA, results from multiple coordinate interactions between the

components of the complex.

A proposal for the mechanism of thse-dependent Tm7 transposition.

We have suggested that during TnsD-dependent transposition, the

target site is specifically recognized by the binding of TnsD and that

the interaction of TnsD with TnsC then stably positions TnsC on the

target DNA, therby provoking transposition. What relationship might the

mechanism of tris E-dependent transposition, whose target sites are

apparently random, have to the mechanism proposed for TnsD-dependent
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transposition? An attractive hypothesis is that Tris E directs the basic

TnsA + Tris B + TnsC machinery to promote Tn? insertion into the target

DNA; like TnsD-dependent transposition, tris E-dependent transposition in

vivo is a non-replicative reaction (K. Orle, M. Lopata, and N. L. C.,

unpublished data). It is not unreasonable to suggest that the overall

mechanisms of TnsD- and TnsE- dependent transposition reactions are

similar, being most distinguished in how target sites are recognized.

In this view, we would expect that during TnsE-dependent transposition,

TnsC would also play a key role in interacting with the target DNA. One

possibility is that Tris E, like TnsD, is a DNA binding protein, but one

that lacks the sequence preference of TnsD. Thse might then, like TnsD,

interact simultaneously with TnsC and DNA, thereby fixing TnsC to the

target DNA at many different positions and provoking transposition.

Another alternative is that Tris E does not interact with DNA but rather

interacts only with TnsC as a sort of allosteric effector, perhaps

modulating TnsC's interaction with ATP, to promote TnsC's stable

interaction with DNA and thereby provoke transposition.

These models suggest that two alternative types of nucleoprotein

complexes, one with TnsD and one with TnsE, may form and mediate Tn?

transposition. Both types of complexes would share the same basic

protein machinery, TnsA + TnsB + Tris C and ATP, but a TnsD nucleoprotein

complex would direct insertions into att'Tn/, whereas the TnsE-dependent

nucleoprotein complex would promote insertions into random target sites.

This combinatorial assembly of nucleoprotein complexes to provide

regulated and differential activities is analogous to other processes in

recombination, replication, transcription, and translation (Echols 1990;
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McCarthy and Gualerzi 1990; Hershey 1991). The study of Tn/

transposition in vitro provides a defined and readily manipulable system

that can be used to dissect the macromolecular interactions that

underlie such elaborate protein-nucleic acid transactions.
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EXPERIMENTAL PROCEDURE8

DNA substrates

The donor plasmid peN-1 contains an E. coli chromosomal insertion

of a miniTh7 element flanked by sequences unrelated to att'Tn/

(Arciszewska et al. 1989). The donor plasmid peNA contains the miniTri/

element and nearby flanking sequences (51 nt and 83 nt adjacent to the

Tn/L and TnT.R ends, respectively) of peN-1. The miniTri/ element and

flanking donor DNAs were generated by PCR amplification using peN-1 as a

template with oligonucleotides complementary to the flanking donor

sequences positioned at 51 nt to 30 nt from the TnTL end and 83 nt to 64

nt from the Tn/R end. The amplified DNA was treated with Klenow enzyme

and introduced into the Scal site of p'TRC99 (Pharmacia). The att'Tn/

target plasmid pKAO4-3 (McKown et al. 1988) contains a 150 bp segment

that includes the sequences necessary for att'TnT target activity. pl.A11

is an att'Tn/ plasmid which also contains the TnT.R.199 segment (Bainton et

al. 1991). pKS+ (Stratagene) is used as a target DNA lacking att'Tn/

sequences.

Linear DNA substrates from indicated plasmids were prepared and

end-labeled with [a-32P] dATP and Klenow enzyme as described in Chapter

3. For mobility shift assays, the 115 bp EcoRI-BamhI pKK20 DNA fragment

contained attTnT (-25 to +64) sequences, whereas the 122 bp Pvul-HindIII

pUC18 fragment contained sequences unrelated to att'TnT. For DNase I

protection studies, the pKK24 HindIII-Pvul fragment (235 bp), labeled at

the HindIII end, was used to examine the bottom strand of att'Tn/... pKK24

contains the BamhI-EcoRI att'TnT (-25 to +64) fragment from pKOA4-3
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inserted between the BamhI and EcoRI sites of puC19. The EcoRI-Pvul

pKK25 fragment (260 bp), labeled at the EcoRI end, contained att'Tn? (-52

to +64) and was used to analyze the bottom strand. This DNA fragment was

also used as linear att'Tn/ target for Tn? transposition in vitro.

Preparation of Tns proteins

Protein preparations were as described: TnsB was fraction IV

(Arciszewska et al. 1991), TnsC was fraction III (Gamas and Craig, in

preparation) and TnsD was fraction V (Chapter 3).

TnsA was expressed as a glutathione-S-transferase (GST) fusion

protein in Escherichia coli strain DH5o (BRL). The gene construct

encoding the GST-TnsA fusion was generated by inserting a Ncol-HindIII

tnsA fragment from pKA046 (Orle and Craig 1991), after partial digestion

with HindIII, between the Ncol and HindIII sites of p(SEX2 (Smith and

Johnson 1988). Fusion protein expression and purification were done as

described by Smith and Johnson (1988).

Cells used for purification were grown at 30°C in 1 L LB broth

(Miller 1972) with 100 pg/ml carbenicillin. At OD600 - 0.7, fusion

protein expression was induced by the addition of 40 pm IPTG (isopropyl

B-D-thiogalactopyranoside) and then allowed to grow until OD600 - 1.2-

1.4. Cells were harvested by centrifugation, washed in buffer A (25 mM

HEPES pH 7.5, 1 mM EDTA), and pelleted.

Subsequent steps, unless otherwise noted, were done at 4°C. 2 ml/g

cells of buffer A with 100 mM KC1, 2 mM DTT, and 1 mM phenylmethyl

sulfonyl fluoride (PMSF) was added to cell pellet. Cells were lysed by

sonication, cell debris was removed by centrifugation for 30 min at
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16,800 x g, and supernatant was collected. To the crude lysate, 5 M NaCl

and 250 mM CHAPS (a nonionic detergent) were added to a final

concentration of 500 mM and 10 mM, respectively, and the lysate was

incubated with glutathione agarose beads (Sigma) for 1 hr., followed by

extensive washing in buffer A with 500 mM NaCl, 10 mM CHAPS, and 2 mM

DTT. TnsA fusion protein was eluted from beads with 10 mM glutathione,

and the GST carrier was clipped off by incubation for 30 min at 25°C

with 30 units human thrombin (Sigma) per mg TnsA fusion protein.

Reaction was stopped by addition of 100 mM PMSF (in isopropanol) to

final concentration of 0.25 mM. Cleavage of GST-Tris A with thrombin

results in a wild-type TnsA polypeptide with three additional amino

acids (Gly-Ser-Pro) at its N-terminus. Cleavage products were incubated

for 6 hr with glutathione agarose beads, and the supernatant,

selectively enriched in TnsA polypeptide, was collected. These

fractions, containing approximately 100 ug/ml TnsA, were stored at -80°C

and were stable for at least several months.

SDS-PAGE using 12.5% gels was carried out by the method of Laemmli

(1970). Protein concentration was determined by Bio-Rad protein assay or

SDS-PAGE with staining by Coomassie Blue R-250, using BSA as a standard.

Tn? transposition in vitro

Reactions were performed essentially as described in Bainton et

al. (1991). Reaction mixtures (100 pul) contained 0.1 pig (0.25 nM) of the

donor plasmid (peN-1 or peMA), 0.3 pig (2.5 nM) of pKA04-3 att'Tn/ target

plasmid, 2 mM ATP, 26 mM HEPES pH 8.0, 0.02 mM EDTA, 2.1 mM DTT, 15 mM

magnesium acetate (MgAc), 0.1 mM MgCl2, 0.01 mM CaCl2, 100 ug/ml tRNA,
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50 pg/ml BSA, 0.1 mM CHAPS, 50 ng TnsA, 50 ng TnsB, 50 ng TnsC, and 40

ng TnsD. Reactions in Figures 2B, 7, and 8 also contained 1.0 mM Tris

HCl (pH 8.0), 5.8 mM NaCl, 15 mM KC1, and 0.25% glycerol. The reactions

in Fig. 8 contained a lower concentration (1 nM each) of target plasmids

pKA04-3 and pLA11. A preincubation step was done where the reaction

components were mixed and incubated for 30 min at 30°C prior to the

addition of MgAc. 4 pil of 375 pm MgAc was then added, and the incubation

was continued for an additional 30 min at 30°C. In Figure 3, the

preincubation step was performed in reaction mixtures (96 pul) that also

contained 1.0 mM Tris-HCl (pH 8.0), 5.8 mM NaCl, 15 mM KC1, and 0.25%

glycerol, but were omitted for the indicated Tns proteins; after the

preincubation, the omitted reaction components and MgAc were added,

resulting in final reaction mixtures (104 pul) that also contained 2.0 mM

Tris-HCl (pH 8.0), 11.5 mM NaCl, 30 mM KC1, and 0.5% glycerol.

As described in Bainton et al. (1991), after the incubation was

completed, the reaction DNAs were recovered, digested with restriction

enzyme, and electrophoresed through 0.6% agarose. The resolved DNAs were

transferred to Nytran (Schleicher & Schuell) and analyzed by Southern

hybridization with a radioactive DNA probe specific for the miniTr'■

element. Blots were examined by autoradiography, and reaction products

were quantified with a Phosphorimager (Molecular Dynamics).

In vitro transposition reactions in Figure 4 were done using a 260

bp att'TnT. DNA fragment as a linear target. Reactions (100 pul) contained

34.5 mM Tris-HCl (pH 8.0), 44.5 mM KC1, 0.35 mM NaCl, 0.02 mM EDTA, 1.4

mM DTT, 15 mM MgAc, 0.02 mM MgCl2, 0.03 mM CaCl2, 0.02 mM CHAPS, 6.7%

glycerol (v/v), 260 pug/ml. BSA, 20 pg/ml sheared salmon sperm DNA, and
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approximately 0.1 pmol end-labeled attTn/ fragment. 20 ng TnsC and 30 ng

TnsD were initially incubated in reaction mixtures for 30 min at 30°C to

allow TrisC-TnsD binding to attin/. 50 ng TnsA, 50 ng Tns B, 50 ng donor

plasmid peNA, and MgAc were added; as indicated, 2 pig of the attTri■ /

plasmid pKAO4-3 was also added. Incubations were continued for 30 min at

30°C, treated with 0.25% SDS, 20 mM EDTA, and 0.3 mg/ml Proteinase K for

30 min at 37°C, and electrophoresed through a 1% agarose gel in 1X Tris

borate-EDTA buffer. The gel was dried and exposed to X-ray film.

Mobility shift assays and DNase I footprinting

Mobility shift assays were performed as described in Chapter 3,

except that the DNA binding reactions (20 ul) contained 50 mM Tris-HCl

(pH 8.0), 0.25 mM HEPES (pH 7.5), 120 mM KC1, 10 mM NaCl, 0.1 mM EDTA,

1.8 mM DTT, 0.1 mM MgCl2, 0.1 mM CHAPS, 0.8 mm ATP, 9% glycerol (v/v),

300 pg/ml BSA, 15 pg/ml sheared salmon sperm DNA, and approximately 0.01

pmol end-labeled DNA. Purified Tris C and TnsD were incubated in reaction

mixtures for 20 min at room temperature and were analyzed on 5%

polyacrylamide as described in Chapter 3.

The DNase I footprint analysis was performed as described in

Chapter 3, except that the reactions (100 pul) contained 40 mM Tris-HCl

(pH 8.0), 1.3 mM HEPES (pH 7.5), 85 mM KC1, 50 mM. NaCl, 0.1 mM EDTA, 1.7

mM DTT, 0.5 mM MgCl2, 0.5 mM CHAPS, 1 mM ATP, 8.5% glycerol (v/v), 350

pg/ml BSA, 20 pg/ml sheared salmon sperm DNA, with approximately 0.15

pmol 3' end-labeled DNA. TnsD or TrisC + TnsD was incubated in reaction

mixtures for 15 min at 30°C and treated with DNase I as described in

Chapter 3.
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Figure 1. Tn? transposition substrates, intermediates, and products.

The 6.1 kb donor molecule contains a 1.6 kb miniThi■ element flanked by

sequences unrelated to att'TnT.; the miniTri/ element contains segments

from the left (TnTL) and right (TnTR) ends of Tn/ that provide the cis

acting transposition sequences. The 2.9 kb target molecule contains a

0.15 kb att'Tn/ segment flanked by EcoRI sites. Double-stranded breaks at

the junction of either Th7L or Tri■ /R with the donor backbone (arrows)

produce the DSB. L and DSB. R species, which are transposition

intermediates. An excised linear transposon (ELT) is generated by a

second double-strand break in the DSBs. The excised mini-Tri/ elements

inserts site- and orientation-specifically into att'TnT., producing a 1.6

kb simple insertion product and a 4.5 kb gapped donor backbone. EcoRI

digestion of the simple insertion product releases a diagnostic 1.75 kb

fragment. Other transposition species are made by a single Tn/ end

joining to a target molecule (see text).

- 132



i

:

TARGET 2.9kb

DSBSE.J.L Or

ELTSEJ.L Or

DONOR 6.1kb

H.mini■ n’1.6kb— psalDss.n

+

INTERMEDIATES
DSBSE.J.R

ELTSEJ.R

DONOR BACKBONE 4.5kb.

HInsertkon1.75kb—

(E.

■ ºInzlH.InºF
K E sbE

SIMPLE INSERTION 4.5kb.



Figure 2. Purified Tms proteins reconstitute Th7 transposition in vitro.

A) Purified Tns protein fractions used in Tn? transposition. The Tns

protein fractions were resolved by 12.5% SDS-PAGE and stained with

Coomassie Blue R-250. Lanes 1-3 show TnsA fractions during purification:

lanes 1 and 2, 1.0 pig affinity purified GST-TnsA fusion protein, before

and after thrombin cleavage, respectively (TnsA - 29 k.d. and GST domain -

26 kd); lane 3, 2.0 pig cleaved TnsA protein after further purification.

Lanes 4-6 show other purified Tris protein fractions, which were

concentrated by 10% TCA precipitation prior to loading: lane 4, 2.0 pig

TnsB; lane 5, 2.0 pig TnsC; lane 6, 2.0 pig TnsD.

B) Requirements for Tn? transposition in vitro. An autoradiogram of a

gel is shown of transposition reactions digested with EcoRI in which the

indicated components were omitted. The DNA species, which were detected

by Southern hybridization with a miniTn?-specific probe, are labeled as

in Figure 1. SE.J. L. refers to the DSB-SE.J. L species. Reactions were

performed as described in Experimental Procedures, with the following

exceptions: lane 6, ADP was substituted for exogenously added ATP; lane

7, a target plasmid lacking att'Tn/ sequences was used as a target

instead of the usual attTn/-containing plasmid.
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Figure 3. Th7 transposition i Vitro is stimulated by a preincubation

step that lacks MgAc.

A) Shown is an autoradiogram from transposition reactions which display

Bgl II-digested species detected with a miniTn/-specific probe. In lanes

1-3, MgAc was omitted entirely from the reaction (lane 1), added

initially to the reaction (lane 2), or added after a 30 min

preincubation step done in the absence of MgAc (lane 3). In lanes 4-8,

indicated reaction components were initially omitted and added to

reactions after the 30 min (-) MgAc preincubation step.

B) Shown is a schematic representation of the (-) MgAc preincubation step

and the required reaction components. ThsC, TnsD, att'Tn/, and ATP were

added at the start (TO) of the reaction in the absence of MgAc. After a

preincubation step at 30°C for 30 min, MgAc and the remaining reaction

components (TnsA, TnsB, and donor DNA) were added (at T30), and

incubation continued at 30°C for 30 min (until T60).
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Figure 4. Formation of TnsC + TnsD complexes with att'TnT.

A) Analysis of protein-DNA complexes by mobility shift assay. Lanes 1-7

contain an att'Tn/ segment, whereas lanes 8 and 9 contain a DNA segment

lacking att'Tn/ sequences. Where indicated by "+", 20 ng TnsC and 20 ng

TnsD were added to binding reactions. Lane 5, MgAc was added to 15 mM at

the beginning of the binding reaction. Lane 7, ADP (0.8 mM) was added

instead of ATP (a small amount of ATP is present in the reaction from

the Tris C fraction).

B) In vitro transposition into a linear att'TnT target. Particular

reaction components (TnsC or MgAc) were added at indicated reaction

times To or T30 (see Figure 3B), to determine the effects of TnsC + ThsD

binding to att'Tn/ on Tn" transposition. Lanes 4 and 5, 2 pig of the

att'Tn/ plasmid (pKA04-3) was provided as a competing target, either at

the start or at the end of the (-) MgAc preincubation step.

-140



i

non

att■ n'7attºrn
7

IIIl

TnsC
++++++

TnsC
++
TnsL)
+++++

TnsD
++

ATP+++++--++

ATP++ADP
+

Mg+

TnsC
+
Tns)

–P---

Dependent•TnsC
+
Tns)

Dependent-

--- ---

--

-

TnsD—--

TnsD—--E. Dependent-- Dependent---

--

-

*...
—---------

att■ n'7—º-*Fragment- Fragment

1234L

L123456789L

É



Figure 4B
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Figure 5. DNase I footprint analysis of Tns D and TnsC + ThsD complexes

with att'Tn/.

TnsD and TnsC + TnsD complexes with att'Tn/ were formed, treated with

DNase I, and the DNA recovered from the isolated complexes. Top and

bottom strands of att'Tn/ are as shown in Figure 6, and the nucleotide

positions are numbered as described in Figure 6. The vertical lines

indicate the extent of protection, and dashed line indicates the region

of partial protection. Lanes marked "AG" contain Maxam-Gilbert A+G

sequence reaction of same DNA fragment.

A) Top strand of att'Tn/: lane 1, Tns D at 2 pg/ml; lane 2, no Tns

proteins added; lane 3, TnsC at 5 pig/ml and TnsD at 2 pg/ml; lane 4, no

Tns proteins added.

B) Bottom strand of att'Tn/: lane 1, no Tns proteins added; lane 2, TnsD

at 2 pg/ml; lane 3, no Tns proteins added; lane 4, TnsC at 5 pg/ml and

Tns D at 2 pig/ml.
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Figure 6. Summary of DNase I footprint analysis.

A) The attTn/ sequence is shown, with boxed nucleotides indicating the 5

bp sequence duplicated upon Th7 insertion (Lichtenstein and Brenner

1982; Gay et al. 1986). The central base pair of the target duplication

is designated "0"; sequences extending leftward are given negative

values, whereas sequences extending rightward are given positive values.

Solid bars above and below the sequence show the extent of protection on

the top and bottom strands, respectively, in the presence of the

indicated Tns proteins. The stippled bar designates a region of partial

protection, and arrows indicate accessible positions within the

protected region. The bars extend to the outermost positions that are

inaccessible to DNase I. Open circles mark the positions nearest the

protected regions that are accessible. The dotted line indicates the

modest protection observed for TmsD on the top strand.

B) Diagram of TnsD and TnsC + TnsD complexes formed on att'TnT. TnsD

binds to sequences (approximately +30 to +50) which are positioned at a

distance from the specific point of Tn? insertion (indicated by arrow).

In contrast, TnsC + TnsD interacts with a more extensive region of

attTn/ (approximately +10 to +60). The actual placement the TnsC and

TnsD proteins within the complex remains to be determined.
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Figure 7. Tn? transposition in the presence of AMP-PNP.

A) EcoRI-digested species detected with the miniTri■ /-specific probe are

shown from transposition reactions done in the presence of ATP (lanes 1

3) or AMP-PNP (lanes 4-6). Lanes 4 and 6, a target plasmid (pKS+) that

lacked att'Tn/ sequences was used instead of the standard attTn/ plasmid

(pKA04-3).

B) DNA species detected with a miniTn?-specific probe from transposition

reactions were digested with Bgl II (lanes 1 and 2) or Bgl II + EcoRI

(lanes 3 and 4) to evaluate att'Tn/ insertion specificity.
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Figure 7A
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Figure 7B
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Figure 8. Tn 7 transposition immunity in vitro is altered by the presence

Of AMP-PNP.

EcoRI-digested species detected with a miniTn?-specific probe are shown

from transposition reactions using the standard att'Tn/ target plasmid

(pKAO4-3) and an att'Tn/ plasmid (pLA11) which also contained a Tn/R

segment. The concentration of the target plasmids is 3-fold less than

that of the standard conditions. Reactions were done in the presence

(lanes 1-4) or the absence (lanes 5-8) of TnsD.
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Chapter 5

Summary and Perspectives
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This thesis has extended earlier studies which established that

Tn 7 utilizes five transposition genes to direct recombination along two

distinct pathways, i.e. thsABC + thsD and ths/ABC + tris E (Rogers et al.

1986; Waddell and Craig 1988). In the work presented here, I have

analyzed TnT insertions promoted by these two ensembles of tris genes,

which has revealed the sequence information important for target site

selection. I have also examined the transposition proteins which

interact with the target DNA during Tn 7 insertion into att'Tn?, which has

also provided a mechanistic understanding of TnT target site selection.

These studies have revealed the complexity of protein-DNA and protein

protein interactions that mediate Tn/ target site selection.

Tn 7 directs transposition to two distinct classes of target sites

I have demonstrated that the target sites used by the trisaEC +

tnsL and ths ABC + tris E pathways differ significantly in their

nucleotide sequences. trisaBC + trisD is a target sequence-specific

pathway that directs insertion into attTn/ and chromosomal pseudo-att'Tn/

sites, which are related in sequence to att'Tn/. In contrast, trisaEC +

tnsE is an apparently random target sequence pathway that promotes

insertion into many different sites.

Insertion into attTn/ and the related pseudo-attTrly sites at a

reduced transposition efficiency is reminiscent of target site usage by

bacteriophage A during integration into the E. coli chromosome. A

inserts efficiently into a specific chromosomal site, called attB, but

can also insert at reduced frequency into another set of secondary sites
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in the chromosome (Shimada et al. 1972, 1973). Examination of these

secondary sites revealed sequence homology to attB, and the lower

frequency of utilization presumably reflects the differences in

nucleotide sequence between attB and secondary sites (reviewed in

Weisberg and Landy 1983). A distinguishing feature, however, concerning

the similarity between these sites is that the homology between attB and

secondary sites is confined to sequences immediately near the insertion

site. The phage-encoded Int recombinase binds specifically to these

sequences, where DNA cleavage and strand exchange occur (Ross and Landy

1983; Craig and Nash 1983). In contrast, the att'Tn/ and pseudo-att'Th7

sites display a similarity in sequence that is positioned at a distance

from the point of Tn/ insertion. As discussed below, this region is

important for specific recognition by the transposition protein TnsD.

The insertion specificity exhibited by Tn? contrasts with that of

several other transposable elements, such as Tnl0, which show sequence

specificity at the site of target duplication (Halling and Kleckner

1982).

The tris ABC + tris E pathway is analogous to many other transposable

elements which can insert into a variety of target sites. Although we

have not to date observed any similarity in sequence between tris E

dependent sites, it would not be unreasonable to find insertion

specificity operating at some level. Examination of a large number of

insertions into a defined target DNA segment may reveal a subtle

similarity in sequence or a more generalized regional specificity.

º
t
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Role of two transposition pathways in the maintenance of Tn? within

genomes

Tn 7's ability to transpose into two distinct classes of target

sites may play an important role in its establishment and proliferation

within bacterial genomes. trisaEC + thsD transposition into att'Tn/

assures Tri■ / of an insertion site that can be tolerated by the host cell,

as no E. coli gene is disrupted. Hence, high frequency insertion into a

specific site can promote the stable establishment of Tn/ within a

genome. Insertion into att'Tn/ also positions Tn/ adjacent to the E. coli

glmS gene, which is involved in cell wall biosynthesis (Lichtenstein and

Brenner 1982; Walker et al. 1984). The location of Tn/ downstream of

glmS could provide a means for Tri■ to respond to the physiological state

of the cell (Gay et al. 1986). Transcription from glmS, which is more

abundant during logarithmic growth, extends into the Tn 7 right end

across the tris AB promoter; thus, glmS transcription may occlude the

tnsAB promoter and inhibit expression of trisa and tris B. Under these

robust growth conditions, rapid replication of the genome generates

mulitple copies of Tn?; hence, in this case transposition functions are

not needed for Tn? to proliferate.

In contrast to Tn 7 insertion into attTn/, tris■ BC + tris E

transposition allows the proliferation of Tn/ into other chromosomal and

plasmid target sites. In particular, insertion of TnT into conjugable

plasmids allows the element to disseminate readily in a bacterial

population via plasmid transfer from cell to cell (Barth and Grinter

1977; Barth et al. 1978; Moore and Krishnapillai 1982). The

identification of Tn/ in conjugable plasmids in natural populations of
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enteric bacteria may explain the rapid spread of bacterial trimethoprim

resistance from the heavy use of antibiotics (Goldstein et al. 1986).

Tn 7 utilizes TnsD, a specific target DNA binding protein, to direct

insertion into att'Tn 7

A particularly interesting question is how Tn/ directs site

specific insertion into attTril. I have provided biochemical evidence

that TmsD binds directly to att'Tn/, and the sequence information

important for TmsD binding correlates with that required for

transposition to attTn/. Moreover, TnsD also directly participates in

and is essential for in vitro transposition to att'Tn/, which explains

the requirement for the trisD gene for Th7 insertion into attTn/ in vivo.

Even under conditions of TnsA + Tris B + Tris C with AMP-PNP, where Tri■ /

insertions occur with random specificity, the addition of TnsD still

promotes site-specific insertion into att'TnT. Taken together, these

results argue that TnsD recognition of att'Tn? is a critical determinant

for target activity. It is tempting to speculate that Tris D is the only

specific determinant for attTn/ insertion.

Notably, TnsD specifically recognizes sequences in att'Th7 that are

entirely displaced from the specific point of TnT insertion. The region

of homology between pseudo-att'TnT. and att'Tn/ also coincides with the

sequences important for TnsD recognition. We suggest that Tris D may also

bind to pseudo-att Th7 sites, with the differences in nucleotide sequence

between att'Tn/ and pseudo-att'Tn? sites accounting for the disparity in

target activity. It will be interesting to compare the extent to which

these specific sequences affect Tris D binding and target activity.
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A multiprotein-DNA complex can form with att'Tn/

A notable feature about the TnsD interaction with att'Tn? is that

the recognition site is located in a region about 30 to 50 nt away from

the point of TnT insertion, where the target DNA breakage and rejoining

events occur. TnsD acts at a distance to mediate these target DNA

transactions by positioning the rest of the transposition apparatus

toward the point of insertion. In support of this view, biochemical

studies have shown that TrisD recruits another Tri■ /-encoded protein, Tris C,

to the attTrly target site. Also, the region of attTrly that interacts

with TnsC + TnsD extends close to the point of Tn■ insertion. ThsC, an

ATP-dependent non-sequence-specific DNA binding protein, may also

directly contact the target DNA through its interaction with TnsD. A

plausible view is that the TnsC + TrisD interaction with att'Tn/ directs

to the point of insertion the other transposition components, in

particular, the transposase, which mediates DNA cleavage and strand

transfer.

Although a target complex with TnsC + TnsD is competent to promote

TnT insertion, such a discrete intermediate need not be an obligatory

step for Th7 recombination. For example Tn/ insertion into attTri■ may

proceed in a manner similar to bacteriophage Mu DNA strand transfer,

where multiple pathways of assembly can produce the strand transfer

product (Baker et al. 1991). Even a "naked" attTrì'■ target, i.e. non

complexed with protein, may still efficiently promote recombination.

This situation occurs during bacteriophage X integration into the attB

target site, where it was found that the X integration complex,
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consisting of Int and the E. coli IHF protein, assembles entirely on the

phage DNA and encounters a naked attB target (Richet et al. 1988).

Nonetheless, the studies of the TnsC + TrisD interaction with att'TnT. have

been valuable in dissecting the protein-DNA and protein-protein

interactions that occur during Tn'■ recombination.

An interesting question concerns how the two Tn" ends communicate

with the att'Tn/ target site during transposition. One attractive view is

that ThsC, associated with the target DNA through TnsD, mediates

communication between the target site and the TnT ends, perhaps through

an interaction with TnsB and/or Tris A. These elaborate interactions

likely require a specialized nucleoprotein assembly in which the

transposon and target DNAs are held together by the TnT transposition

proteins. In support of this view, the efficient production of both

recombination intermediates and products in vitro requires the presence

of the donor and target DNAs with all the Tn/ recombination proteins

(Bainton et al. 1991; this work). This observation suggests that the

transposition components, including the transposon and target DNAs,

assemble together before any transposition reaction occurs.

Target specificity in other specialized protein-DNA transactions

Multicomponent protein-DNA interactions that mediate other

processes, such as replication, transcription, and DNA rearrangements,

also utilize target DNA binding proteins that position the

multicomponent assembly onto the appropriate target site. These target

DNA binding proteins recognize specific DNA sites and initiate the

assembly of the nucleoprotein complex.

*
*
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In E. coli, DNA replication initiation from the chromosomal origin

(oriC) involves the recognition of oriC by the DnaA protein, which binds

to multiple sites within oriC to form a higher-order DNA-wrapped complex

(reviewed in Bramhill and Kornberg 1988, Kornberg 1988). The DnaA-oriC

interaction also leads to a local unwinding of the duplex DNA. In

addition, DnaA directly contacts another initiation protein, DnaC; in

turn, DnaC is directly associated with the DnaB helicase (Wahle et al.

1989). This network of protein-protein interactions localizes the DnaB

helicase onto the oriC region, leading ultimately to the unwinding of

the DNA duplex and assembly of the replication machinery onto the

available template. A similar strategy is used by bacteriophage A to

replicate its genome (reviewed in Echols 1990). The X replication

origin, orix, is specifically recognized by the phage encoded A0

protein, which recruits the E. coli DnaB helicase through protein

protein interactions with a second phage protein XP. The XP protein is

analogous to DnaC in that XP forms a complex with DnaB helicase, and the

XP-DnaB complex is loaded onto the XO-ori X complex.

Transcriptional initiation also involves sequence-specific DNA

binding proteins which direct the assembly of multicomponent complexes

at the promoter. Transcription by RNA polymerase III requires

recognition of the target gene by the assembly factors TFIIIA, which is

specific for 5S genes, and TFIIIC (reviewed in Geiduschek and Tocchini

Valentini 1988). These factors bind specifically to sequences within the

target gene and position the transcription factor TFIIIB upstream of the

transcription start site (Braun et al. 1989; Kassavetis et al. 1990).

*
º
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Once positioned on the DNA template, TFIIIB is sufficient to load RNA

pol III onto the proper initiation site.

RNA polymerase II-transcribed genes also use sequence-specific DNA

binding proteins which act in concert with other transcription factors

to assemble the transcription machinery. The general transcription

factor TFIID binds to the TATA box a short distance upstream of the

transcription start site and promotes the assembly of the transcription

initiation complex, consisting of RNA polymerase II and other general

initiation factors (reviewed in Greenblatt 1991). The assembly of this

multicomponent complex is also stimulated by the action of activator

proteins, which are positioned at specific enhancer sites upstream of

the promoter core sequences (reviewed in Martin 1991). In one case, the

viral activator protein VP16 through its localization to specific

enhancer elements stimulates the transcription of herpes simplex virus

(HSV) early genes (reviewed in McKnight et al. 1986). VP16 is positioned

at these elements largely through its interaction with the Oct-1

protein, which directly binds to a core sequence within the enhancer

sequences (Kristie and Sharp 1990). From this location, VP16 can

activate transcription initiation, probably through a direct interaction

with TFIID and TFIIB, another general initiation factor (Stringer et al.

1990; Lin and Green 1991). An attractive view is that these interactions

increase the rate of assembly of the transcription complex.

The properties of these target DNA binding proteins raise other

possible functions for TrisD and/or TrisC in Tn'■ transposition. These Tns

proteins may, for example, induce conformational changes in the target

DNA, which may be important for the positioning or perhaps activity of

}
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the other transposition components. As an example of such an effect, the

transcriptional regulator MerR, which controls expression of the

bacterial mercury-resistance genes, activates gene expression by

inducing a structural alteration in the promoter DNA. Upon addition of

Hg, the MerR protein stimulates transcription by locally unwinding the

duplex DNA in the promoter region, which is proposed to activate the RNA

polymerase complex (Ansari et al. 1992).

TnsC and TnsD, in addition to positioning the the other

transposition components onto attTril, may also activate the

transposition machinery. In bacteriophage Mu transposition, the phage

encoded MuB protein interacts with the target DNA and recruits the Mua

transposase to the target DNA (Maxwell et al. 1987; Adzuma and Mizuuchi

1988). MuB also activates the Mu end cleavage and DNA strand transfer

activities mediated by the Mua transposase (Baker et al. 1991; Surette

et al. 1991; Surette and Chaconas 1991). It is tempting to speculate

that TnsC and TnsD may play a similar role in stimulating the

transposase activity, possibly attributed to TnsA and/or TnsB.

A model for Th7 target site selection: Alternative multiprotein

complexes direct insertion into two classes of target sites

Our results suggest that TnsD, bound to att'Tn/, can stably

position TnsC onto the target DNA. In addition, TnsA + Tris B + TnsC

contain the essential active site (s) for Tri■ / insertion, i.e., these

components with AMP-PNP can promote cleavage at the Tn" ends and the

joining of the ends to the target DNA. Thus, during Tn 7 insertion into

att'Tn?, TnsC is likely to mediate the interaction between the
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transposition machinery and TnsD, which provides target site specificity

for att'Tri■ /.

The interactions between TnsC and TnsD with attTril that promote

site-specific Th7 insertion suggest a related mechanism for Tris E

mediated transposition to random target sites. An attractive model is

that Tms E, like TnsD, positions TnsC onto the target DNA to promote

transposition. In this view, TnsE is a target DNA binding protein, but

displays little target site selectivity in contrast to the extreme

specificity of TnsD. Through this TrisC-TnsE interaction, the

transposition machinery is directed to the target DNA. Another

alternative is that TnsE does not directly contact the target DNA, but

instead causes TnsC to bind stably to the target DNA. In this view,

target selection is determined by the non-sequence-specific DNA binding

of TnsC, which directs insertion into many different target sites.

Alternative mulitprotein-DNA complexes operate in other specialized DNA

transactions

Alternative multicomponent complexes are also used to regulate DNA

replication and transcription. The combinatorial assembly of different

protein components can generate multicomponent complexes with varied

functions, particularly in DNA binding specificity.

In E. coli, several plasmid and phage replicons encode their own

origin-binding proteins to recruit the DnaB-DnaC protein complex

(reviewed in Bramhill and Kornberg 1988). Once assembled onto the

origin, the host replication machinery can then load onto the replicon.

In several cases, plasmid replicons also utilize the E. coli DnaA
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protein in concert with their own origin-binding proteins, called Rep

proteins, to direct replication initiation. The combination of host

encoded and phage or plasmid-encoded replication proteins generates

initiation complexes with different origin-binding specificities.

Transcription complexes can also alter their DNA binding

specificity by varying their modular arrangement of DNA binding

proteins. An extensively studied example of this DNA binding specificity

occurs in the control of yeast mating type. In yeast cells that display

the a mating type, a-specific genes are repressed, whereas o-specific

genes are expressed (reviewed in Nasmyth and Shore, 1987). The

regulatory sites of the a-specific and a-specific genes are recognized

by the combinatorial interactions of the pheromone receptor

transcription factor (PRTF) with one of the a-specific factors, MAT-al

or MAT-a2. PRTF and MAT-al bind cooperatively to the upstream activation

sequences of a-specific genes to stimulate expression of these genes

(Bender and Sprague 1987; Tan et al. 1988; Tan and Richmond 1990). In a

similar manner, PRTF and MAT-a2 interact cooperatively with the

operators of a-specific genes; in this case, binding to the operator

represses expression of these genes (Keleher et al. 1988, 1989). Thus,

these two protein complexes, PRTF + MAT-a1 or PRTF + MAT-o.2, produce

distinct DNA binding specificities that culminate in either the

activation of o-specific genes or the repression of a-specific genes.

Concluding remarks

It is clear from the studies in this thesis that the target DNA

information for Th7 insertion is mediated by an elaborate set of
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protein-DNA and protein-protein interactions. Future dissection of these

interactions will provide further insights into the communications

between the ensemble of proteins and DNAs in Tn/ transposition and, more

generally, contribute to our understanding of other complex protein-DNA

transactions.
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