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ABSTRACT

The bacterial transposon Tn5 encodes two proteins, the transposase and a
related protein, the transposition inhibitor, whose relative abundance deter-
mines, in part, the frequency of TnS transposition. The synthesis of these
proteins is programmed by a complex set of genetic regulatory elements. The
host DNA methylation function, dam, inhibits transposase promoter recogni-
tion and indirectly enhances the transposition inhibitor promoter. The inhibitor
lacks the N-terminal 55 amino acids of the transposase, suggesting that this
sequence plays a key role in the transposition process. An intact N-terminal
sequence is required for the transposase’s recognition of the 19-bp end DNA
sequences. This is the first critical step in the transposition process. Trans-
posase—end DNA interaction is itself regulated by an intricate series of
reactions involving several host proteins: DnaA, Dam, and Fis. The trans-
posase is a unique protein in that it acts primarily in cis and inhibits its own
activity in trans. Models to explain these properties are described. Finally
circumstantial evidence suggests that transposition occurs preferentially from
newly replicated DNA that has yet to be partitioned to progeny cells. This
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timing of transposition is likely to have a selective advantage for the host and
the transposable element. '

Introduction

Transposition is a recombination process in which DNA sequences termed
transposable elements move from an original site on a DNA molecule to a
new site on the same or on a different DNA molecule. In addition, transposable
elements can cause, and are associated with, other types of genetic rearrange-
ments such as deletions, inversions, and chromosome fusions. The genomes
of prokaryotic and eukaryotic organisms contain these elements. One could
consider them as an ancient genetic machinery for causing genomic rearrange-
ments and, therefore, for facilitating genome evolution. In addition, their
associated biochemical reactions are likely to be similar to other interesting
events involving the interaction of proteins and DNA. For these reasons
transposable elements are of considerable interest.

The transposable elements found in Escherichia coli fall into three general
classes determined by their mechanisms of transposition. Transposons such
as Tn3 and ¥8 transpose through a two-step replicative mechanism in which
a cointegrate (fused replicon) structure is an intermediate. Transposons Tni0
and Tn903 transpose through a conservative cut-and-paste mechanism.
Bacteriophage Mu and related viruses represent the third class of transposable
element. In these cases the transposition can occur through either of the above
two mechanisms, depending upon the proteins involved and the precise nature
of the DNA strand cutting after an intermediate is formed between the
transposable element and the target DNA sequence. Tn5 is generally assumed
to transpose via a conservative mechanism (2); however, this presumption has
not been critically tested. The reader is encouraged to examine the models
and evidence for these transposition mechanisms in the recent monograph by
Berg & Howe (3).

The conservative and replicative mechanisms of transposition share many
basic characteristics. The transposable element encodes two critical functions
required for the process—the end sequences and a protein termed the
transposase. The element is defined by the specific sequences at its end.
Transposition and related events remove the transposable element from its
original sequence context precisely at the ends of these sequences. Changes
in any base pair of these sequences typically reduces the frequency of or
abolishes transposition. The transposable element also encodes a protein called
the transposase. The transposase is a critical participant in many transposition
functions including: specifically binding to the end sequences, bringing the
two ends together through a protein oligomerization process, cutting or nicking
the DNA adjacent to the end sequences, and inserting the transposable element
DNA into a DNA target site.
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Host proteins also play critical roles in the transposition process such as
facilitating the end-sequence binding of the transposase, nucleating the
higher-order structure in which the ends are brought together, performing the
necessary repair or replication functions, and regulating several steps in the
transposition process.

Transposition is, in general, a quite rare, highly regulated process. Such
tight regulation might enable the host cell to strike a balance between insuring
proliferation of the transposable element and insuring the cell’s own genetic
survival-—the very process of transposition causes chromosome breakage and
rearrangements. The mechanisms of the regulation vary remarkably among
the many cases studied, although some aspects are common to all, and the
strategies, perhaps not surprisingly, are similar to ones found for other
bacterial genetic systems. In addition to the role of host functions, transposable
element encoded—functions often play a critical role in this regulation.

Implicit in the above general description is the fact that several very
interesting molecular events are involved in and regulate the transposition
process. Studying these events will help us understand other genetic processes.
For instance, elucidating how transposition is regulated in a given system will
tell us how complex DNA metabolizing processes might be controlled and
give yet more examples of how gene expression can be modulated. The
transposase is a protein that performs multiple complex functions. Protein
structure/function studies would seek answers to the questions about the
organization of the peptide domains that perform these functions and how
they interact. The terminal DNA sequences are at first glance simply an
example of a target for protein binding. However, their functionality is
considerably more complex because they are often the target for more than
one protein, and the protein—end sequence interaction is associated with at
least two events: protein binding and DNA strand scission. Work done on
other systems suggests that short DNA sequences can dictate several extremely
intricate reactions, and transposable element end sequences may be a perfect
example of . such compact complexity. Transposable elements use host
functions like biochemical parasites. Understanding how they use these
functions will tell us much about the transposition process and about the
functionality of the host functions themselves. Because many of these host
functions are ones involved in host DNA metabolism, understanding their role
in the transposition process may give us insights as to how host DNA
metabolism is organized and regulated.

Finally, there are always surprising connections in biology. By studying
transposition we embark on a largely unknown path into the cell’s metabolism.
For instance, if the host functions that Tnj uses are organized in the cell in
a unique spatial fashion, studying Tn5 transposition may reveal that arrange-
ment.
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1S50L IS50R
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Figure 1 Transposon TnS. TnS is a composite transposon in which genes encoding three
antibiotic resistance proteins are bracketed by two 1S50 elements, IS50L and IS50R. Both 1S50
elements are delineated by 19-bp sequences, the inside end (IE) and the outside end (OE). IS50R
encodes the transposase (Tnp or pl) and a second protein that inhibits transposition (Inh or p2).
Tnp and Inh are translated in the same reading frame, but the Inh AUG is 55 codons downstream
from the Tnp AUG. IS50L contains an ochre codon that results in the synthesis of p3 and p4,
nonfunctional analogues of Tnp and Inh.

My laboratory and several other investigators have been studying the
bacterial transposable element TnS as a model system. Tn5 is an example of
a composite transposon in which antibiotic resistance genes are flanked by
two nearly identical insertion sequences, ISS0R and IS50L (see Figure 1 for
a schematic). IS50R is a fully functional transposable element, while IS50L
contains an ochre codon that results in the synthesis of inactive proteins (33).

IS50R encodes the transposase (pl or Tnp) (15, 18, 19, 33), and the Tn5
Tnp has two opposing activities. In cis it acts as a transposase, catalyzing the
transposition of the Tn5 or IS50 sequences from which it was encoded (15,
19). However, in trans it primarily acts as an inhibitor of transposition (42).
The paradox of Tnp inhibiting the activity of other Tnp molecules is discussed
in greater detail below. The Tnp inhibitory activity is one means by which
Tn5 transposition is down-regulated.

A second protein [the inhibitor (Inh or p2)] is also encoded by IS50R (15,
18, 19, 45). Inh is translated in the same reading frame as Tnp but lacks the
N-terminal 55 amino acids. Inh’s only known function is to inhibit Tn5
transposition, which is thought to be the major means of down-regulating this
process. The properties of Inh relative to the Tnp suggest that the N-terminal
55 amino acids of Tnp play an important role in its activity. The possible
function of this sequence is an important topic of investigation, and this review
discusses our current understanding of this function.

The relative abundance of Tnp and Inh plays a major role in determining
the Tn) transposition frequency. Interestingly, separate, apparently compet-
ing, promoters program Tnp and Inh syntheses (21, 43). Thus the regulation
of these promoter activities becomes a crucial question. As discussed below,
it is the host that regulates the relative activity of these two promoters, and
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the regulatory mechanism that has evolved appears to link the occurrence of
transposition to the DNA replication process.

Tn5 has also evolved a mechanism for preventing the spurious synthesis
of Tnp by virtue of accidental placement within an active transcription unit
(21). The translation initiation signals were designed such that they will only
function as part of a correctly initiated Tnp mRNA (21, 37). The strategy to
accomplish this translation control may be widespread and is discussed below.

Each 1S50 is bounded by two unique 19-bp end sequences [termed outside
(OE) and inside (IE) ends] that are critical for transposition (17, 34). The
distinguishing feature between IS50 and TnS transposition is the choice of the
transposable element ends. Tn5 transposition utilizes two OEs, whereas IS50
transposition uses an OE and an IE sequence. Tnp binds to both of these
sequences during the transposition process, and they likely perform other
functions vital for Tnp activity. In addition, they are the sequences recognized
by host functions. As we shall see, a host function binds to the OE to enhance
transposition while the host functions affecting the IE down-regulate transpo-
sition. Two of the relevant host functions (DnaA and Dam) also link the
transposition process to DNA replication.

Finally, we are just now beginning to obtain clues as to the possible
relationship of Tn5 transposition with overall cell processes. Some of these
clues, which point to DNA replication, have been suggested above. Others
will become obvious during the discussion of the lethal effect of overproducing
Tnp.

Douglas Berg (whose laboratory has contributed much of what we know
about Tn5) recently published an excellent review of Tn (2). Therefore, this
review is not a comprehensive treatment of the subject. Rather, this chapter
concentrates on areas of current and future research interest raised by the
questions implied above. The specific topics covered are:

1. How are the syntheses of Tnp and Inh regulated?

2. What are the possible functions for the Tnp N-terminal sequence?

3. What sort of protein recognition reactions occur at the 19-bp terminal
sequences?

4. What is the molecular basis for the cis-active nature of the transposase?

5. How might transposition be linked to chromosome replication and/or cell
division?

The Regulation of Transposase and Inhibitor Synthesis

Studies by Biek & Roth (4) first indicated that the frequency of Tnj
transposition was regulated by TnS-encoded functions. Tn5 sequences that
were newly introduced into a cell transposed at dramatically lower frequencies
in a cell already containing Tn5 as opposed to a cell lacking Tn5. In addition,
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we (18) found that the Tn5 transposition frequency was constant regardless
of the copy number of Tn5 (hence the transposition frequency of an individual
Tn35 decreased in the presence of additional TnSs). We now know that this
down-regulation is primarily (but not entirely; see below) a consequence of
the TnS5-encoded Inh protein. Inh functions in trans to block transposition.
Moreover, the frequency of transposition is in part set by the abundance of
Tnp and the ratio of Tnp to Inh. Thus the incoming TnJ in the Biek & Roth
experiment (4) encountered a preexisting pool of inhibiting Inh; as the copy
number of TnS increases, the concentration of trans-acting Inh increases, but
the amount of cis-acting Tnp per TnS remains constant.

What then determines the abundance of Tnp and Inh? The answers to this
question are not only interesting for TnS, they also reveal genetic regulatory
motifs found in other systems.

Tnp and Inh are expressed from overlapping, probably competitive,
promoters. This conclusion was deduced by a deletion analysis of in vivo
promoter activities (21). As shown in Figure 2, the T2 transcript can only
encode the Inh while the T1 transcript encodes both proteins [but the Inh is
translated inefficiently from the T1 message (37)]. Such overlapping promot-
ers are found in other systems (e.g. see 30) and can program contradictory
functions. Thus by studying this Tn5 arrangement we will elucidate a more
general regulation strategy.

DNA (dam) methylation down-regulates the synthesis of the T1 (Tnp)
transcript and appears to up-regulate the synthesis of the T2 transcript (43).
The frequency of TnS transposition is 10-fold higher in dam hosts, and this
change in transposition seems to mirror (and presumably is the consequence
of) a four- to fivefold increase in TI mRNA and a twofold decrease in T2
mRNA. The opposite effect on promoter activity suggests that the promoters
compete for RNA polymerase. An inspection of the DNA sequence indicates,
and site-specific mutation studies prove, that the relevant GATC dam

T AUG (Tnp)
T2 AUG
e \_1"\_/’
OE 71-35 T1-10 72-35 T2-10 J\/\
[ | [ [ ! [ R S

GATCTGATC
LexA?

Figure2 Controlling elements for Tn5/1350 Tnp and Inh synthesis. The 5’ end of IS50 is defined
by the 19-bp OFE sequence (see Figure 4, below). The promoter for transposase synthesis (T1)
initiates transcription 66 bp from the end of IS50 (21). Between the —35 and —10 regions of T1
is a weak LexA binding site (23). Overlapping the T1 — 10 region are two Dam methylation sites
that when methylated down regulate Tnp mRNA synthesis (43). The T2 (Inh) promoter overlaps
T1 (21). The AUGs for Tnp and Inh are indicated (21).

(inh)
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methylation sites overlap with the — 10 region of the T1 promoter. The specific
relevance of dam regulation of Tnp (and Inh) synthesis is that it should couple
transposition to DNA replication (about which more is discussed below)
because newly replicated DNA is hemimethylated. Also, this regulation
should stimulate transposition off of DNA that is newly introduced into the
cell, which is exactly the observed result (27, 32).

Other transposon systems [in particular Tnl/0 (31)] also display Dam
methylation control of Tnp synthesis and of transposition. Moreover, these
studies demonstrate in a quite precise manner a type of genc regulation
displayed in many systems~—chemical modification of specific DNA se-
quences to modulate protein binding. This mechanism reappears in the
discussion of protein recognition of the IS50 IE sequence.

TnS could transpose into highly expressed genes, thereby giving rise to
read-through transcripts into the transposase gene. Production of these
transcripts might result in spurious transposase synthesis. However, a set of
experiments (21) has demonstrated that read-through expression of transposase
does not occur because such messages do not program the translation of Tnp.
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Figure3 Secondary structure in read-through transcripts blocks Tnp translation. Transcripts that
read through the end of IS50 do not express Tnp because of a secondary structure that occludes
the Shine-Dalgarno sequence end and the AUG (21, 37). The start of the T1 transcript (which
will not form a secondary structure) and the Tnp AUG are indicated. This figure is similar to one
shown in Ref. 21.
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An RNA secondary structure in these read-through RNAs occludes the Tnp
translation initiation signals (37). As shown in Figure 3, RNA sequences
upstream of the T1 transcript start site are necessary for the formation of this
secondary structure. This mechanism prevents read-through expression of Tn3
Tnp. The same mechanism appears to be shared by several other transposable
elements [IS2 (13), IS3 (39), IS4 (20), IS5 (22), 1S150 (38), and Tnl0 (5)]
and may be a general motif for Escherichia coli gene systems [for instance,
the same pattern is seen for lac (36, 46) and gal (26)].

Do other mechanisms exist that regulate transposase synthesis? Recent
reports present conflicting evidence regarding the possible role of LexA in
regulating transposase synthesis. Qur laboratory has found that LexA has no
significant control over transposase levels (40), while Kuan & Tessman
postulate that LexA represses transposase synthesis approximately fivefold,
presumably by binding to a weak LexA binding site upstream of the T1
promoter (23) (see Figure 2). These studies differ in two respects: (a)
Weinreich et al performed direct tests of a LexA effect (40), but the Kuan &
Tessman studies were indirect (23), and (b) the sequence contexts of the two
Tn5 systems were different. The former difference is a matter of technique,
while the latter may suggest an interesting molecular phenomenon. Many
genetic regulatory proteins are enhanced in their DNA-binding activities
through cooperative binding to a secondary site (1). For instance, binding of
the lac repressor to its operator is thought to be stabilized through a bond to
a secondary binding site, thereby forming a looped DNA structure (10, 11).
Future studies might examine whether such a nearby LexA binding site is
present in the Kuan-Tessman system, but not in the one which we studied,
and if so, whether such a fortuitous nearby LexA binding site could facilitate
LexA binding to its weak Tn5 site.

The Transposase N-Terminal Sequence Is Critical for
Sequence-Specific DNA Binding and Other Transposase
Activities

The transposase and its inhibitor are identical in sequence except that the Inh
is missing 55 N-terminal amino acids (20). Because Inh does not promote
transposition, it is missing one or more critical Tnp activities (15-17, 33, 45),
suggesting that the N-terminal 55 amino acids encode a domain of importance.
In vitro analyses of purified Tnp and purified Inh have shown that at least
one property missing in the Inh preparations is a DNA sequence-specific
binding activity. The Tnp, on the other hand, binds to OE and IE end
sequences specifically and shows the expected sensitivity to OE sequence
mutations and Dam methylation of the IE (N. de la Cruz, M. Weinreich, T.
Wiegand, M. Krebs & W. Reznikoff, submitted; R. A. Jilk & W. Reznikoff,
unpublished results). Recent studies have demonstrated that deletion of 11
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N-terminal amino acids or introduction of 4 different N-terminal missense
mutations destroys the DNA-binding activity of Tnp (M. D. Weinreich & W.
Reznikoff, unpublished results). These experiments show that the N-terminal
55 amino acids are necessary for the sequence-specific DNA-binding activity
and imply that the DNA-binding domain is in this region. Determining the
precise DNA-binding domain will be instructive because the TnS transposase
does not ccntain a previously classified DNA-binding motif, and yet the
activity is clearly there.

Another surprising property requires the N-terminal three amino acids of
Tnp. Overproduction of the transposase (in the absence of transposition) kills
host cells. Deletion of as little as three amino acids prevents this killing (M.
D. Weinreich & W. Reznikoff, unpublished results). A possible biological

A
A

P

OE %' CTGACTCIRINEXIXIAGT S

(Dna A)
Y G
C
Ty Ty
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IE ' CTGTCTCTTI IR E

(Fis)

Figure 4 (Top) Outside and inside end sequences. The DnaA box is indicated for the outside
end sequence (12, 17, 34, 44). Downward-pointing arrows denote mutations that act like a deletion
in the adjacent deletion experiment. Upward-pointing arrows denote mutations that constitute the
second class in the adjacent deletion experiment (16). The 11A change gave rise to one deletion
in the second class. (Bortom) For the inside end sequence, the Dam sites and the overlapping Fis
binding site are indicated (34, 41). Dam site methylation regulates both Tnp binding (43) and Fis
binding (41). The lowcr-case letters indicate base pairs outside of the required 19-bp sequence.
The Tnp/Inh termination codon is the complement to positions 12-14.
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significance for the cell killing will be described in the section on chromosome
replication below.

Recognition of Terminal 19-Base Pair Sequences

The Tn5 and IS50 transposable elements are defined by the terminal 19-bp
sequences. Tnj is delineated by two inverted OE sequences and IS50 by an
OE and an IE sequence (see Figure 4) (17, 34). All transposase-mediated
genetic events (save one mentioned below) occur at the precise boundary of
the relevant 19-bp sequences, and almost all changes in these sequences
greatly reduce or abolish the frequency of transposition (24, 29). Presumably
the importance of these sequences lies in the fact that they are recognized by
proteins during the transposition process.

Although we are not certain of all of the salient facts, the protein-DNA
interactions occurring at the OE and IE sequences clearly display a remarkable
degree of complexity; at least two proteins recognize the OE and three proteins
recognize the IE. In addition, different portions of the OE sequence may play
roles in different steps in the transposition process.

The OE end is recognized by both the transposase and the host protein
DnaA (17, 29, 44). Tnp recognition of OE is fundamental to the transposition
process. Tnp binds specifically to OE sequences in vitro as judged by gel
retardation assays (42; N. de la Cruz, M. Weinreich, T. Wiegand, M. Krebs
& W. Reznikoff, submitted). However, transposase recognition of the OE
may be much more complex than a simple binding reaction. For instance,
some base pairs could be recognized during the strand-cleavage reaction.

The first evidence that various OE sequences dictate different steps in the
transposition process came from a complicated set of in vivo observations
(16). Tnp can catalyze deletions adjacent to its site of insertion starting at the
end of the OE sequence. These are most easily detected in situations in which
the OE far removed (distal) from the location of the adjacent deletion is
defective, greatly reducing or blocking transposition. Two classes of adjacent
deletions have been found, and the nature of the class depends upon the precise
change in the distal OE. If the distal OE is deleted, then the adjacent deletions
start immediately adjacent to the functional OE. Some OE point mutations
(which totally block transposition) also fall into this class. Mutant OE
sequences of this class that have been tested for transposase binding in vitro
bind transposase with a lower affinity than the wild-type OE (R. A. Jilk &
W. Reznikoff, unpublished results). The second class of adjacent deletion is
unusual in that this type starts one bp removed from the OE. These adjacent
deletions are found in association with another subset of distal OE mutations,
some of which are only partially defective in transposition and do not seem
to impair transposase binding in vitro (16; R. A. Jilk & W. Reznikoff,
unpublished results). Figure 4 displays the distribution of bp defects. Because
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different subsets of OE point mutations give rise to different classes of adjacent
deletions, this implies a functional fine structure to the OE. This fine structure
is also seen in the binding of Tnp to the OE. Some OE mutations disrupt Tnp
binding while others do not. A possible explanation for some of the mutations
that do not impair transposase binding is that they are recognized by a different
protein, DriaA. However, this explanation does not fit some cases (2A, 3C)
because the mutations are located outside of the DnaA box as defined by
sequence homology (12, 44). On the other hand, some mutations that
presumably alter transposase binding (8G, 10T, 11A) are within the DnaA
box, suggesting that these base pairs may be recognized by both proteins.

A closer examination of the results summarized in Figure 4 suggests an
additional level of complexity. At positions 2 and 12 different mutations are
associated with different classes of adjacent deletion formation—perhaps in
these two cases the same base pair is recognized in different ways at different
steps in the transposition process. Possibly both DnaA and transposase
recognize position 12, and different base pair changes may discriminate
differentially between these two protein-recognition processes. For position
2, Tnp might make different molecular contacts with the same base pair at
different steps in the overall reaction.

DnaA also recognizes the OE sequence. This observation was first made
through footprinting studies of the OE (12). Later experiments tested the
relevance of this binding, showing that Tn5 and IS50 transposition occurs at
a reduced efficiency in dna hosts, and that a Tn5 derivative with a mutation
in the OE DnaA box did not appear to manifest sensitivity to the host dna
genotype (29, 44). Current experiments are examining the effect of DnaA on
transposase binding and are attempting to determine the in vitro properties of
DnaA binding to various OE mutant sequences.

Thus, some end-sequence base pairs are recognized in very complex ways,
at different steps in the transposition reaction and/or by different proteins. A
similar complexity for end sequences has been suggested for other transposable
elements (7, 14).

The IE sequence is even more complicated. It contains recognition sites
for two proteins (transposase and Dam DNA methylase); it overlaps a binding
site for a third protein, Fis, and also encodes the termination codon for the
transposase (see Figure 4). The IE sequence and the OE sequence differ at 7
out of 19 positions, yet the transposase binds in vitro to an unmethylated IE
with an affinity resembling its binding to the OE (R. A. Jilk & W. Reznikoff,
unpublished results). This Tnp-IE binding result is consistent with the
observed transposition preferences (9, 25). This result is quite surprising
because it suggests considerable flexibility in the DNA recognition domain
of Tnp. Alternatively, we could hypothesize that the positions that differ are
not recognized by Tnp either because they do not play a critical protein-rec-
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ognition role [position 4 may be an example of this (24)] or because they are
recognized by some other protein (e.g. DnaA). However, the in vivo adjacent
deletion studies suggest that mutations at some of these dissimilar positions
do reduce Tnp binding directly (16). Thus we conclude that Tnp specifically
recognizes two quite diverse sequences—another reflection of the complex
substructures of IE and OE.

Dam DNA methylation inhibits transposase binding to the IE. Transposition
of IS50 is sensitive to Dam DNA methylation because of the inhibition of
two separate sequence-specific protein-DNA interactions. As described above,
transcription initiation programmed by the T1 (transposase) promoter is
directly inhibited by Dam DNA methylation of sites overlapping the —10
region (43). However, Dam DNA methylation also inhibits IS50 (but not Tn5)
transposition even when the transposase synthesis is programmed by a
Dam-insensitive promoter (tac), indicating a direct effect of Dam methylation
on IE recognition during transposition (24, 29, 43). This effect is presumably
mediated through the Dam sites within the IE (see Figure 4). We recently
showed that Dam methylation of IE DNA fragments reduces transposase
binding in vitro (R. A. Jilk & W. Reznikoff, unpublished experiments). This
observation is consistent with direct Dam DNA methylation control over
transposition reactions using the IE. Very similar effects of DNA methylation
that regulate Tn/0/IS10 transposition have also been observed (31). As noted
below, DNA methylation regulation of transposition may suggest a coupling
between transposition and DNA replication.

The role of Dam DNA methylation regulation of IS50 transposition
(utilizing the IE) is complicated by the fact that a second protein (Fis) binds
to a sequence overlapping the IE, and this binding (which is also blocked by
Dam DNA methylation) is thought to compete with transposase-IE binding.
Some in vivo experiments designed to study the frequency of 1S50 transpo-
sition actually used various recombinant DNA constructs that have the same
general structure as IS50 (OE-transposase gene—reporter gene-IE) but differ
in the size of the IE sequence. These studies gave quite different results
depending upon whether a 19- or a 24-bp sequence was used for IE. The
24-bp IE construct demonstrates much lower transposition frequencies in a
dam host (9, 25). We now know that the 24-bp sequence (but not the 19-bp
sequence) contains the overlapping Fis-binding site, and that Fis acts to inhibit
transposition in a Dam-dependent manner (41). In vitro gel retardation and
footprinting studies confirm that Fis binds to this sequence and that it binds
efficiently only to the unmethylated site (41). The physiological significance
of this Fis effect is unclear, but because Fis abundance varies with the stage
of bacterial growth, it may act to dampen IS50 transposition from newly
replicated DNA during the exponential phase, when it is most abundant.
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The translation termination codon for the transposase (and its inhibitor) is
located within the IE at positions 14-12. We have no information as to whether
this influences transposition utilizing an IE or whether Tnp bound to the IE
can influence the synthesis of the transposase.

pl Is a Cis-Active Transposase (and a Trans-Active
Transposition Inhibitor)

The Tn35 transposase functions primarily in cis, acting preferentially on OE-OE
or OE-IE sequences located close to the site of transposase synthesis on the
same relicon (15, 19). This observation has also been made for the transposase
proteins encoded by other transposons such as Tn0 and Tn903 (8, 28). This
preferential cis activity could result from either a chemical or functional
instability in the transposase, and/or from a sequestration of the transposase
during or shortly after synthesis. The Tn903 transposase is known to be
chemically unstable (8), but various studies have indicated that TnS Tnp is,
by and large, chemically stable in vivo (see 33).

My current hypothesis (pictured in Figure 5) is that the Tn5 Tnp is cis-active
owing to protein conformation changes that are regulated by two factors; by
the release of the Tnp protein from the translation apparatus and by the
oligomerization of Tnp with monomers of Inh or Tnp. We propose that the
nearly complete, tethered Tnp has a high affinity end-sequence binding
activity and can initiate the transposition process prior to completion of its
translation. Such a property would obviously lead to cis but not trans activity.
The released completed Tnp is proposed to have two conformations in
equilibrium, a low-abundance active conformation similar to the tethered
protein and a high-abundance inactive conformation. Furthermore, the for-
mation of Tnp-Tnp or Tnp-Inh oligomers probably occurs with the inactive
conformation (or oligomerization inactivates the active conformation). The
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Tnp -Tnp
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G of translation > O «—
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ACTIVE ACTIVE INACTIVE INACTIVE

Figure 5 Transposase acts in cis. The Tn$ transposase functions primarily in cis (14, 18).
Presumably, Tnp tethered to the translation apparatus can initiate the transposition reaction. Once
Tnp synthesis is complete, the molecule favors an inactive conformation, and Tnp-Tnp or Tnp-Inh
oligomerization prior to end-sequence binding will also inactivate Tnp.
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longer a Tnp monomer exists without end-sequence binding the higher is the
probability of oligomerization. Thus this property would also lead to cis
activity.

The proposed model includes aspects of sequestration (the incomplete
tethered Tnp is held in close proximity to its gene) and functional instability
(a conformational change facilitated by oligomerization). The evidence for
this model is quite circumstantial, but several of its predictions are clear.

The primary evidence supporting the notion that the tethered nascent protein
may bind end sequences with an enhanced affinity came from gel retardation
experiments examining the binding of Tnp subfragments to OE DNA. An in
vitro synthesized Tnp subfragment lacking 100 carboxyl terminal amino acids
binds specifically to OE DNA and does so with an affinity ~10-fold higher
than that of full-length Tnp (L. Mahnke & W. Reznikoff, unpublished results).
This observation is consistent with the OE-binding domain residing at the N
terminus (see section 2 of this review) and suggests that this OE binding
domain is occluded in most of the intact Tnp.

However, the completed Tnp is not completely inactive as Tnp does have
some frans activity. We have recently described Tnp mutants that increase
the frequency of transposition both in cis and in trans (42). These mutant
proteins may have altered the equilibrium between active and inactive
conformations of Tnp, and the mutations are believed to have a conformational
effect because the mutant Tnp proteins are more sensitive to proteolytic
degradation (T. Wiegand & W. Reznikoff, unpublished results).

In vivo studies suggest that protein oligomerization regulates Tnp activity.
The Inh protein is known to inhibit transposase activity in trans (15, 18, 19,
45). Two simple models explain this inhibitory activity. Inh might bind to
the end sequences forming inactive Inh-end sequence complexes, thereby
blocking Tnp access to these sequences. However, Inh and other N-terminal
deletions of Tnp cannot bind end-sequence DNA efficiently (N. de la Cruz,
M. Weinreich, T. Wiegand, M. Krebs & W. Reznikoff, submitted); thus this
model is not correct. Alternatively, Inh could form mixed oligomers with Tnp
and alter Tnp activity. Evidence suggests that Inh does oligomerize with Tnp
and that the oligomers do have altered DNA-binding activity (N. de la Cruz,
M. Weinreich, T. Wiegand, M. Krebs & W. Reznikoff, submitted).

Also suggesting that Tnp activity is regulated by oligomerization is the
observation that Tnp itself inhibits transposition in trans. This property of
Tnp was discovered during an in vivo analysis of a Tnp mutant that fails to
make the Inh protein (42). The MAS6 mutant destroys the Inh start codon
and introduces an alanine in place of methionine at codon 56 of Tnp. This
mutant is fully functional for transposition in cis but inhibits transposition in
trans.

Although the model described above and in Figure 5 is consistent with all
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the observations, direct experiments are needed to test it. For instance, do the
hypertransposing mutants alter the conformation of Tnp? Will tethered,
incomplete Tnp bind to OE DNA with a high affinity? Does oligomerization
favor the inactive Tnp conformation?

Transposition May Be Linked to Chromosome Replication

Some circurnstantial evidence might link Tn5 transposition to the process of
chromosome replication and partition. In particular the following host
functions are known to influence the frequency of Tn5 transposition:

Dam: a profein catalyzing postreplicative DNA methylation; dam cells have
elevated transposition frequencies (43).

DnaA: an oriC-binding protein required for the initiation of DNA replication
(29, 44); dnaA cells have reduced transposition frequencies.

SulA: a protein that inhibits cell division; sulA cells have elevated transposition
frequencies (35).

In addition, DeLong & Syvanen (6) reported that a small fraction of
transposase is associated with the inner membrane fraction upon cell lysis.
These correlations are intriguing but do not show a mechanistic link.
Observations that suggest a functional link between transposition and
chromosoms partition came from experiments analyzing the cellular conse-
quences of transposase over expression. Cell death occurs in the absence of
transposition as well as any other Tn5-encoded function (such as Inh or the
end sequences) (M. D. Weinreich, unpublished results). The dying cells form
long multinuclear filaments, indicating a failure in partition-dependent septa-
tion. E. coli mutants resistant to transposase overproduction killing continue
to divide when transposase is overproduced. The mutations mapped using Hfr
crosses reside at more than one locus. The one that has been most closely
examined maps near the fts locus at 76 min (M. D. Weinreich & W. Reznikoff,
unpublished results). fts genes encode functions required for septation.
These results point to a possible link between transposition and chromo-
some-partition function. This link is in addition to the preferential transposition
of Tn5 or IS50 sequences off of newly replicated DNA (which results from
dam regulatory effects) and to the sharing of DnaA in both transposition and
replication processes. However, at least the link to chromosome partition can
be bypassed; transposition does occur in the mutants resistant to transposase
overproduction (M. D. Weinreich & W. Reznikoff, unpublished results).
How is this coupling accomplished and what is the advantage of this
arrangement? We hope an analysis of the mutants mentioned above will
suggest an answer to the first question. As for the second, many of the host
functions participating in TnS5 transposition are assumed to be components of
a sequestered organelle involved in host-chromosome replication. One possi-
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ble advantage to Tn5 accruing from such an association is that a relationship
between TnS and the same organelle might have evolved in order to insure
that the organelle’s transposition apparatus would have efficient access to
these functions.

Alternatively, the proposed coupling of Tn5 transposition to chromosome
replication and partition might decrease the risk of genomic “suicide”
occurring as a result of the conservative cut-and-paste transposition process.
Transposition is most likely to happen soon after DNA replication (when there
are two copies of the donor DNA sequence) due to the influence of dam DNA
methylation on transposase synthesis and inside-end usage. If, however,
transposase inhibits chromosome partitioning, then this might delay cell
division in the very cells in which transposition is most likely to have occurred,
¢.g. cells that contain transposase, assuring that the ongoing chromosome
replication would be completed prior to cell division. Thus transposition would
be biased towards cells in which a copy of the parental genome is maintained
and can be inherited.

Conclusion

The Tn5/IS50 system has been an amazingly productive object of experimental
inquiry. The work to date has elucidated (and future work will continue to
elucidate) the mechanisms by which transposition occurs and is regulated and
will also continue to provide insights into important aspects of molecular
biology.

One of the interesting aspects of Tn5 molecular biology is the density of
information encoded within a short sequence. The IS50 sequence is 1533 bp
in length. This element encodes all of the Tn5 functions required for
transposition and all of the TnS regulatory mechanisms. Thus in the first 259
bp, starting at the OE, we find a complex Tnp-specific sequence, a
DnaA-binding site, an imperfect symmetry element that blocks the expression
of read-through mRNA, a promoter for Tnp mRNA synthesis, a possible
LexA binding site, Dam methylation sites regulating the Tnp promoter
activity, a promoter for Inh mRNA synthesis, translation initiation signals for
Tnp and Inh, and sequences encoding the important N terminus of Tnp. Most
of the rest of the sequence up to the Fis site, which overlaps the IE, is involved
with encoding Tnp and Inh, although cis-active sites may also be in this region
[e.g. a Fis binding site of unknown function (41)].

I have not discussed the bulk of the protein-coding sequences in this review
because the required Tnp (and Inh) structure-function studies have not been
performed. For instance, the Tnp presumably executes the following opera-

~ tions: binding of OE and IE, bringing the ends together (or inactivating the

unbound Tnp) through oligomerization, cutting the DNA next to the end
sequences, cleaving target DNA to give 9-bp 5’ overhangs, and inserting the
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transposable clement into target DNA. Each of the functions requires
particular Tnp domains of critical importance. Where are they? How are they
organized in a three-dimensional structure? Understanding the molecular basis
of Tnp cis activity should also reveal fascinating insights into this protein’s
structure-function relationships. These and other questions will be the object
of future experiments, which will require detailed genetic, biochemical, and
structural analyses.

Even arnong the transposition operations for which we have substantial
information, much work is left to be done. For instance, how does DnaA
binding to the OE influence the Tnp-OE interaction? How do the different
base pairs of the OE interact with Tnp and at what steps of the transposition
reaction does this occur? How do the different base pairs of the IE function
with regard to Tnp activity? How does Fis perturb the Tnp-IE interaction?
What is the active form of the Tnp, and how many molecules are involved
in synaptic complex formation?

Finally, research efforts should be directed at determining if transposition
is coupled to the cell-division cycle and how that linkage is accomplished.
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