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Transposons are mobile genetic elements found in all domains of life that are capable of

moving between positions in a genome. The bacterial transposon Tn7 and related elements
accumulate in specific insertion sites of the chromosome called genomic islands. The ability to
recognize a specific insertion site and control the frequency of insertion involves five transposon
encoded genes (tnsSABCDE). The Tn7 core machinery is comprised of the atypical heteromeric
transposase, TnsAB, and a regulator, TnsC. By using the core machinery and one of two
targeting proteins, TnsD or TnsE, Tn7 is capable of inserting into either a chromosomal locus
(attTn7) or horizontally transferred DNA. Tn7 is one of at least three families of transposons
containing a heteromeric transposase that are found in diverse bacteria across a range of
environments. In this work, | analyze ten elements from each of these three heteromeric
transposase families and discuss how the conserved proteins within each family relate to TnsD
and how those proteins may be responsible for targeting a specific conserved site on the
chromosome. | then shift my focus to the other protein involved in target site selection, Tnsk,
which has been suggested to be species-specific in its interactions with the p-clamp. 1 find that
cells expressing B-clamps from foreign hosts are viable in the absence of the dnaN allele and that
TnsE-mediated transposition in strains containing foreign clamps only occurs in the presence of
both proteins from the same host. In order to study how TnsE interacts with other host proteins,
such as SegA, a greater set of experimental tools is required. | develop an expression vector to

express SegA and a set of six mutants and suggest an in vitro assay to analyze multiple SegA-



TnsE interactions within one experiment. | then work to develop a high-throughput method for
mapping TnsE-mediated transposition events. | use a dam- strain and draw a few conclusions
based on where insertions map in segA- and wild type strains. More importantly, I suggest
improvements for the method moving forward that will enable future generations of scientists to

map millions of insertion events within a single experiment.
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CHAPTER 1

INTRODUCTION"

1.1 Summary

Mobile genetic elements have the ability to move between positions in a genome. Some
of these elements are capable of targeting one of the template strands during DNA replication.
Examples found in bacteria include (a) Red recombination mediated by bacteriophage lambda,
(b) integration of group Il mobile introns that reverse splice and reverse transcribe into DNA, (¢)
HUH endonuclease elements that move as single-stranded DNA, and (d) Tn7, a DNA cut-and-
paste transposon that uses a target-site-selecting protein to target transposition into certain forms
of DNA replication. In all of these examples, the lagging-strand template appears to be targeted
using a variety of features specific to this strand. These features appear especially available in
certain situations, such as when replication forks stall or collapse. In this review, we address the
idea that features specific to the lagging-strand template represent vulnerabilities that are
capitalized on by mobile genetic elements.

1.2 Introduction

After DNA replication, each daughter cell receives an original and a copied strand of
parental DNA. Although this view might suggest that the two daughter chromosomes are equal
in all ways, in reality, processing events related to the direction of DNA replication can impose
differences in the mutation potential of the two strands. Depending on the direction of DNA

replication, each stretch of nascent DNA an individual cell receives is derived from either the

“This chapter was prepared as a review in the journal Annual Reviews in Genetics Fricker, A.D., Peters, J.E., (2014).
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leading-strand template or the lagging-strand template. It is known that repair biases lead to a
general skew toward G > C in one strand of the chromosome in bacteria and archea (20), and that
there are other processing differences between the strands (see below). In this review, we focus
on the finding that the lagging-strand template is more vulnerable to mobile DNA elements than
is the leading-strand template. We focus on bacteria because there are exceptional numbers of
mobile elements accumulated by horizontal transfer in bacteria and because the regions of the
genome derived from the leading- and lagging-strand templates are easier to unambiguously
define. However, these findings likely apply to all three domains of life.

We suggest that some processing events found more frequently on the lagging-strand
template make this strand more accessible or vulnerable, and therefore serve as an opportunity
for mobile DNA elements seeking to insert into the host genome. Furthermore, we propose that
the lagging-strand template is especially vulnerable in regions where DNA replication is
perturbed. We also address the idea that hosts may have evolved systems to protect the
vulnerable lagging-strand template.

1.2.1 Differences between the template strands

In all bacteria analyzed to date, DNA replication proceeds bi-directionally from one
origin of replication per chromosome (oriC). Each replication fork complex (called a replisome)
is responsible for replicating approximately half of the chromosome, and each of these regions is
called a replichore. DNA polymerases in the replisome are held to the DNA by association with
a protein ring called the sliding-clamp processivity factor (or sliding clamp). Another protein
complex (collectively called tauin bacteria) couples the polymerases together across the strands
(Figure 1a). DNA polymerases replicate DNA in a 5'->3' direction. Owing to the antiparallel

nature of the complementary strands, the polymerase associated with the leading-strand template



moves continuously in the same direction as the larger replisome, whereas DNA replication on
the lagging-strand template progresses away from the replisome. To provide the 3' OH needed
for DNA polymerase, new RNA primers are produced by primase every 1--2 kb in bacteria. The
resulting DNA fragments on the lagging-strand template found prior to completion are called
Okazaki fragments. The transient single-stranded DNA (ssDNA) in the lagging-strand template
occurring between priming events is coated with single-stranded DNA binding protein (SSB).

In Escherichia coli, and likely all bacteria, two coordinated forces move the replisome:
the action of the DNA polymerase on the leading-strand template and the action of the DnaB
helicase (the enzyme responsible for separating the DNA strands) on the lagging-strand template
(40). Primase (DnaG) is known to closely associate with DnaB. The process of initiating a new
Okazaki fragment involves making a new RNA primer, loading a sliding clamp at this primer,
and signaling DNA polymerase to switch from the last sliding clamp to the new one, leaving a
sliding clamp free on the DNA for other interactions (reviewed in 13). Therefore, there are at
least two regions of ssSDNA on the lagging-strand template during replication: one between the
Okazaki fragment that shrinks as the polymerases advance and one between the helicase and
Okazaki fragment that grows in size until a new primer is started (Figure 1, arrows). There is
compelling evidence suggesting that three DNA polymerases are active in a replisome, leaving
the possibility that two Okazaki fragments may be replicated in a single replisome, adding an
additional stretch of ssDNA (26, 48, 80). Multiple nonexclusive models have been suggested for
how replication of a new Okazaki fragment is signaled. These basically differ on whether a
second gap filling activity is needed to complete each fragment (44, 114). Multiple processing
events need to occur in order to mature the lagging-strand template into a continuous DNA

strand. In E. coli, DNA polymerase I (Pol I) fills in any remaining ssSDNA gaps and, using its
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Normal and damaged DNA replication forks. The three-polymerase model, in which the
polymerases on the leading- (top) and lagging- (bottom) strand template are coupled by tau
(green tentacles), is shown. Pol Il (DNA polymerase I11) (green circles) is held to each strand
by the sliding clamp (blue/purple homodimeric circles). The helicase (red hexamer) tracks along
the lagging-strand template and opens the two parental strands. Each Okazaki fragment is started
with an RNA primer (red line) generated by primase (orange comma). The ssSDNA (single-
stranded DNA) on the lagging-strand is loaded with SSB (single-stranded DNA binding protein)
(light purple homotetramer).

A) Normal DNA replication fork. Okazaki fragments are processed by the progressive action of
RNA primer removal by Pol | (DNA polymerase I)(blue chevron) and repair of the remaining
nick by ligase (pink star). After replication, the hemimethylated duplex DNA has been suggested
to be tethered together by SegA (green rods) until MukB (teal balls and chains) forms a
secondary structure. The two arrows indicate regions of SSDNA during normal DNA replication.
B) Damaged DNA replication fork. DNA replication forks can stall or collapse due to a number
of processes. Many of these are shown, but any one could stall or collapse a DNA replication
fork. Supercoiling, large protein complexes, such as RNA polymerase (dark blue crab claw), or
lesions (yellow blob) can lead to replication fork stalling. The sSDNA on both strands is loaded
with SSB. After replication, a failure in the coupling protein SegA or in the secondary structure
forming protein MukB may lead to altered supercoiling, delayed precatenane removal, and other
issues with daughter-strand segregation.



flap endonuclease (54) and/or 5'--3’ exonuclease (52) activity, may displace and remove the
RNA primer. After processing by Pol I, the 5 PO4 and 3’ OH remain until DNA ligase seals the
nick (50). Ligase may associate with the sliding clamp previously occupied by DNA Pol | to help
identify its substrates (50).
1.2.2 Exogenous and endogenous forces complicate DNA replication

Damaged DNA and physical or topological blockages in the template strands perturb the
orderly coordination of events described above. Many types of lesions can block DNA
polymerase on the leading-strand or lagging-strand template, resulting in significant gaps that
require special repair processes, such as homologous recombination and lesion repair systems,
and the recruitment of various different DNA polymerases (Figure 1B). The entire replisome can
be stalled at cross-links that occur across the DNA strands at collisions with protein complexes
(such as RNA polymerase) or in regions of high supercoiling (12, 77, 78). In many of these
cases, a stalled replication fork needs to be restarted or completely re-assembled using a special
machinery involving the Pri proteins and associated factors (30, 84). Multiple pathways for
restarting DNA replication forks have been reconstituted in vitro, where, following reloading of
the DnaB helicase, other replisome components can be coordinated. In some bacteria with
circular chromosomes, replication forks are also actively stalled at a specific DNA sites in the
chromosome (called ter sites), where a trans-acting protein binds to the site, inhibiting the
progression of the replicative DNA helicase (reviewed in 14). In other bacteria, replication may
terminate when the two forks collide or by some unknown mechanism. It remains unclear how
replication fork stalling specifically affects processing events on the lagging-strand template, but

this template appears to be more vulnerable to mobile elements in these situations (see below).



1.3 Mobile DNA Elements that take Advantage of Attributes of the Lagging Strand
Template

The following examples present cases in which mobile elements appear to take advantage
of aspects found predominantly on the lagging-strand template, including stretches of SSDNA,
free 3’ OH ends that can prime replication, and interactions found with specific proteins enriched
on the lagging-strand template. The lagging-strand template may be especially accessible in
cases in which a replisome encounters DNA damage, stalls or collapses, and at sites where DNA
replication actively terminates. We refer to this accessibility of the lagging-strand template as a
vulnerability in the host-mediated process of DNA replication, given that the insertion of mobile
elements is more likely to be detrimental than beneficial to the host organism. As addressed
below, it can be argued that both the mobile element and the host may derive some benefit from
greater accessibility during periods of stress.
1.3.1 Lambda Red recombination and other phage systems

Host-mediated recombination is extremely important to the cell for restarting stalled or
collapsed replication forks. Homologous recombination systems that are unrelated to those found
in the bacterial host can be found in some viruses of bacteria called bacteriophages (phages). It is
still under debate as to why phages would have recombination systems, although multiple ideas
have been proposed. Phage strains lacking lambda Red recombination function grow poorly,
which may be attributed to the formation of concatemers of the lambda phage during replication
(87). Alternatively, lambda Red recombination may play an important role in the highly mosaic
nature of the bacteriophage (58). By being able to prime interphage recombination using very
small patches of homology, there are more opportunities to stitch together new phage variants.

However, phage-mediated recombination events are not needed for integration into the



chromosome (2). The best-studied system for phage-mediated recombination is the Red
recombination system from bacteriophage lambda, although other phage systems seem to show
the same properties (79, 93, 99) (see below).

The lambda Red recombination system involves two proteins, Exo (or Reda) and Bet (or
Redp). The lambda Red system has been reviewed in detail recently (30a, 64a) and is reviewed
briefly here. The Bet recombinase is a single-strand annealing protein that binds to sSDNA, scans
DNA:s in the cell for a homologous sequence, and anneals the bound DNA to a homologous or
mostly homologous sequence, allowing it to be present in progeny. Host-encoded genetic
recombination generally utilizes a different type of protein, the well-studied RecA recombinase,
in bacteria (reviewed in 53). Exo is an exonuclease that is responsible for processing duplex
DNAs to ssDNA that can be bound by Bet without an accessory activity. A third protein that is
found with the lambda Red system is Gam, which protects DNAs with blunt or nearly blunt ends
from the action of RecBCD (and other host exonucleases). Without Gam, RecBCD aggressively
digests lambda DNA because it lacks chi sites that normally act as a switch which converts the
process from one in which the DNA is degraded to one in which the RecA recombinase is
actively loaded (64). In fact, work with gam mutants identified the chi sequence by the ability of
this sequence to protect the phage from RecBCD (65).

An interesting aspect of lambda Red recombination is that there is an apparent
dependency on DNA replication and an enhanced recombination with the lagging-strand
template, indicating that discontinuously replicated DNA is more active for Red-mediated
recombination. The bias for the lagging-strand template is revealed from work with
recombination with ssDNA oligonucleotides. To monitor recombination into the chromosome or

plasmid, successful recombination of oligonucleotides containing mismatches can be screened or



directly selected. In experiments utilizing oligonucleotides, an early observation indicated that
recombination was more efficient if it was complementary to the lagging-strand template
compared to when it was complementary to the leading-strand template (15, 45). One model to
explain a bias for recombination on the lagging-strand template holds that, unlike the RecA
recombination system, which has the capacity to survey duplex DNA for homologous sequences,
the phage recombinase must have access to DNA that is already single stranded.

Given that DNA replication is an essential process, it is difficult to test whether DNA
replication is required for Red recombination. However, a great many experiments are highly
consistent with the idea that sSSDNA oligonucleotides recombine into transient SSDNA regions at
the replication fork. For example, a decrease in recombination efficiency is found with
oligonucleotides that lack a 3" OH, suggesting that DNA replication must be primed from this
end (32). Furthermore, a mutant allele of DnaG primase, which extends the length of Okazaki
fragments and therefore expands the regions of sSDNA, increases the frequency of Red
recombination (42). Important hints about the degradation of incorporated DNA during Red
recombination also come from experiments which can determine the extent of oligonucleotide
processing after recombination. This processing can be monitored using oligonucleotides
containing mismatches to the host target sequence. After Red recombination has integrated the
oligonucleotide, sequencing can determine which regions of the oligonucleotide were
recombined into the host genome (46, 63). In addition to observing that oligonucleotides are
frequently processed when they are recombined into the host, it was also found that the
exonuclease activities of the normal DNA polymerases used in E. coli replication, DNA
polymerase | and 11, appeared to be responsible for these processing events (46). Neither

exonucleases involved in DNA processing nor a DNA polymerase that is induced with DNA



damage, Pol 11, appeared to be involved in processing the oligonucleotides, supporting the idea
that Red recombination occurs during normal DNA replication.

The effect of host-encoded methyl-directed mismatch repair (MMR) on the Red
recombination process is also consistent with a process that occurs during DNA replication. A
requirement for monitoring Red recombination is that at least one mismatch is present on the
oligonucleotide used in the experiment. Red recombination occurs at ~ 100-fold increased
frequency in E. coli hosts that are deficient in MMR (7). The E. coli MMR system is responsible
for identifying and correcting mismatches that occur following DNA replication (reviewed in 22,
36). Upon recognition of the mismatched bases, MutS recruits MutL and MutH to nick one
strand, which is removed and replaced. One important feature of the MMR system involves an
ability of the system to recognize the newly replicated strand (that presumably contains a
polymerase mistake). In E. coli and related bacteria, this recognition process involves DNA
methylation. A separate enzyme, DNA adenine methyltransferase (Dam) is responsible for
methylation of the A site at GATC/CTAG sequences. The methylase tracks behind the
replication fork, leaving the new GATC sequence transiently unmethylated. This so-called
hemimethylated state at GATC/CTAG sequences where one A is methylated and the other is not
is recognized by the MutH protein. MutH will then nick the new (unmethylated) DNA strand. A
helicase removes the strand with the nick along with the incorrect base, and subsequent
replication replaces the missing strand. In bacteria, archaea, and eukaryotes that lack the Dam
methylation system, a different and incompletely understood process is involved in identifying
the newly replicated strand. Although the type of mismatch can affect the overall effect of MMR
deficiency on the final recombination process, the loss of MMR does not change the bias for the

lagging-strand template (45). In practice, high efficiency recombination can occur in wild-type



cells by using oligonucleotides with consecutive mismatches that prohibit MutS binding, with
mismatches that are not recognized by the MMR system, or using oligonucleotides containing
chemically modified bases that subvert the MMR system (7, 86, 101, 111).

There is reason to believe that the phage-encoded recombination systems take advantage
of a vulnerability that is already present during DNA replication. In support of this,
oligonucleotides can recombine in bacteria that have no obvious homologs to the phage systems.
At a very low frequency, RecA-independent oligonucleotide recombination can be monitored in
various members of gamma proteobacteria with the same bias for the lagging-strand template.
These systems show many of the same hallmarks of the lambda Red system, in that the
concentration of the oligonucleotide and the ability of certain DNA sequences to anneal more
stably are important for obtaining higher frequencies of recombination (86, 94). However, there
is an interesting difference between phage-mediated oligonucleotide recombination and
oligonuceotide recombination associated with the host, concerning the length of the
oligonucleotide used for recombination. In phage-mediated oligonucleotide recombination, the
Red recombination frequency of smaller oligonucleotides (minimally 23 bp) increases
exponentially as the length increases to 40 bp but plateaus up to 70 bp (86). In one set of
experiments, the host oligonucleotide recombination systems integrated shorter oligonucleotides
(~20 bp in length) with approximately the same efficiency as oligonucleotides of up to 70 bp in
length in E. coli and 120 bp in Pseudomonas syringae (94). The observation that, with Red-
independent oligonucleotide recombination, smaller oligonucleotides (shorter than 20 bp) can
recombine with a low frequency that does not increase with the length of the oligonucleotide has
been used to suggest that the naked oligonucleotide simply binds to regions of sSDNA at the

replication fork (94). Conversely, the observation that the efficiency of Red recombination
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increases with progressively longer oligonucleotides has been used to support the importance of
Bet-binding (86). Work with a phage system derived from Mycobacteria suggests that these
same attributes found in the proteobacteria are also found in highly diverged bacteria; the
mycobacterial phage Che9c encodes the exonuclease gp60 and recombinase gp61, which carry
out the same functions as Exo and Bet, respectively, (99).

Work with lambda Red and other phage recombination systems suggests that regions of
transiently exposed ssDNA are available for Bet on the lagging-strand template but not generally
on the leading-strand template. A single oligonucleotide containing sequences flanking a region
up to 45 kb can recombine with the DNA causing a deletion of the region (Figure 1.2A and
(100)). This finding suggests that annealed oligonucleotides are stable and that sequences found
in an oligonucleotide can bridge regions that are well separated during active replication (100).
Generally, phage recombination systems only have high efficiency in the hosts from which they
were originally isolated (93, 99). This is consistent with the idea that these systems do not
passively seek out sSDNA but, instead, rely on interactions between the phage proteins and host
proteins to facilitate the entry process into the replisome. It remains unclear which mechanisms
afford the replisome protection from phage recombination, but work in this area could synergize
with work in other systems that target the lagging-strand template.

1.3.2 Group Il mobile introns

Another type of mobile element that appears able to capitalize on features on the lagging-
strand template is group Il mobile introns (reviewed in 43). Full integration of these elements can
be associated with host DNA replication. Group Il mobile introns move as RNA after self-
splicing out of an MRNA. The element itself is a catalytic intron RNA (ribozyme) that carries out

two transesterification reactions for excision from an mRNA as a lariat structure. Group 11
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upto 45 kb
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Figure 1.2

Targeting of the lagging strand template during replication by either (A) deletions using a single-
stranded oligo with DNA flanking the target site and lambda Red recombination or (B)
insertions by group Il mobile introns that insert using a ribozyme complex made up of protein
(green) and RNA (red).
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mobile introns additionally use an intron-encoded protein (IEP) that acts as a maturase to help
the mRNA fold into the correct structure and a reverse transcriptase activity to make a DNA
copy of the RNA element after integration (Figure 1.2B (59)). The IEP can also have
endonuclease activity, for reasons described below. As the word intron implies, group Il introns
use the same chemistry as introns that splice out of mRNA in eukaryotes (and are likely relatives
of introns found in MRNA). After excision, the element integrates into DNA by using one of two
pathways that differ by the targets that are recognized. In one pathway, called retrohoming, the
element inserts into a single conserved site that base pairs with the RNA (and typically is
recognized by the IEP). A second targeting pathway that occurs at a much lower frequency,
called retrotransposition, involves a broader array of sites that have imperfect matches to the site
used in retrohoming.

Integration events in DNA involve reverse splicing, where the mobile RNA is joined to
the target DNA (81a). This process is facilitated by the ability of the IEP to unwind the DNA
strands to allow the element to search for homology for target recognition (91). After the single-
stranded RNA (ssRNA) is integrated into one DNA strand, the subsequent steps can be variable,
depending on the element and the host (63a, 114b). However, in all cases, a 3' OH must be
available to initiate reverse transcription to make a DNA copy of the sSRNA element that has
been integrated (114a, 114b). In some cases, the IEP also contains an endonuclease activity that
is capable of breaking the other strand (85). This ability to cleave the second strand for priming
reverse transcription is often used in the retrohoming reaction (8a). However, the process of
retrotransposition that allows the movement of the element to other sites often requires another

mechanism for initiating reverse transcription (34). Retrotransposition favors integration into
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DNA replication forks, and depending on the element and host, can show a bias to the lagging-
strand template found during DNA replication (33, 34).

One well-studied group 1l mobile intron is the LI.LtrB intron found in the relaxase gene
ItrB, involved in conjugal plasmid transfer in Lactococcus lactis (60). LI.LtrB preferentially
retrohomes into the ItrB gene using its IEP, LtrA. In vivo, intron movement can be monitored
using a system in which L1.LtrB insertion events in the chromosome can be detected by direct
antibiotic selection (8). Using this system, retrohoming occurs at a high frequency
(approximately half the substrates that are available result in integration). The importance of the
endonuclease activity of LtrA to retrohoming was assessed using a triple LtrA mutant, Y529A-
R531A-T533A (LtrAYRT), which has normal maturase and DNA binding ability but lacks

endonuclease activity (85). The LtrAYR"

protein showed an ~100-fold drop in retrohoming
compared with the wild-type protein, indicating that retrohoming is highly dependent on the
endonuclease activity of LtrA (8, 34). However, in the process of retrotransposition, where a
broader variety of sites is recognized, movement does not appear to be affected as strongly.
Although retrotransposition with wild-type LtrA only occurred at a frequency of 0.02%, this
translated into an unexpectedly modest drop (~40%) in the frequency of retrotransposition with
LtrAYRT (34). Interestingly, retrotransposition was also strongly biased into the lagging-strand
template, as was particularly obvious in a unidirectionally replicating plasmid in the host, where
32 out of 33 events were in the lagging-strand template (33). Multiple factors could account for a
bias for this strand: a requirement for sSDNA over dsDNA, a need for more frequent priming via
3’ OH ends, or interactions with lagging-strand-dependent host replication factors. Using an in

vitro system, retrotransposition into sSSDNA was found to be preferred over retrotransposition

into dsDNA, a bias that was markedly more evident in some DNA sequences. Analysis of natural
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retrotransposition events found in sequenced genomes also indicated a bias to the lagging-strand
template (34). An explanation for why retrotransposition, but not retrohoming, is biased to
lagging-strand replication comes from the knowledge that LtrA-mediated dsDNA unwinding and
endonuclease activities are dependent upon binding of specific target sequences (62, 91). The
contacts that are important for unwinding and second-strand nicking would therefore be unlikely
to be found in sites used for retrotransposition. Thus, these integration events could be expected
to be dependent on the sSDNA nature of the lagging-strand template and the availability of 3' OH
from Okazaki fragments to prime reverse transcription (34). Although other factors cannot be
ruled out, these results suggest there is a strong bias for the lagging-strand template because it
provides more availability of sSDNA targets. This would remove the need for unwinding a
dsDNA template and may provide more opportunities for priming on the lagging-strand template
that involves discontinuous replication.

Together, these data suggest that sSDNA and Okazaki fragments on the lagging-strand
template provide an opportunity for group Il elements to utilize a wider variety of insertions sites
during retrotransposition, suggesting that these elements may specifically target these regions of
the DNA because they are naturally available or accessible. It is hypothesized that more ancestral
group Il mobile elements, those without endonuclease domains, may have used sSSDNA
preferentially and biased retrotransposition into the lagging-strand. Elements that acquired IEPs
with a C-terminal DNA-binding domain could increase DNA unwinding ability (27), allowing
for insertions into dsDNA, thereby providing a gateway for evolving more stringent target-site
selection. There is also evidence that insertion during DNA replication and into the lagging-
strand template may reduce or eliminate, via priming from Okazaki fragments, the need for

cleavage of the second strand. This is consistent with the finding that Rmint1, a group Il mobile
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intron from Sinorhizobium meliloti that naturally lacks the C-terminal endonuclease domain, has
a distinct preference for the lagging-strand template (57). The acquisition of an endonuclease
domain could be seen as another advance that would obviate the need for insertion into actively
replicating DNA, which would provide a primer for reverse transcription. This pathway may
have been of paramount importance for early group 1l mobile elements and may still be
important to many simpler elements found today.
1.3.3. HUH endonuclease elements

Another class of mobile elements that takes advantage of aspects of the lagging-strand
template are the HUH (where H is a histidine and U is a hydrophobic residue) endonuclease
elements. They are distinct from other classes of mobile elements in that they move as sSSDNA.
As described below, the movement of these elements is highly linked to the availability of
sSDNA, both for excision and for integration. Two well-studied 1S200/605 family members that
represent this class are 1S608 and ISDra2.

IS608 was originally discovered in the pathogen Helicobacter pylori and is particularly
well studied because it is able to mobilize in a heterologous E. coli system (39). Using this E.
coli system, it has been shown that 1S608 integration occurs at many positions but is always
immediately downstream of a tetranucleotide sequence (5'-TTAC) (39). 1S608 naturally carries
two genes: tnpA, which encodes a transposase, and tnpB, which is not required for transposition
and is of unknown function (39). The TnpA transposase is a member of a large family of proteins
that includes a conserved HUH domain to coordinate metal ions involved in catalysis (3).
Members of the HUH family are found in all domains of life and appear to have adapted to many

cellular processes involving cleavage and ligation at specific sequences in SSDNA (3).
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TnpA contains the catalytic HUH motif, and work with this protein provides insight into
the function of other HUH family proteins that have additional domains. Reconstitution of the
transposition pathway in vitro indicated that TnpA catalyzes excision from ssDNA substrates
(but not from dsDNA substrates) flanked by the terminal left and right ends (28). This sSDNA
requirement inherently biases transposition to the lagging-strand template during replication.
Consistent with this idea, a bioinformatics analysis of the natural occurrence of this family of
elements indicated that there is a strong bias for elements in the lagging-strand template (97). To
address strand differences in vivo, excision of the transposon from either the leading- or lagging-
strand template of a plasmid was monitored (97). After overnight growth, a high degree of
excision was found to occur only when the element resided in the lagging-strand template and
was hardly detectable when situated in the leading-strand template (97). Furthermore, the
frequency of excision correlated to what is known about the length of Okazaki fragments:
transposition frequencies were highest in a 0.3-kb element but decreased as the length was
increased to 4 kb (97). This suggests the 1S608 element may need to reside entirely in one
sSDNA region found on the lagging-strand template. Additional studies related IS608 movement
to DNA replication; transposition was dependent on replication in experiments that used strains
containing temperature-sensitive mutations in essential DNA replication genes (97). Mutants that
produce less DnaG primase, which increases the length of stretches of SSDNA on the lagging-
strand template, had higher excision frequencies (97). This phenotype can be rescued by
overexpression of DnaG, which consistently resulted in fewer excision events (97). Moreover,
the excision frequency with less DnaG as compared with the wild type was greater in longer

synthetic constructs than in shorter constructs (97).
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Examining where transposition events occurred also provided interesting information
about the presumed availability of sSDNA in cells. Insertion events that occurred into mobile
plasmids and the chromosome were biased in an orientation expected for insertions into the
lagging-strand template (97). Chromosomal insertions showed hot spots in highly transcribed
rRNA operons, presumably because replication forks overtake RNA polymerase in these regions
(97). In cases where there is a rear-end collision between the faster moving DNA polymerase and
RNA polymerase, DNA replication is not believed to be stalled (76), but this event could impart
other effects that can be capitalized on by these elements. The replication termination system of
E. coli could be used as a tool to relate transposition and replication fork pausing (1). In E. coli,
the progression of DNA replication forks is inhibited at specific sites in the DNA, called ter sites,
through the action of a trans-acting protein, Tus (reviewed in 66). Interestingly, a unique
insertion hot spot was observed proximal to an active ter site in a plasmid-based system and was
dependent on the Tus protein (97). These results indicate that sSDNA in the lagging-strand
template is the preferred transposition target and that access to this structure may increase when
replication forks stall.

Similar results have been obtained for ISDra2, another member of the 1S200/605 family
from Deinococcus radiodurans (97). As was found with 1S608, sequenced transposition events
across the chromosome show a bias with the direction of DNA replication (97). Additionally, in
a transposition assay based on the ability of excision events to activate a gene (where presumably
orientation would not matter), events were biased to the lagging-strand template (97). The bias
toward ssDNA found in other instances could also be shown with D. radiodurans as a function
of its ability to withstand very high levels of radiation (70a). When exposed to such extreme

conditions, the chromosome experiences high levels of fragmentation, and extended sections of
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sSDNA are used to rebuild the chromosome. It was found that under these conditions,
transposition is stimulated (70a), and as expected, any bias to the leading- or lagging-strand is
lost (97). This is consistent with the idea that SSDNA is the most important feature of the
lagging-strand template for transposition and not necessarily some of the other aspects specific to
DNA replication. Many transposons seem to regulate transposition with the physiologic state or
stressed state of the cell (see below). It is possible that sensitivity of the ISDra2 element to
ssSDNA could also be an adaptive mechanism to stimulate transposition in response to host stress.

These results suggest that the ssSDNA found on the lagging-strand template during DNA
replication provides an opportunity for the very existence of HUH endonuclease elements. Work
with these elements suggests that sSDNA may also be a signal of cell stress from extreme DNA
damage stimulating the movement of this class of element. These studies also support the notion
that not all lagging-strand templates are the same. Places where DNA replication forks stall,
overtake RNA polymerase, or are subject to frequent priming by DnaG may lead to differential
opportunities for movement of HUH endonuclease elements involving the lagging-strand
template.
1.3.4 TnsE-mediated Tn7 transposition

Transposons are discrete elements that can move within a genome. Transposons that
move as SSDNA appear to require the lagging-strand template during replication in a donor or
target DNA (see above). There are examples of DNA transposons that move as dsDNA that are
also sensitive to DNA replication. Transposon Tn7 provides an interesting example where the
lagging-strand template is actively targeted for transposition (73). Tn7 transposes via a dSDNA
intermediate in a process known as cut-and-paste transposition, in which the element is excised

from one site and inserted into another position in the cell (47, 69, 74). The process of Tn7
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transposition requires multiple proteins that act on nonidentical cis-acting left and right ends that
flank the element. The transposase that removes and rejoins the element is composed of two
proteins, TnsA and TnsB (TnsAB), which work with a regulator protein, TnsC. Transposition
targets are identified by one of two dedicated targeting proteins, TnsD or TnskE. The TnsD
protein specifically targets a unique sequence found in bacterial chromosomes. The ability to
target the lagging-strand template involves one of the Tn7-encoded proteins, TnsE, which is able
to specifically recognize components found on the lagging-strand template during replication.

TnsE-mediated transposition was initially of interest because of its ability to specifically
direct transposition into mobile plasmids called conjugal plasmids, which are capable of moving
between bacteria (110). When a conjugal plasmid is present in the strain, transposition is
stimulated >100-fold, and the vast majority of these insertions are targeted into the mobile
plasmids, despite the fact that they make up ~1% of the DNA in the cell (73, 110). Analysis of
these insertions indicated that there is no sequence specificity with the TnsE-mediated pathway
(110). However, a striking orientation bias of insertions is found in these conjugal plasmids
(110). During conjugation, the relaxase nicks the origin of transfer (oriT) of the conjugal
plasmid, and one strand of the plasmid DNA is transferred into the recipient cell, initiating DNA
processing events (108). Host-mediated DNA replication synthesizes the complementary strands
in the donor and recipient cell during the process of transfer. In the donor cell, a continuous
process akin to processing on a leading-strand template occurs that is initiated by the liberated 3’
OH end. However, in the recipient cell, DNA replication is continuously reprimed in a process
more similar to events found on the lagging-strand template. In early work with Tnsk (110), it
was unclear which specific molecular target was recognized and how it could drive the

orientation bias with transposition. Targeting was dependent on active conjugation; conjugal
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plasmids were activated as transposition targets in recipient cells, but the plasmid-encoded or
host-encoded proteins involved in the process were not identified.

The essential role of host-mediated processes on the lagging-strand template was
indicated by experiments in strains without conjugal plasmids (73). In these strains, TnsE-
mediated transposition events occur at a very low frequency into the chromosome, with a
regional bias centered around DNA replication termination sites. Strikingly, the rare Tnsk-
mediated insertion events in the chromosome occurred only in a single orientation across each
replichore (73). The strict orientation bias indicated that a replication process from the host was
the preferred target for TnsE-mediated transposition. This finding, in addition to the previous
observation that TnsSABC+E transposition targets events in conjugal plasmid in recipient cells,
indicates that the lagging-strand template provides a DNA structure and/or protein complex that
is recognized by TnsE-mediated transposition.

Additional experiments revealed that two components found during DNA replication on
the lagging-strand template are essential for recognition by Tnsk. Although TnsE generally has a
strong affinity for DNA, competition experiments revealed that its preferred binding substrates
are structures that contain a 3’ recessed end. Supporting the role of this structure, it was found
that TnskE gain-of-activity mutant proteins show an enhanced ability to interact with 3’ recessed-
end structures (73). These structures are abundant during replication, an observation that
reinforces the idea that TnsABC+E transposition targets the lagging-strand template. Further
investigation revealed that there was also an essential protein component for TnsE-mediated
transposition, the sliding-clamp processivity factor (68). As noted above, the sliding-clamp
proteins are deployed with each new priming cycle on the lagging-strand template, and sliding

clamps left behind appear to be important for recruiting proteins that are responsible for actions
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that mature the lagging-strand template, including RNA primer removal, ligation of Okazaki
fragments, and mismatch repair (50, 75). Proteins that interact with the sliding clamp have a
conserved motif that facilitates part of this interaction (9a). Interestingly, a putative clamp-
interacting motif was identified in TnsE and was also found to be conserved across homologs of
the TnsE protein (68). Interaction between TnskE and the sliding clamp was confirmed
biochemically and genetically (68). Mutations in TnsE that perturbed the TnsE--sliding clamp
interaction also either abolished or significantly decreased TnsE-mediated transposition but did
not affect transposition targeted in other pathways (68). The interaction between TnskE and the
sliding clamp was found to be weak, a possible adaptation that might mitigate some of the
consequences of interacting with an essential component in the cell (68).

The TnsABC+E transposition system was also reconstituted in an in vitro system and
showed TnsABC+E-dependent transposition if the target plasmid had a 20-bp gap(68). Of note,
plasmids were not used as targets for TnsSABC+E-dependent transposition if they were only
nicked. When the sliding-clamp protein was preloaded onto this substrate, insertion events were
strongly biased to the same orientation as found with in vivo TnsABC+E transposition (68). In
this assay, the sliding clamps are loaded onto the DNA substrate in a single orientation and are
believed to preferentially reside at gaps (25). Consistent with this idea was the finding that a
specific interaction with sliding clamps on the lagging-strand template directed insertions in a
single orientation (68). Although the in vitro reaction seems to recapitulate the minimum
requirements for TnsE-mediated transposition, there are likely to be other components in the
system. The in vitro reaction required gain-of-activity mutants that have ~1,000-fold higher
transposition frequencies than wild-type proteins (68). These mutants showed the same bias in

transposition as the wild type (73). It is unclear whether these mutants simply amplify a low
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signal or whether they are compensating for an unknown component that normally must be
present for transposition in vivo.

TnsE-mediated transposition not only targets the lagging-strand template, but these
events are also strongly biased to regions of natural terminators of DNA replication (72, 73). As
explained above with 1S608, transposition is stimulated at sites where DNA replication
terminates. A similar increase in the frequency of transposition in response to interfering with
DNA replication is also observed in other elements, as explained below. Perturbing DNA
replication forks also appears to make the lagging-strand template more vulnerable to Tnsg-
mediated transposition. These together suggest that forks become more vulnerable under periods
of replication stress. Enhanced targeting of TnsE-mediated transposition events to conjugal
plasmids could also be due to a loss of some type of protection found with normal DNA
replication forks. One possibility is that unknown features may protect replication forks where
both the leading- and lagging-strand templates are processed in a coordinated fashion. The
protection may be lost during conjugation in which only one strand is replicated in each cell.
This result would also be consistent with the finding that the filamentous bacteriophage M13,
which replicates in a process where the replication of both strands is not spatially coordinated, is
also a target for TnsE-mediated Tn7 transposition (19).

TnsABC+E transposition is also aggressively stimulated by replication events associated
with DNA double-strand break (DSB) repair (72, 90). Repair of DSBs in bacteria usually
involves initiating DNA replication with one of the broken ends using homologous
recombination (reviewed in 41, 53). In E. coli, RecBCD exonuclease loads onto a DSB,
degrading both strands of dsDNA until it encounters a specific DNA sequence called a chi site.

Chi sites are recognized only in one orientation and are overrepresented in the chromosome in
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such a way that would be expected to quickly facilitate the reestablishment of DNA replication
forks progressing in the normal direction toward the terminus region. After RecBCD engages a
chi site, it then degrades from the 5’ end while actively loading RecA onto the 3’ end of extended
sSDNA. RecA-coated ssDNA can invade a sister copy of the chromosome, forming a structure
called a D-loop, in which one of the strands of the duplex DNA is displaced by the incoming
sSDNA. The D-loop structure is recognized by the Pri proteins and associated factors that
assemble and initiate a DNA replication fork from the 3’ end. Subsequent work with the system
ruled out specific interactions with proteins involved in replication restart needed for repair and
instead showed that replication initiated at the break was very likely a target (90). Of further
interest, the insertion events primarily occurred at hot spots that were dependent on a regional
DSB at an origin-proximal position. Hot spots for TnsE-mediated insertion were not found
during normal DNA replication. These results suggest that not all DNA replication is the same
with regard to Tn7 transposition because normal DNA replication events initiated at oriC did not
result in highly focused hot spots for Tn7, but DNA replication initiated for DNA repair resulted
in highly active hot spots that attracted most of the transposition events. This would suggest that
Tn7 might be sensitive to differences in the replisome that stem from how they were originally
initiated. It is also possible that proteins expressed during DNA damage alter the replisome,
something that has been suggested in other work (35, 49, 56). A third possibility is that other
changes in the cell may alter the ability of the replisome to proceed.

TnsE-mediated transposition appears to be specifically adapted to target transposition
into the lagging-strand template, especially in regions where replication forks tend to stall or
during atypical DNA replication, such as that found during conjugation or replication-mediated

DSB repair. Like Tn7 and 1S608, there are examples in which other very different types of DNA
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transposons preferentially transpose into replication forks that are actively stopped. For example,
IS903 insertion in E. coli shows strong biases to places where DNA replication terminates and
shows an orientation dependency during conjugation (31, 95). A bias for transposition to a region
of replication termination can also be found in some Firmicutes with Tn917. This bias may also
involve an interaction with the sliding clamp because the Tn917 transposase contains a putative
sliding-clamp-interacting motif (24, 89) (also see below). A major difference between Tn7 and
the other elements discussed above is that Tn7 appears to choose to actively target the lagging-
strand template without an obvious need for a feature (i.e., ssDNA and/or a 3" OH end) found on
this strand for cut-and-paste transposition.

1.4 Is the Lagging-Strand Template Vulnerable, and are Molecular Systems in place to
Reduce this Vulnerability?

Features of the lagging-strand template provide an opportunity for the mobilization of a
variety of genetic elements. Other processes could also be considered vulnerabilities specific to
the lagging-strand template. For example, the frequency of mutation differs depending on the
placement of lacZ alleles on the leading- verses lagging-strand template (18). Constitutive
expression of the bacterial DNA damage response genes (the SOS response) can magnify this
effect, possibly by an ability of the increased levels of activated RecA found during the SOS
response overwhelming SSB or by the fact that the discontinuous nature of replication on the
lagging-strand template allows more opportunities for SOS-induced DNA polymerases to pirate
free 3’ OH ends. Hairpins formed from inverted repeats are normally not energetically favorable
in dsDNA but may be favored when a stretch of sSDNA is available on the lagging-strand
template, making it vulnerable to processing by enzymes that cleave hairpins like SbcCD (16). In

yeast, triplet repeats, which are able to form hairpins, are more unstable on the lagging-strand
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template than on the leading-strand template (21), something that may relate to the abundance of
ssDNA on this strand and the ability of these sequences to be expanded or deleted during
Okazaki-fragment processing (38). Although stretches of sSDNA, free 3' OH ends, and free
sliding-clamp proteins may occasionally be found on the leading-strand template (112), they are
more common on the lagging-strand template by the nature of discontinuous replication.
Therefore, it seems fair to consider whether these features represent potential vulnerabilities for
the host. This characterization seems especially appropriate given that these features are
preferentially targeted by mobile elements in certain atypical situations when replication is
perturbed, actively terminated, or initiated as a result of DSB repair, or during replication
initiated by other genetic elements. In the following sections, we address the idea that there may
be specific benefits for mobile elements to target features on the lagging-strand template and that
there may be molecular systems in hosts that help protect these features.

1.4.1 Is it advantageous for mobile elements to respond to DNA replication?

Many transposons have been shown to upregulate their movement during DNA
replication. This is an important advantage for transposons that use cut-and-paste transposition in
that the DSB created in donor DNA at the site left by the transposon can then be repaired by
homologous recombination from the sister chromosome. Because the sister chromosome would
still have a copy of the transposon, this process would also re-establish the element at the site
that it vacated. A second benefit would be the ability to test a new insertion site in only one
daughter cell: if insertions occur into an essential gene, only the daughter cell with the
chromosome that received the insertion would be lost. Specific molecular systems have been
identified for upregulating transposition after replication (81, 113) and an association of

transposition with replication has been shown with some eukaryotic elements (82, 92). In a
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variety of other cases, eukaryotic transposases have been found to interact with the sliding clamp
or to contain putative sliding-clamp-interacting motifs (17, 68, 96, 105, 106). Association with
the sliding clamp could act as a way to coordinate other interactions on DNA (96). Alternatively,
association with sliding clamps could provide a mechanism to regulate transposition. This stems
from the fact that sliding clamps are only found loaded on DNA during DNA replication and
during certain DNA repair events. Therefore, transposons that require an interaction with sliding
clamps on DNA would be active only during these times and at these places. In the case of
bacteria, if DNA replication associated with conjugal plasmid transfer and bacteriophage
replication is readily used by mobile genetic elements, these elements would also have the
advantage of facilitated horizontal transfer, as is found with TnsE-mediated Tn7 transposition.
1.4.2 Is replication fork stress an important indicator of host stress?

Genetic elements have been suggested to monitor the growth state and stress level of their
host. Perhaps the most classic example is the activation of the lytic cycle of bacteriophage
lambda following SOS induction. In this process, SSDNA-bound RecA acts as the SOS signaling
molecule, inducing cleavage of the lambda repressor, thereby initiating the lysis program (9, 23).
This feature of induced mobility in response to host stress is also observed by other mobile
elements. Molecular systems exist that allow transposons to eavesdrop on the metabolic state of
the host, permitting them to increase the frequency of transposition in cells that are subject to
nutrient stress (4-6, 10, 88, 95, 98, 107). DNA replication is also acutely sensitive to many
natural processes on the DNA (61), and the elongation phase of DNA replication is actively
regulated in response to nutrient stress with a variety of molecular mechanisms (11, 55, 71, 83).
Therefore, genetic elements that move more frequently when DNA replication is perturbed also

end up mobilizing more frequently under the same stress conditions that affect replication.
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If replication found during DNA DSB repair is differentially recognized by some genetic
elements, there could be consequences on the frequency of transposition in natural populations.
Unlike bacterial growth in the laboratory, the majority of natural environments are nutrient
limited, and it is generally accepted that there are protracted periods of slow or no growth (40a,
82a). Under these conditions, DNA replication associated with the duplication of cells is limited;
however, DNA replication associated with DNA repair may take on a more dominant role.
Given these proposed environmental DNA replication patterns, transposition rates measured in
the laboratory using actively growing cells may be misleading for understanding the mobility of
genetic elements that are sensitive to the type of DNA replication. In addition, natural
transformation also provides an opportunity for repair-initiated replication when ssDNA
fragments are integrated into the genome (51, 102). Therefore, if replication associated with
DNA repair is a more general target found with some genetic elements, it could also be an
indicator of cell stress in multiple distinct ways.

1.4.3 Do cells have distinct mechanisms to allow protection?

If the lagging-strand template is vulnerable, it seems reasonable to ask whether systems
are in place to protect the lagging-strand template. Technically, any system that helps to ensure
the stability and orderly progress of replication forks would also limit access to the types of
genetic elements discussed above (Figure 1). Ahead of the replication fork, gyrase is responsible
for removing positive supercoils. Behind the replication fork, precatenanes can accumulate and
must be unlinked by Topo IV for the sister chromosomes to eventually be segregated (104).
Unlinking of chromosomes via Topo IV appears to be coordinated with the bridging activity of
SegA between (and/or within) sister chromosomes in a process that is also affected by the

eventual condensation of DNA by the MukBEF system (37, 67). The eventual segregation of the
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two sister chromosomes also appears to be a highly regulated process (103, 109). Organizing
processes controlling supercoiling and strand separation, coupling DNA replication on both
template strands, and orchestrating primer removal, gap filling, and ligation before the
chromosomes are unlinked and segregated may limit many negative outcomes, including access
to mobile genetic elements. The coordination of these features might also provide a steric barrier
to proteins and nucleic acids from horizontally acquired genetic elements. Although it would be
hard to implicate any part of replication and segregation systems as processes that evolved
specifically to protect the chromosome from genetic elements, it will be interesting to know
whether specific molecular systems in these elements have evolved to disrupt aspects of
replication as a mechanism to get access to the lagging-strand template. In a practical sense, any
mechanisms that we uncover in mobile genetic elements may find use as tools to help manipulate
bacterial chromosomes.
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CHAPTER 2
HETEROMERIC TRANSPOSASES: GENERATORS OF GENOMIC ISLANDS
ACROSS DIVERSE BACTERIA”
2.1 Summary
Horizontally acquired genetic information in bacterial chromosomes accumulates in

blocks termed genomic islands. Tn7-like transposons form genomic islands at a single
programmed insertion site in bacterial chromosomes, attTn7. Transposition involves five
transposon-encoded genes (tnsSABCDE) including an atypical heteromeric transposase. One
transposase subunit, TnsB, is from the large family of bacterial transposases, the second, TnsA,
is related to endonucleases. A regulator protein, TnsC, functions with different target site
selecting proteins and the TnsAB transposase. TnsD directs transposition into attTn7, while
TnsE encourages horizontal transmission by targeting mobile plasmids. Recent work suggests
that distantly related elements with heteromeric transposases exist with alternate targeting
pathways that also facilitate the formation of genomic islands. Tn6230 and related elements can
be found at a single position in a gene of unknown function (yhiN) in various bacteria as well as
in mobile plasmids. Another group termed Tn6022-like elements form pathogenicity islands in
the Acinetobacter baumannii comM gene. While Tn7 has TnsD, the other two transposons
appear to have a protein likely related to TnsD. Furthermore, all three transposons seem to direct
transpostion to a specific site in the genome, suggesting they share a basic mechanism for
inserting into their respective loci. Bioinformatics work supports the idea that the Tn6022-like

and Tn6230-like elements can also mobilize to other sites, including plasmids. Exciting future

“Parts of this chapter appear in a paper published in the journal Molecular Microbiology. Peters, J.E., Fricker, A.D., Kapili, B.J.,
Petassi, M.T. (2014). Heteromeric transposase elements: generators of genomic islands across diverse bacteria. All of the work

presented in this chapter was conducted by A.D.F. Figures 2.1 and 2.2 are published in Peters, J.E., et al. (2014).
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work will involve determining the molecular mechanisms that allow or facilitate these other
types of targeting pathways.

Horizontal transfer between bacteria plays an important role in chromosome evolution.
Horizontally acquired genes are typically found grouped together in blocks of sequence called
pathogenicity islands, fitness islands, or more generally, genomic islands (16, 32). Genomic
islands are not found in all strains within a species and when found the contents of these islands
often differ between strains. Genomic islands are frequently associated with tRNA genes,
presumably formed through the action of bacteriophage integration (8, 40). An iterative process
of integration and subsequent inactivation and partial degradation of bacteriophages at a given
position provides a plausible model for their formation. Transposition with a specialized
transposon family, called Tn7-like elements, also forms genomic islands (34, 35). Transposons
are discrete DNA segments that can move between positions within a genome. Tn7-like
elements can form genomic islands at their single preferred attachment site (attTn7) (reviewed in
(25)), where accretion of genetic information is likely catalyzed by their ability to maximize
horizontal transfer by targeting mobile plasmids (Figure 2.1A) (51). In this chapter I discuss two
families of elements that are related to, but distinct from, Tn7-like elements that form genomic
islands at positions other than the chromosomal attTn7 site. | term these transposons Tn6230-
like (31, 36) and Tn6022-like (17, 41) based on representatives of these types of elements.
These relatives of the Tn7-like elements appear to have properties for increasing their dispersal
and also their own heterogeneity. However, little is known about the movement of these
elements which can carry with them many genes including genes relevant to pathogenesis like

antibiotic resistance, metal resistance, secretion systems, effectors, and many others.
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Figure 2.1

Features of Tn7 and other transposons.

A) Tn7 has two targeting pathways for transposition. TnSABC+TnsD transposition directs
transposition into a single chromosomal site, attTn7, found in bacteria likely facilitating vertical
transmission by targeting a neutral site. TnsABC+TnsE transposition preferentially directs
transposition into mobile plasmids (shown in red) likely facilitating horizontal dissemination of
the element. B) Tn5090/Tn5053 direct transposition using three proteins encoded by tniABQ, but
require the action of a site-specific recombinse encoded by tniR to act at the element resolution
site (res). Tn7, Tn6022, and Tn6320 encode a number of proteins as described in the text.
Similar colored block arrows indicate proteins sharing conserved motifs. Note that tnsA of
Tn6022 has previously been called tniC or orfl. C) Tn7 transposition with TnsABC+TnsD
occurs into a single position located between glmsS and pstS in E. coli. TnsB catalyzes breakage
and joining events, while TnsA is responsible for making breaks in the flanking DNA at the 5'
ends of the element allowing excision via a cut-and-paste mechanism. Gaps at the ends of the
element result from the staggered joining events found with transposition that are repaired by
DNA polymerase to form the target site duplication indicative of transposition ("old” DNA in
red, "new" DNA in green). See text for details and references. D) Tn7 transposition can occur
serially, that is each new insertion occurs proximal to the glmS gene.
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2.2 Tn7-like Elements

Tn7 and Tn7-like elements are widespread across different types of bacteria found in a
broad variety of environments and typically encode numerous genes that increase the fitness of
the host and the element (35). Some functions encoded in Tn7-like elements include antibiotic
resistance, non-ribosomal peptide synthetases, metal resistance, and a CRISPR system (35). The
basic transposition machinery of Tn7 and how it directs transposition into the attTn7 site is well
understood and has been the subject of multiple reviews (10, 25, 36). Tn7 encodes five proteins
required for two transposition pathways, TnsA, TnsB, TnsC, TnsD, and Tnst (TnsABCDE)
(Figure 2.1B). TnsABC are required for both Tn7 transposition pathways, but only allow
transposition when they function with one of two target site selecting proteins, TnsD or TnsE
(49, 50). Transposition with TnsSABC + TnsD directs transposition into the single attTn7 site
located downstream of glmS (Figures 2.1A-C) (14). Transposition with TnsSABC + TnsE occurs
preferentially into mobile plasmids through the ability of the TnsE protein to recognize features
found enriched during DNA replication on the lagging-strand template (37, 33).

Tn7-like elements are the only elements characterized to date in which the transposase is
comprised of two proteins, TnsA and TnsB, which function together to carry out the chemistry
that underlies transposition (28, 44). It has been shown recently that the interaction between
these two proteins is important for regulating transposition (9). TnsB belongs to a large family
of proteins utilized by many bacterial transposons and retroviruses sometimes referred to as the
DDE recombinase (rve)(pfam00665)(11, 38). TnsB recognizes DNA sequences found in the left
and right ends of the element and catalyzes breaking events at the 3' ends of the element that are
joined directly to target DNA (Figure 2.1C) (2, 29). TnsA is an endonuclease that makes breaks

in the flanking DNA at the 5' ends, thereby allowing the element to be completely excised from
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the donor DNA (18, 28). The ability to liberate both the 3'and 5' ends and join the 3' ends of the
element directly to the target DNA allows Tn7 (and presumably other heteromeric transposase
elements) to carry out cut-and-paste transposition in a distinct way from elements with a single
transposase that form hairpin structures during excision (6, 20, 43). Staggered joining events
with the target DNA during transposition results in gaps at the ends of the element that are filled
by DNA polymerase forming a target site duplication that is characteristic of each element (5 bp
in the case of Tn7) (Figure 2.1C) (3). As explained below, this feature of transposition is useful
for determining which ends of the element were involved in a concerted insertion event.

TnsC is a AAA protein that communicates to the TnsAB transposase that an appropriate
insertion site has been recognized (25, 48). There are a number of elements that utilize AAA
proteins for regulating transposition; one that is particularly well-characterized is MuB from
bacteriophage Mu (5, 52). Work with MuB highlights an additional important role for these
proteins in helping to engage the target DNA for transposition (7, 27). Transposon
Tn5090/Tn5053 also encodes a protein with ATP binding motifs, TniB, which likely helps
regulate transposition (Figure 2.1B) (21, 39). Work with Tn7 indicates that TnsC is recruited to
the attTn7 site by TnsD (4, 23). TnsC is important for another regulatory role in which it inhibits
transposition into a plasmid or a region of the chromosome that already has a copy of the
element in a process called target immunity (45, 46).

TnsD recognizes a specific sequence within the 3’ coding region of the essential
glucosamine-6-phosphate synthase (glmS) gene (4, 23, 30). However the actual point of
insertion is approximately 25 bp downstream allowing recognition of a conserved sequence
without disruption of an essential host gene. Moreover the region within the glmS gene that is

recognized by TnsD encodes the active site of GImS, and therefore provides a site that is highly
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conserved between organisms. The ability of TnsD to bind DNA involves, in part, a CCCH
zinc-finger motif, but the capacity for DNA recognition may reside throughout the protein (30).
As described above, transposition of more than one element into attTn7 is inhibited by target
immunity, but distantly related Tn7-like elements can be found to accumulate "serially" in
attTn7. In Tn7, the proteins encoded by the distantly related Tn7-like elements no longer
recognize each other’s components that are required for the immunity process, and are therefore
capable of recognizing and inserting into the attTn7 (Figure 2.1D) (34). Subsequent loss of
essential transposition functions in elements integrated in attTn7 helps explain the formation of
genomic islands at this site where in some cases little or no evidence of the original elements can
be found.

A second target site selection pathway that contributes to the ability of Tn7-like elements
to generate genomic islands is the Tnsk pathway. Unlike the TnsD-mediated pathway that
recognizes a specific sequence, TnsABC + TnsE direct transposition by recognizing features of
DNA replication found with the lagging-strand template; 3' recessed end structures and the
sliding-clamp protein of DNA polymerase (called DnaN)(33, 37). TnsE-mediated transposition
directs transposition preferentially into actively replicating mobile plasmids (Figure 2.1A) (37,
51). This ability to insert into mobile plasmids enables horizontal transfer of the element
providing a mechanism for Tn7-like elements to accumulate genes as they travel between
bacterial hosts.

2.3 New Heteromeric Transposase Elements form Genome Islands

Recently elements have been described with homologs of TnsA, TnsB, and TnsC that

lack full-length homologs of TnsD or Tnsk (31, 41). In these cases, it appears that the basic

structure of the heteromeric transposase with a regulator protein has been adapted to new
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Alignment of TnsA homologs reveals four conserved residues

A consensus representation of the ~250 amino acid TnsA protein is represented by the bars at the
50

top, where the green color and taller bar indicates greater conservation. Alignment of residues
~50-170 from all homologs is shown. Sites where the exact residue is conserved across all

homologs is indicated by a green color.

Figure 2.2



targeting pathways in elements that is refered to more broadly as heteromeric transposase
elements. TnsA proteins can be identified in genome databases by a conserved motif found in
the protein (Tn7_Tnp_TnsA_N) (pfam08722)(18, 38). The number of transposons identified
using this conserved motif suggests that a large and diverse group of heteromeric transposase
elements exists (data not shown). To gather a manageable collection of putative elements for
analysis, | performed BLAST searches with TnsA from the canonical Tn7 from E. coli, and
candidate heteromeric elements that appeared highly diverged from Tn7 in A. baumannii and
Salmonella enterica, (31, 41). Ten candidates from each of these three groups were chosen for
further analyses where the amino acid sequence of TnsA was used to infer a phylogeny of the
elements (Figure 2.2 and 2.3A). All of the examples had the three catalytic residues found in
TnsA from Tn7 (18), but two other TnsA residues were also found conserved, S60 and Q82, both
of which are within the active site (Figure 2.2). S60 was previously identified as liganded to a
CI" in the TnsA crystal structure (18). The exact role of Q82 is unknown, but is thought to
coordinate water molecules in the array around one of the divalent metals (Fred Dyda, personal
communication). Given the high conservation of both S60 and Q82, they are likely important for
transposition. These TnsA-encoding elements also all had homologs of TnsB and TnsC
supporting the idea that bona fide transposons were identified. Elements in the clade with Tn7
all encoded homologs of the five Tns proteins found in Tn7 and were inserted downstream of
glms, although in two cases, I. loihinesis and B. cereus, there were a few genes between glmS
and the element. As explained below, the other clades in the TnsA phylogenetic tree define other
heteromeric transposase elements that are capable of forming genomic islands at specific sites

that are not at attTn7 using unexplored targeting pathways.
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Figure 2.3

Neighbor Joining trees of selected protein homologs from Tn7, Tn6230, and Tn6022.Protein
sequences were aligned using MUSCLE and a tree was drawn using Genieous tree builder.
Homologs from Tn7 are colored in green, Tn6230 in blue, and Tn6022 in red. A) Homologs to
TnsA from Tn7 (Escherichia coli), Tn6230 (Salmonella enterica subsp. enterica ser.
Senftenberg), and Tn6022 (Acinetobacter baumannii D36) identified using BLAST searches.
From each of the three TnsAs, 10 proteins that differed by greater than 10% were selected. See
supplemental files for accession numbers and references. B) Homologs to TnsD, TnsF, and Orf2
from elements identified by TnsA similarity. From each element, the open reading frames were

identified by pBLAST.
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2.4 Genomic island formation in the yhiN gene with Tn6230-like elements

A bioinformatics screen for mobile elements in sequenced strains of Salmonella revealed
an element with homologs of the tnsABC genes from Tn7-like elements that did not encode the
target site selecting protein Tnsk or a close homolog of TnsD (31). This 37 kb element that was
subsequently named Tn6230 encodes over 30 genes including ones encoding heavy metal
resistance and many of unknown function. Tn6230 lacks full-length homologs of the Tn7 target
site selecting proteins, but encodes a protein with ~24% amino acid identity to TnsD found over
a portion (~60%) of the protein including the zinc finger motif characterized in TnsD from Tn7;
the protein alignment shown in Figure 2.4 showing the shared N-terminal and C-terminal
domains of the two proteins. The N-terminus contains the homologous CCCH motif, highlighted
in yellow in Figure 2.4. Of further interest, the Tn6230 protein was also found to be distantly
related (20% identity) to the TniQ protein of Tn5090/Tn5053 elements including the TniQ
superfamily motif (pfam06527) (21, 39). Where the TniQ proteins of Tn5090/5053 appear to be
very similar to each other, this protein from Tn6230 appears to be more closely related to TnsD
than the TniQ proteins (not shown). Together these data support a possible mechanistic link
between different types of elements. Irefer to this protein as TnsF because it is distinct from
TniQ and TnsD. Tn6230-like elements have a preferred insertion site, similar conceptually to
the attTn7 site, but in an unrelated sequence (31). Insertions of a nearly identical element were
found in this same position in multiple different species (31). The Tn6230-like elements in
Figure 2.3 (blue) encode homologs of the Tn6230 TnsABC proteins and a protein homologous to
TnsF (blue, Figure 2.3B). The TnsF-like protein in the Tn6230-like elements studied here have
all been shown to have a CCCH zinc finger motif (Figure 2.7B). Unlike attTn7 where insertions

occur downstream of glmS (Figure 2.1C), the attachment site for Tn6230 is within the coding
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sequence of the yhiN gene, albeit only two to five codons inside the 3' end of the gene (36).
Table 2.1 shows how closely related the upstream DNA sequence is to the same upstream region
from the representative organism, confirming that all Tn7-like elements are downstream of glms.
This table also shows that while the Tn6230 element is immediately downstream of the gene,
seven of the Tn6230-like elements are within the coding sequence of yhiN, but the other two in
non-yhiN sequences. The yhiN gene is a nonessential putative FAD/NAD(P) binding
oxidoreductase in E. coli. It is unknown if insertion into the very C-terminal encoding portion of
the yhiN gene inactivates or otherwise alters the activity of the protein. Most (7/10) of the
Tn6230-like elements were located at the predicated 3’ terminus of yhiN. Interestingly, the
element in S. eneterica Senftenberg appears to have inserted 147 bp downstream of the yhiN
gene suggesting a low level of "wobble" may exist in targeting this site.

Elements nearly identical to Tn6230 are also found in mobile plasmids in a number of
bacterial species (31), but these sites lack any obvious homology to the chromosomal insertion
site in the yhiN gene (i.e. the putative attTn6230 site). An unresolved question is how insertions
are directed into mobile plasmids as no TnsE homolog is found in Tn6230. One possibility is
that the TnsF protein from Tn6230 has a dual function, either recognizing a specific DNA
sequence thereby inserting at the attachment site, or recognizing another structure or protein to
target insertions into mobile plasmids. Consistent with this hypothesis, transposons with the
tniQ gene have been shown to target transposition into active resolution sites used by certain
types of resolvase in transposons and on plasmids (21). While none of the non-yhiN insertions
appear to be res sites there may be other features beyond specific nucleotides sequence that are

recognized by TniQ homologs.
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Figure 2.4
Alignment of TnsD and TnsF
An alignment of the protein sequences of TnsD from E. coli and TnsF from S. enterica ssp.
enterica ser. Senftenberg str. A4-543 was done in BLAST using the align two or more sequences
function. The CCCH Zinc finger domain characterized in TnsD is highlighted in yellow.

In Tn6230-like elements, insertions into non- yhiN sites raises the question as to whether

these represent pseudo-attTn6230 sites, ie a site with sequence homology to the yhiN att6230 site

and therefore utilized at a lower frequency. A similar phenomenon is observed in situations
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where the Tn7 attachment site is inaccessible, a low frequency of TnsD-mediated insertions is
observed into pseudo-attTn7 sites that have sequence similarity to the attTn7 located in gimS
(22). To identify if these non-yhiN sites were putative pseudo-attTn6230 sites, | used Geneious
to align the DNA sequence upstream of the element and in cases where no alignment was found,
used the NCBI BLAST tool to determine the most closely related sequence (Table 2.1).
Significant homology of the DNA sequence from the upstream region of these two elements to
the yhiN gene was not noticeable. This raises the possibility that TnsF or another protein in the
element is capable of targeting insertions into these alternate sites. In the original survey of
Tn6230-like elements, 2 were identified in plasmids, further supporting the role of a protein in
these elements targeting non-yhiN sites. However, this analysis should be expanded using a
greater number of elements to better understand how target sites are recognized with Tn6230 and
possibly more advanced bioinformatics tools.
2.5 Island formation in the comM gene, via Tn6022-like elements

A putative heteromeric transposase element appears to be important in the multi-drug
resistant nosocomial pathogen A. baumannii. It was first noted that strain A. baumannii AYE
contained a single large 86 kb element within the comM gene with ~90 genes, where half are
likely associated with antibiotic or biocide resistance (13). The identification of a five base-pair
duplication suggested that transposition accounted for the insertion of this pathogenicity island.
Later bioinformatics work suggested that this element was common to many strains and that
some of the transposition proteins seemed to be related to those used by Tn7 (41). | refer to these
elements found in comM as Tn6022-like based on a minimal element that has a core set of six

genes, TnsA, TnsB, TnsC, Orf2, Orf3, and Orf4 which are likely involved in transposition.
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TABLE 2.1

Tn insertion (Identities) note
Neisseria flavescens NRL30031/H210 Delta-aminolevulinic acid dehydratase  comM not found in contig
Pelobacter carbinocilus DSM 2380 middle comM (51%)
Pseudomonas syringae pv. Tomato str. DC3000  middle comM (53%)
Alishewanella aestuarii B11 hypothetical protein comM not found in contig
Dechlorosoma suillum PS CheY chemotaxis comM 166kb from tnsA
Delftia acidovorans CCUG 15835 middle comM (52%)
Magnetospirillum magneticum AMB-1 Y4CA hypothetical protein comM 806kb from tnsA
Acinetobacter baumannii D36 middle comM (100%)
Thioalkivibrio sp. ALJ24 middle comM (55%)
Ralstonia pickettii 12D middle comM (52%)
Vibrio nigripuchritudo Wn13 C-terminus yhiN (60%)
Enterobacter sp. BIDMC26 phosodiesterase yhiN not found in contig
Escherichia coli C-terminus yhiN (88%)

Salmonella enterica subsp. Enterica serovar yhiN* (100%)
Senftenberg str. A4-543

Cronobacter helveticus 513 DDE transposase yhiN not found in contig
Photobacterium sp. SKA34 C-terminus yhiN (60%)
Thiomicrospira kuenenii DSM 12350 C-terminus yhiN (44%)
Yersinia pseudotuberculosis PB1/+ C-terminus yhiN (79%)
Glaciecola mesophila KMM 241 C-terminus yhiN (58%)
Vibrio metschnikovii CIP69.14 C-terminus yhiN (60)
Bacillus cereus ATCC10987 downstream glmS* (42%)
Wohlfahrtiimonas chitiniclastica DSM 18708 downstream glmsS (54%)
Escherichia coli O28ac:NM downstream glm$S (100%)
Rheinheimera sp. A13L downstream glmS (70%)
Methylomonas methanica MC09 downstream gIlmS (61%)
Shewanella baltica OS155 downstream glmS (69%)
Idiomarina loihensis L2TR downstream glmS* (68%)
Moritella marina ATCC15381 MP-1 G33 downstream glm$S (71%)
Desulfovibrio aespoeensis Aspo-2 downstream glmsS (26%)

Aeromonas salmonicida subsp. Salmonicida A449 downstream glmsS (74%)

The location of the transposon relative to the gene it inserts into is indicated by “middle”, “C-terminal”, or “downstream”
Bold typeface indicates the element found in this organism was used as the reference

* indicates the element was downstream or had multiple open reading frames between the recognized insertion site and

the transposon
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Most A. baumannii strains appear to have the Tn6022-like element at the same position in
the comM gene flanked by the same 5 bp target site duplication (ACCGC). The ComM protein
is a predicted Mg chelatase-like protein originally named for a role in competence in
Haemophilus influenzae Rd (15). Interestingly the drug susceptible A. baumannii strains
AB307-0294 and D1279779 do not contain any Tn6022-like elements indicating the element is
not ancestral to all A. baumannii (1, 12). Another possibility, however remote given the
necessity to use the exact ends of the element to hop out leaving a perfect in frame empty site, is
that the element is lost from these strains. While there is no experimental evidence to date that
this is a single targeted site like attTn7, the finding that elements that have homology to Tn6022
are found in the gene homologous to comM in highly divergent bacteria makes it virtually certain
that this is an attTn6022 site for these elements (17). While a previous analysis did not recognize
TnsA in Tn6022-like elements, our analyses indicate they have significant homology and the
conserved motif (described above). Our small sample of 10 elements that are in the Tn6022
clade (red) in Figure 2.3A share TnsB, TnsC, and Orf2, therefore | operationally term these
Tn6022-family elements. Out of these ten elements, only 6 were inserted into an obvious comM
homolog in their respective host strains, which included A. baumannii D36, Pelobacter
carbinolicus DSM 2380, Pseudomonas syringae pv. Tomato str. DC3000, Delftia acidovorans
CCUG 15835, Thioalkivibrio sp. ALJ24, and Ralstonia pickettii 12D. It is worth noting that
these are closely related species, all within the proteobacteria. The DNA sequences flanking the
four other Tn6022-family elements did not share any obvious sequence similarity to either comM
or each other (Table 2.2). The upstream sequence was analyzed as described in the methods.
From this, | was able to identify a homolog of the comM gene in all of the genomes containing

Tn6022-like elements available in NCBI, but the Tn6022-family element in these four was not
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proximal to comM: in all of these organisms, comM was at least 100 kilo base pairs from the 5’
end of the element. Insertion events of Tn6022-family elements at locations that are not in
comM could be explained by other targeting pathways much in the same way that Tn7-like
elements have a TnsD pathway to target insertions into attTn7, and a TnsE pathway that does not
recognize a specific DNA sequence. Another possibility could be that Tn6022-family elements
are targeting a pseudo-site that has sequence homology to the comM attTn6022 site and therefore
utilized at a lower frequency as described in more detail above. | gathered bioinformatics
evidence that insertion events that were not in comM did not appear to be pseudo-sites given that
no obvious homology could be found by aligning the DNA sequence upstream of the inserted
elements to the comM sequence. It is possible that the TnsSABC proteins of Tn6022-family
elements do allow a low level of transposition without the requirement of a target site selecting
protein, as is found with specific mutations isolated with TnsA, TnsB and TnsC with Tn7 (26,
47). In order to address this possibility, additional experiments are required.
2.6 Identification of Putative Target Site Selecting Proteins in Transposons Containing
Heteromeric Transposases

TnsA was used to assemble the three transposon families in Figure 2.3, something that is
supported by the finding that homologs of TnsB and TnsC could also be identified in the same
gene order. Interestingly, other proteins that are putatively involved in targeting transposition
events can also be found in the Tn6022-family elements. Here I discuss the conservation of
additional genes found in the Tn6022-family elements that may be involved in targeting
transposition.

The TnsD targeting protein in Tn7 targets insertions into a site downstream of glmS, and

while it has not yet been examined experimentally | suspect that the TnsF protein of the Tn6230-
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like elements is playing a similar role to TnsD. This idea is supported by the finding that TnsF
shows homology and synteny to the TnsD target site selecting protein found in Tn7-like
elements. It is remains unstudied as to what the target selecting protein(s) could be (if one exists
outside the core machinery) in the Tn6022-family elements. Bioinformatic analysis of four open
reading frames shared among elements similar to Tn6022 (Tn6019, Tn6021) were purported to
have no significant homology to TnsD or Tnsk from Tn7 (17). However, given the location of
two of these open reading frames immediately downstream of the TnsC-like protein, they remain
good candidates for target site selecting proteins for Tn6022 (Figure 2.1B). As indicated below,
a relatively small subset of proteins seem to be conserved in the Tn6022-family elements and
even fewer that do not have conserved homologs (see below). It seems likely that one or more of
three conserved proteins that have previously been identified as conserved across what | term
Tn6022-family elements Orf2, Orf3, and Orf4 (17), could function like target site selection
proteins for these elements. Previous analysis did not compare the putative target site selecting
proteins from Tn6022 to TnsF from Tn6230, which may share similarity than to TnsD or TnsE
from Tn7 based on the tree shown in Figure 2.3A. From the comparison of Orf2 and Orf3
proteins to TnsF (Table 2.2), I show that they are not similar to TnsF, but comprise their own
protein family. Because Orf2 and Orf3 do not have significant homology to TnsD, TnsE, or
TnsF, another method must be used to determine putative targeting proteins. One way | can
identify putative targeting proteins is by finding conserved open reading frames in elements
where the elements are found in the same insertion site (a phylogenetic tree of TnsD and putative

targeting proteins was generated and shown in Figure 2.3B).
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2.6.1 Conservation of putative target site-selecting proteins

It was of interest to determine whether there were any elements that encode proteins with
homology to proteins in more than one heteromeric transposase family. This requires a two step
analysis, first to determine conservation of proteins within each family, and then to determine
whether there were any proteins that had conservation to proteins of other families. Given that |
know that all of the elements had TnsABC, the best proteins for this analysis that are conserved
across elements are the putative target site selecting proteins. This section takes a close look at
the sequence similarities between the proteins within and between each of the three families or
clades inferred from TnsA in figure 2.3A.

First, the parameters used to indicate “homology’ should be defined. The two parameters
used here are pair-wise sequence identity (or identity) and the percentage of the total sequence
that is represented in the analysis (query coverage). While the total length of the aligned
segments of each protein is essential in determining the homology, because all proteins have a
about the same length (ranging from 380-508 amino acids), | can use the query coverage as an
approximation for the total length. Effectively, the greater the query coverage (generally, greater
than 30%), and the higher the sequence identity the more confidently the proteins are related,
however analysis remains subjective (42). As noted above, the conservation of the order and
orientation of the open reading frames between the transposons that are being compared (or,
synteny) greatly suggests that they are bona fide homologs of the respective putative target site
selecting proteins, even if they do not appear homologous according to identity and query
coverage. The results of this pair-wise analysis are shown in Table 2.1, where the first or second
open reading frame following the TnsC-like protein of each element is compared to that from the

representative transposon. Proteins that | believe are confidently related are in red numbering,
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proteins that do not have a high level of similarity are in light grey, and in instances where there
appear to be slight homology are in orange. For ease of viewing, proteins considered to be
homologous are boxed in green.

As indicated above, clear TnsD and TnsE homologs a were found in all of the elements in
the same clade as Tn7. The most diverged element in this clade was in B. cereus based on
TnsABC, TnsD and Tnsk (Figure 2.3A and Table 2.2). The B. cereus strain analyzed here has
two Tn7-like elements based on TnsA, TnsB, and TnsC homology, where the one that resides
closer to gImS lacks a full-length TnskE, and the element containing TnsD and TnsE described
above contains the full set of five Tn7-like proteins. Tandem insertions previously have been
described (Figure 2.1D and (24, 35)), but the one found B. cereus is the only one | identified in
the subset of elements studied in this chapter. As compared to each other, the TnsA proteins in
these two elements from B. cereus are more similar to each other than to any of the other TnsA-
like proteins in the Tn7 family (not shown).

The Tn7-like elements analyzed here had TnsA proteins that clustered together (green,
Figure 2.3A) and closely related TnsD and TnsE proteins (Table 2.2) that had extensive synteny.
This, along with the observation that all of the Tn7-like elements were found in the attTn7 would
suggest that the TnsD-like proteins have similar functions in their respective organisms. While
the homology of TnsE-like proteins was also high among Tn7-like elements, and had synteny to
their respective TnsD-like proteins, further work is needed to establish if they have the same
function in transposition.

Like the TnsD and TnsE proteins found in the Tn7-like elements discussed above,
unambiguous TnsF homologs were found in the clade with Tn6230. These tnsF genes are

located within Tn6230 in the same location following tnsABC, as tnsD within the Tn7-like
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elements. Furthermore, the high level of conservation within the TnsF-like proteins would
suggest they all carry out the same function. This function may be related to the localization of
these elements in yhiN in multiple species which is supported by the conservation between TnsF
and TnsD. The future study of one or a few of these proteins in vivo, can establish that TnsF is a
true targeting protein, and whether the TnsF-like proteins of the more diverged elements
maintain targeting capabilities.

We call the elements found in the comM gene of A. baumanii Tn6022-like because they
have nearly identical orf2, orf3, and orf4 genes. | refer to the other elements in this same clade
in Figure 2.3 (red) as Tn6022-family elements, which all contain TnsABC and believable
relative of the orf2 gene. While all contain recognizable motifs from Orf2 as identified in
Tn6022, the level of homology is often quite low suggesting the last shared ancestor of these
elements has not yet been identified, and was found a long time ago. The protein that most
closely matched Orf2 from A. baumannii was the Orf2-like protein from Ralstonia pickettii 12D,
which had a low percent identity, despite a large amount of overlapping protein sequence. The
remaining eight elements contained an Orf2-like protein that was even less homologous to A.
baumannii Orf2 (Table 2.2). However the gene encoding Orf2-like proteins in each element had
synteny with Orf2, suggesting they are bona-fide homologs of Orf2. Because these Orf2-like
proteins were poorly conserved, | determined whether they were more closely related to other
putative targeting proteins. Each of the Orf2-like proteins was compared to the established
targeting proteins, TnsD, and putative targeting proteins TnsF and Orf3 (Table 2.2). While there
is no homology of Orf2 to TnsD or TnsF, half of the Orf2-like proteins studied had limited
homology to Orf3 from Tn6022 (described below). This raises the question of whether these two

proteins could be related, but without further analysis, this cannot be determined.
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Only three Tn6230-family elements contained a homolog to Orf3, which were conserved
in both sequence and in organization within the element, making it possible they have a similar
function in each transposon. A putative CCCH Zinc finger motif was identified in proteins
showing limited homology to Orf2 (Figure 2.6C) or Orf3 (Figure 2.6D). In order to determine
how widespread this protein is, and whether these proteins are DNA binding proteins a greater
number Orf2 and Orf3 proteins should be analyzed.

In five examples, there was a protein that had homology to both Orf2 and Orf3 but no
other putative targeting proteins (Table 2.1). An intriguing possibility is that this protein
represents an early form of targeting protein that later duplicated to give the Orf 2 and Orf3
proteins found in the Tn6022-like elements. To better understand evolution of this element and
which proteins are involved in target site selection, further analysis of a greater number of
Tn6022-family elements is merited.

Previous analysis of Tn6022-like proteins suggested Orf4 is highly conserved across
Tn6022-like elements (17). All of the Tn6022-like elements | examined in A. baumannii in the
comM gene encode Orf4, but the role of the Orf4 protein in transposition remains unstudied.
Future work investigating a role for one of the proteins found in A. baumannii D36, R. picketti
12D, or P. syringae pv. tomato str. DC3000 will be interesting given that there is limited
homology with Orf4 in these strains (data not shown). The TnsA proteins from these three
elements form a sub-clade (Figure 2.3), and given they appear to have homologs of ThsABC,
Orf2, Orf3, and Orf4, and are all found in comM, they can also be considered Tn6022-like
elements (as indicated in Figure 2.3). The other seven elements form a second subclade in the
TnsA tree (Figure 2.3), and may or may not contain an Orf4-like protein. Given that orf4 is not

immediately adjacent to orf3, and the right end of the element was not identified in these other
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seven elements of the Tn6022-family TnsA tree, our analysis did not include Orf4 in these other
elements.

As indicated above, each of the TnsD-like proteins from the Tn7-like elements were
compared to TnsD from Tn7 and TnsF from Tn6230. When each of the TnsD-like proteins was
compared to TnsD, the homology was much greater than when compared to TnsF. However,
there was still moderate homology of each of these TnsD-like proteins to TnsF (on average,
~25% identity over ~55% of TnsF) (orange, Table 2.2). The inverse comparison was also done:
each of the TnsF-like proteins was compared to both TnsD and TnsF. Likewise, although TnsF-
like proteins were more similar to TnsF from Tn6230 based on homology, a handful of the TnsF-
like proteins had moderate homology to TnsD from Tn7. The similarity shared by TnsD and
TnsF, albeit weak, may suggest a common ancestor.

In addition to the common CCCH zinc finger motif in TnsD and TnsF (Figure 2.6 A, B)
as indicated above, in all but one of the Tn6022-like elements a putative CCCH motif was also
observed in both Orf2- and Orf3-like proteins of Tn6022 (Figure 2.6 C, D). In Orf2, the spacing
between the central two Cysteines in the C-X,-C-X30.21-C-X2-H motif is closer to the established
domain in TnsD and may represent a domain similar to, but distinct from the recognized TnsD
zinc-finger domain. The Orf3-like proteins have multiple C-X,-C motifs separated by variable
amino acids at approximately the same region as the zinc finger domain identified in TnsD,
which may represent zinc finger motifs. However, the closest putative zinc finger domain is the
C-X3-C-X11.12-C-X2-H, shared by three of the four Orf3-like proteins. The Orf3-like protein of
Ralstonia pickettii, may be non-functional because it lacks the conserved Histidine. While this is
a putative domain in all of these proteins, structural analysis or further study will enable us to

confirm that this is a zinc finger domain.
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Putative CCCH Zinc finger domain in TnsD-like, TnsF-like, Orf2-like, and Orf3-like proteins
TnsD-like, TnsF-like, Orf2-like, and Orf3-like proteins from the hosts indicated are aligned
using the MUSCLE plugin in the Geneious software. The region representing the putative
CCCH Zing finger domain is shown. Conserved residues are indicated above the alignment, and
highlighted according to BLOSUM®62 matrix, conservation indicated by varying intensities of

yellow : green represents a high level of conservation.
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2.7 STRING Analysis Links Attachment Sites and Putative Target Site Selecting Proteins
As another tool to help identify candidate attachment sites of Tn6230- and Tn6022-clade
elements, | used a search tool: STRING (Search Tool for the Retrieval of Interacting Genes/
Proteins), which is hosted by EMBL (European Molecular Biology Laboratory) using each of the
putative targeting proteins as query. This database combines multiple types of preexisting
protein-protein association data (for example, mention of two proteins in the same publication,
high throughput experiments, or genomic context) to predict interactions. Because here | am not
assuming the protein generated from the gene containing the putative attachment site to
physically interact or share a functional pathway, I limited the evidence to computational
analysis using whole genome sequences. This will reveal putative associated proteins to the
input protein, or in our case the expected targeting proteins. For each of the putative targeting
proteins, all of the predicted linked proteins are represented by a network in which the proteins
are indicated by circles, and the proximal proteins are indicated by lines (Figure 2.7). The
computation took into account two types of genomic context: 1) the occurrence of adjacent genes
or multiple genes in a close neighborhood across a few species (neighborhood, green lines) and
2) the joint presence or absence of two proteins across multiple species (co-occurrence, blue
lines). The protein sequence from predicted protein associations that did not have a gene name
were submitted to pBLAST for identification, and the correct gene name is given in the figure.
Given that Tn7 has been well studied, I can confirm the STRING-predicted protein-
protein associations, that is, | expect, and find, that TnsD reveals TnsA, TnsB, TnsC and TnsE to
be protein associations (Figure 2.7). Furthermore, for all putative targeting proteins (TnsF, Orf2,
Orf3), | find that the core machinery proteins (TnsA, TnsB, TnsC) are revealed to be associated

proteins. However, in an attempt to identify an association with a gene location, I used the
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known association of Tn7 with gImS to determine if STRING could identify this “association”.
Expectedly, when TnsD was input into the STRING search tool, gimS was revealed as a protein
that may be associated with TnsD. An important caveat in this type of analysis is revealed by the
finding that using TnskE in the STRING program also identifies glmU, gimS, and yhfN. While
yhfN does not appear near glmUS, it could indicate a pseudo-attTn7 site, however to tease apart
the relationship of yhfN in Tn7 transposition, more analysis is needed. Therefore although
candidates can be suggested using STRINGS caution is warranted in this type of analysis. When
a search for TnsF was used in the program, it revealed the yhiN gene to be often found close to
the TnsF, which I have identified as a preferred insertion site in earlier work and in the results
presented above, further supporting this site as a putative attTn6230.

While Orf 3 came up in a search for Orf2, and vice versa, Orf4 only came up with Orf3.
The inverse, in a search for Orf4, only Orf 3 but not Orf2 came up. Protein sequences from
genes labeled AB57_#### were all aligned to the known TnsABC, Orf234, and ComM
sequences and appropriately labeled. Those that did not match were searched in NCBI, and
identified as “hypothetical protein”. Given the number of hypothetical proteins, it would suggest
that the Tn6022-like proteins have not been well characterized. Unfortunately, ComM was not
identified as a protein associated with either Orf2, Orf3, or Orf4. This ‘non-association’ can be
explained by the spread of Tn6022-family elements in different non-comM sites. Another more
likely explanation is that in cases where Tn6022 elements are found in comM, the gene is
effectively halved, such that based on the evidences used, comM would not be in the same run of

genes or co-occur with Tn6022-clade elements in the putative attachment site.
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Figure 2.6
Protein Network Association in STRING of TnsD, Tnsg, TnsF, Orf 2, or Orf 3
One protein sequence, belonging to any of the five putative target site selecting proteins, was
used as input (drawn as a red sphere). The number of interacting proteins was limited to 10
(default settings). A network view of the interacting proteins is shown. The evidence types
supporting the interactions were limited to neighborhood (green lines) and co-occurrence (blue
lines).
2.8 Conclusions

Based on a review of the literature, previous findings in the laboratory, and
bioinformatics analysis | argue that genomic islands can form at least at three distinct loci in

bacteria by processes catalyzed by heteromeric transposase elements. These elements have in

common TnsA, TnsB, and TnsC like proteins, but distinct types of confirmed or putative target
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selecting proteins. It is unknown if there is anything special about the heteromeric transposase
that encourages elements to evolve modular transposition pathways, but it seems likely that
additional target site selection proteins recognizing different attachment sites will be discovered.
In the current examples it is unclear if there are any special benefits to the transposon by
targeting the comM and yhiN genes. It will be interesting to determine how the Tn6022-clade
elements maximize recombination within the element in comM and the role this plays in the
spread of drug resistance in A. baumannii. Finally, it will be important to determine any
targeting mechanisms that facilitate horizontal transfer with the Tn6022- and Tn6230-like
elements.

2.9 Methods

2.9.1 STRING Analysis

The search tool STRING (Search Tool for the Retrieval of Interacting Genes/ Proteins), can be

found at http://string-db.org/, was used to help identify candidate attachment sites (19). This tool

is hosted by EMBL (European Molecular Biology Laboratory) using the amino acid sequence for
each of the putative targeting proteins as query. The prediction methods were limited to
“neighborhood” and “co-expression” on the output page. The amino acid sequence for proteins
that did not have gene nomenclature was submitted to the BLAST (Basic Local Assignment
Search Tool) hosted by NCBI (National Center for Biotechnology Information) at

http://blast.ncbi.nlm.nih.gov/Blast.cgi and the resulting name was pasted onto the graphic. Any

proteins that were labeled “hypothetical protein” were aligned to the known proteins that are
related to the respective element. For Tn6022, this was TnsABC, Orf2, Orf3, Orf4, and ComM,;
for Tn6230, this was TnsABCF and YhiN.

2.9.2 Upstream DNA analysis
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Upon identification of TnsA, the 1 kb of DNA upstream was first aligned to the same amount of
upstream DNA of the representative element in each transposon family. This same 1kb upstream
DNA was translated to open reading frames and the resulting amino acid sequences were aligned
to this representative. Finally, if these sequences did not align, the DNA sequence was submitted
to NCBI BLAST to find the most homologous sequence. Percentage identity and query
coverage for all of this upstream DNA is shown in Table 2.1.
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CHAPTER 3
TN7 TRANSPOSITION MEDIATED BY TNSE IS HOST SPECIFIC THROUGH
INTERACTIONS WITH THE BETA CLAMP OF DNA REPLICATION*
3.1 Summary
The bacterial transposon Tn7 utilizes the element encoded TnsABC+E to direct transposition
into actively replicating DNA. These insertions require TnsE interaction with the DnaN protein,
an interaction that is thought to be species specific. Previous work by Zaoping was able to
functionally replace the normal host DnaN with homologs from two foreign organisms,
Idiomarina loihiensis, and Shewanella baltica by providing these DnaN proteins in trans in a
strain with a temperature sensitive DnaN mutation (dnaN159) (17). In this chapter, | am able to
completely replace the host DnaN with these same two foreign clamps in the absence of any
other dnaN allele. Using the dnaN159 strain with the foreign clamps and TnsE proteins from
these same two organisms, the number of papillae (which suggests transposition) doubled in the
presence of TnsE and DnaN from the same host as compared to a control strain lacking TnsE.
To unequivocally show that actual transposition events were being monitored in the assay, |
genetically mapped the miniTn7 element used to indicate transposition in this strain. In strains
where the dnaN159 mutant was replaced by 1. loihiensis or S. baltica, the mutation frequency
increased in the absence of the accessory DNA polymerase I, likely due to the involvement of
Pol 1V and Pol V in the absence of Pol 1, which I confirmed to be real mutations.
3.2 Introduction
Transposons are mobile genetic elements that are capable of movement between

positions within a genome. The Tn7 transposon utilizes a cut and paste mechanism to move in

*Figure 3.1A has been published previously in Li Z. 2012. A molecular mechanism allowing transposon Tn7 to target active

DNA replication. Cornell University
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which the element is completely excised from one location and inserted into a new “target” site
(reviewed in (18, 24)). Tn7 transposition is activated upon recognition of one of its preferred
target sites. One preferred target is located on the chromosome, the Tn7 attachment site (attTn7),
and the other preferred target is certain types of DNA replication, but especially replication
associated with conjugal plasmid transfer. These two target types could be expected to facilitate
both vertical and horizontal transmission.

Tn7 encodes five proteins, TnsA, TnsB, TnsC, TnsD, and TnsE that allow for targeting
and insertion into both of its two target sites (attTn7 and conjugal plasmids). The core
machinery shared by both pathways is TnsABC, but transposition does not occur with the core
machinery alone. The TnsA and TnsB proteins form a heteromer that is responsible for the DNA
breaking and joining activities in transposition (6). TnsB recognizes specific sequences in the
cis-acting left and right ends of the element (1). These ends are large, containing multiple TnsB
binding sites with varying affinities for TnsB binding. The left end has four overlapping TnsB
binding sites, whereas the right end has three widely spaced sites for TnsB binding. TnsC is an
ATPase that is recruited by each of the two target site selecting proteins, TnsD or TnsE, to signal
the TnsAB transposase (10).

The TnsABC+D pathway targets insertions into attTn7, which is downstream of the glmS
gene (33). TnsD recognizes a specific highly conserved sequence within the gimS gene which
encodes the active site of the GImS protein. After recognition of this site, TnsD directs
transposition into the chromosomal attTn7 site, a single site located about 25 basepairs
downstream of where TnsD binds. Insertion into this site has no obvious fitness costs to the

host, making it a “safe haven”, where the Tn7 element is propagated with the host.
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Analysis of the DNA sequences that are used for insertion with TnsE-mediated
transposition indicates that TnsE has no obvious sequence that is recognized as a target (38).
TnsE recognizes features that are enriched for during lagging strand replication, 3’ recessed
DNA ends and B-clamps (a subunit of DNA Polymerase 111). These features are commonly
found on conjugal plasmids in recipient cells during mobilization and filamentous bacteriophage
during replication (see next two paragraphs), both of which stimulate TnsSABC+E transposition.

When conjugation is initiated, the relaxase protein creates a nick in the origin of transfer
(oriT) of the conjugal plasmid located in the donor cell (reviewed in (35)). The relaxase binds to
the 5” end of the leading strand, and the protein-DNA complex is unwound from the plasmid.
The nicked strand is then transferred into the recipient cell in a 5’-terminus to 3’-terminus
direction. Host-mediated DNA replication synthesizes the complementary strands in both donor
and recipient cells during the process of transfer. In the donor cell, the 3’ end resulting from the
nick is used to initiate continuous replication, as found with processing on a leading-strand
template. However, in the recipient cell, DNA replication is continuously re-primed in a process
more similar to events found on the lagging-strand template.

Filamentous phage has a single-stranded DNA genome protected by a protein coat during
transfer. During the process of infection, the phage genome is injected into the cell cytoplasm.
Upon entry into the cytoplasm, the ssDNA (called the “plus” strand, originally named for its role
in Sanger sequencing) is converted into dsSDNA by host-mediated replication. This newly made
“minus” strand forms the template off of which more plus strands are synthesized. As they are
synthesized, the new plus strands are separated from the DNA replication machinery,
encapsidated by phage proteins, and assembled into progeny phage. Similarities in infection and

replication of the M13 phage to the single stranded DNA bacteriophage PhiX (8) suggests that
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the M13 plus strand is replicated in a continuous manner (similar to processing events on the
leading strand template during replication), and the minus strand is replicated in a discontinuous
manner (similar to processing events found during replication of the lagging strand template).
Transposition assays in which TnsABC+E directs a ‘mini-Tn7’ element containing the
left and right ends and a selectable marker but no transposition machinery have been used to
determine orientation of these elements into various substrates. From these assays, TnsSABC+E
mediated insertions into conjugal plasmids and M13 bacteriophage have been shown to occur
almost exclusively in a singular orientation (9, 26). The cut and paste nature of Tn7
transposition leaves a 5 base pair duplication at the ends of the element, an indicator of Tn7
transposition. The process of transposition into a new site requires a nucleoprotein complex
formed by the transposition proteins, the Tn7 ends, and the target DNA substrate. The
differences between the left and right ends have been used to show that Tn7 has a strong
orientation bias, where it inserts into the attTn7 site and conjugal plasmids in a specific
orientation. In the absence of conjugal plasmids, at a very low frequency TnsE-mediated
transposition can also insert into the chromosome by recognizing aspects of DNA replication.
Chromosomal replication is initiated bidirectionally from a single site in bacteria, the origin of
replication (oriC in bacteria). In these transposition assays where a mini-Tn7 element is directed
into the DNA by TnsABC+E, mini-Tn7 elements have been found in the chromosome in one
orientation in each replichore of the chromosome, which corresponds to the direction of
replication. The orientation-bias in conjugal plasmids and the chromosome is likely due to
recognition of specific features found on these DNA molecules during replication. Two features
have been shown to be important for TnsE-mediated transposition: the sliding clamp protein and

3’ recessed DNA ends.
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The sliding clamp is a protein that acts as a processivity factor in DNA replication,
encircling the template DNA and freely sliding along it. The sliding clamp has homologs in all
three domains of life where the replicative DNA polymerases alone are unable to replicate long
stretches of DNA because they frequently dissociate from the DNA. An association of the
sliding clamp with DNA polymerases tethers the polymerases to the template DNA. In bacteria,
this protein (called the B-clamp) is encoded by the dnaN gene that is encoded in a highly
conserved region of the genome near the origin of replication. The crystal structure of the E. coli
B-clamp showed that two B-subunits are aligned head-to-tail forming a ring, where the two sides
of the ring are not symmetrical; one is referred to the “carboxy-terminal face” (or C-terminal
face) because the C-termini ends of the from each monomer are found on this face (29). The
closed ring structure of the B-clamp necessitates a loading-mechanism which opens the B-clamp
for assembly, and subsequently closes it around the DNA. The protein that catalyzes this
reaction, the clamp-loader, specifically targets the B-clamps to sites where DNA synthesis is
initiated and loads the -clamp in the correct orientation for interaction with the DNA
polymerases. Interactions of the B-clamp with polymerases and other proteins required for DNA
replication and repair are mediated through the conserved hydrophobic cleft on the C-terminal
face (14). The corresponding clamp binding motif of B-clamp interacting proteins is responsible,
in part, for interactions between the B-clamp and the DNA polymerases. Initial bioinformatic
analysis identified a clamp binding motif within sequences of DNA polymerases across diverse
bacteria (7, 36). One residue on the rim of the clamp has also been shown to play an important
role in regulating the interaction of polymerases with the DNA (12). The other face (N-terminal)

of the clamp has not been implicated in functional interactions.
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TnsE was shown to have a putative B-binding motif that resembles the consensus motif
found in other bacterial host proteins (7, 21, 36). This TnsE- B clamp interaction was confirmed
by yeast-two hybrid, electron-mobility-shift assay, far western blot, and surface plasmon
resonance analysis (21). Additionally, Tn7 transposition could be reconstituted in vitro using a
target plasmid containing a 20bp single-stranded gap in the duplex DNA and only showed
insertions at a specific site adjacent to the 3’ end of the ssDNA gap when preloaded with the -
clamp. Work in other labs indicates that the clamp is loaded onto DNAs in a single orientation
relative to the 3°’OH (13), and remains at the 3' OH end through interactions with single strand
DNA (11). A direct interaction between the 3-clamp and TnskE and a targeted insertion into a
plasmid loaded with the B-clamp suggest that the B-clamp plays an important role in targeting
insertions in vivo. Given that the -clamp is more highly represented on the lagging strand
template, this would suggest that TnsE is targeting to this strand via the B-clamp, which leads to
insertions in one orientation corresponding to lagging-strand template replication.

TnsE interacts preferentially with DNA structures that contain 3' recessed ends but not
structures with only 5' recessed ends (26). Given that TnsE gain-of-activity mutants identified in
random screen were found to display a specific increase in the ability to bind 3’ recessed ends,
this interaction appears important for Tnsk function (26). The availability of both 3’ recessed
ends and B-clamps in replicating cells would indicate that these targets are recognized in vivo.

Previous bioinformatics work in the Peters lab found that there are Tn7-like elements
(elements which contain obvious homologs of TnsABCDE proteins) in widespread bacteria.
Naturally, the question of whether Tn7-like elements could move between distantly related
bacteria was examined by testing if Tnsk from Idiomarina loihiensis, Shewanella baltica, or

Bacillus cereus could mediate transposition using TnsABC from E. coli. When Tn7
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transposition was monitored using TnskE from these foreign hosts with the core machinery from
the canonical Tn7 element isolated originally from E. coli transposition could not be detected.
Additional experiments tested whether functionally replacing B-clamps from these same three
foreign hosts would now allow for transposition. In order to do this, a strain carrying an allele of
the B-clamp that confers temperature sensitivity, dnaN159 was utilized. By using the dnaN159
strain 3-clamps from various hosts could be expressed from a plasmid moving them into the
strain at the permissive temperature, and their function could be assessed at the non-permissive
temperature for the dnaN allele. At a high temperature, only the B-clamps from various hosts are
expected to be functional in the cell, therefore in the absence of any exogenous B-clamp, the cell
will not survive. In order to determine whether these foreign clamps would allow for cell
survival, Zaoping complemented the dnaN159 temperature sensitive phenotype with expression
of the foreign clamps in trans. However, only dnaN from bacteria that are from the same Phyla
(1. loihiensis or S. baltica but not B. cereus) allowed for survival. To test whether the foreign
TnsEs could now mediate transposition in strains containing the foreign p-clamps, I constructed
strains containing TnsABC from E.coli and Tnsk from the foreign clamps. 1 then used these
strains in an assay which uses a ‘mini-Tn7’ element containing lactose utilization genes which
lack a promoter, making the strain phenotypically Lac-. If transposition occurs, the element
moving downstream of a promoter causes the cell to become Lac+. However, other genetic
rearrangements also allow a significant number of Lac+ events that are not related to movement
of the miniTn7 element as seen in strains that lack essential transposition functions. In strains
which contained TnsE and B-clamps from the same host the number of Lac+ colonies doubled as

compared to a control lacking TnsE.
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Figure 3.1
Individual accessory polymerase knockouts in dnaN159 strains
Results were measured at 37°C as described in the Methods. Error bars indicate the standard
deviation of mean. The four possible expressed DnaN are Ec E. coli; Il, 1. loihiensis; Sb, S.
baltica; Bc, B. cereus. Vc indicates vector control. A) After overnight growth, cultures were
plated on LB agar, and the number of colony-forming units was counted B) After overnight
growth, cultures were plated on media containing rifampicin and the number of colonies per total
cell number was calculated.

| suggest that the domains used to interact are likely conserved based on mutations of the
B-clamp interacting domain of TnsE that affect interactions with the 3-clamp (21), which would

lead us to believe that TnsE would be able to interact with B-clamps from different organisms.

However, as indicated above, in strains where TnsE and p-clamps were from different hosts there
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was no increase in papillae: only when these two proteins were from the same host show was an
increase found, suggesting that TnsE can interact with a region of the f-clamp outside the
hydrophobic pocket. An interaction with the rim of the B-clamp, which is outside of the pocket,
has also been observed in one host protein, Polymerase IV (12), an accessory polymerase with a
high mutation rate. Pol IV interacts with the rim of the clamp allowing it to bind to the clamp
even when the normal polymerase is replicating DNA. While Pol IV is also capable of
interaction with the hydrophobic pocket on the B-clamp, the hydrophobic cleft, its ability to
interact with at least one residue outside of this region appear to be unique. However, proteins
interacting with residues outside of the pocket have not yet been determined. The ability of Pol
IV to interact with the rim is suggested to be used to interact with the clamp allowing a fast
response when Pol 111 encounters damaged DNA over which it cannot replicate. If Pol IV is
bound to the rim of the clamp during normal replication, as soon as Pol 111 stalls it is released
from the DNA, Pol IV which is already at the site of damage is available to interact with the
hydrophobic cleft and replicate over the damaged DNA.

In the experiments described above which utilizes a miniTn7 element as a proxy for
transposition, containing the lactose utilization genes to a site downstream of a promoter, there
are many Lac+ events even in the absence of TnsE. Previous studies have found that many Lac+
events occur in the absence of movement of the Tn7 element by unrelated genetic events, which
are considered background (26). Additionally, at a very low frequency, (such as levels 10,000-
fold less than normal TnsD-mediated transposition or 20-fold less than TnsE-mediated
transposition when TnsE is expressed at a low level) some events associated with wild type
TnsABC can be detected (25). | was interested in how either Lac+ events as a result of unrelated

genetic events or the low frequency of Lac+ events associated with TnsSABC may affect the
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assay. | believe that the foreign clamps may exacerbate background events due to unrelated
genetic events. One possibility for the increase in events is that error prone polymerases may
have access to the replication fork because of mis-management of the proteins on the foreign
clamps.

In order to address the possibility that the Lac+ events are not a result of transposition, |
show that transposition in the strain containing TnsE and DnaN from the same host can only be
accounted for by real transposition events. | also find that the percentage of transposition events
in a strain containing the empty TnsE vector or strains expressing Tnsk and DnaN from different
hosts would not significantly affect the assay.

3.3 Results
3.3.1 Tnsk and DnaN from the same host are required for transposition with E. coli core
machinery

In order to determine if transposition can occur in strains expressing TnsE and p-clamps
from other species, a promoter-capture (or papillation) assay was used. This assay uses a
“miniTn7” element that encodes the genes for lactose utilization but lacks the requisite lac
promoter. This miniTn7 element is located in a region of the chromosome where it is not
transcribed, yielding a cell that is phenotypically Lac-. If the transposition machinery is
provided in trans, the element can move to a new site in the chromosome, which may be
downstream of an actively transcribed promoter, generating a cell that is phenotypically Lac+.
The conversion of phenotypically Lac- to Lac+ cells can be monitored on indicator media, where
red papillae arise from an otherwise lawn of white cells. The number of red papillae can indicate
that transposition occurred, however, Lac+ papillae can result from events independent of

transposition. For example, one type of change from Lac- to Lac+ that has previously been
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identified is movement of an 1S2 element endogenous to E. coli to a position where the 1S2
promoter can read into the miniTn7 element (25). In previous work it was shown that the vast
majority of the background events found in strains that did not have a functional target site
selecting protein were the result of various type of genetic rearrangements unrelated to
movement of the Tn7 element (25). Alternatively, it was also shown Tn7 can transpose at a very
low frequency from TnsABC alone, in the absence of TnsD or TnskE (25).

Zaoping constructed strains to test transposition with TnsABC from canonical Tn7 and
TnsE and B-clamp from foreign hosts (1. loihiensis or S. baltica) (17). When TnsE and B-clamps
were derived from the same host, approximately twice as many Lac+ events were found as
compared to strains containing foreign clamps and no Tns. The level of Lac+ events in a strain
containing foreign clamps and no TnskE was approximately the same as the level of Lac+ found
when the foreign clamps and Tnsk were from different hosts. Therefore, the simplest
explanation was that transposition was occurring only in strains that had TnskE and foreign
clamps from the same host. In fact, approximately 40% of the Lac+ papillae from the strain with
the TnsE and B-clamp from the same host were confirmed to be actual transposition events.
However, for an overabundance of caution to rule out the unexpected result where there was an
increase in genetic mutations or rearrangements in the presence of the foreign clamps, | did
genetic testing to confirm the background events were a result of previously events.

In order to explicitly show that the Lac+ papillae in the strains that did not have Tnsk and
B-clamp from the same host were not a result of actual transposition events, | did genetic and
PCR testing (Figure 3.2). First, to analyze the Lac+ events in the strains containing Tnsk and
DnaN from different hosts, the papillation assay with the same Tnst and DnaN combinations

was repeated. Then, red microcolonies were isolated, and the KanR determinant was moved to a
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Genetic mapping of transposition events in Lac+ papillae

A) Workflow describing genetic mapping of Lac+ papillae. Red microcolonies were restreaked
for single colonies. A P1 lysate was made from the restreaked colonies and transduced into a
reporter strain containing a chloramphenicol resistance gene linked to attTn7 selecting for
Kanamycyn resistance. B) Four possible cell types after P1 transduction. 1) 50% white colonies
are expected to be chloramphenicol sensitive, and 50% red colonies are expected to be
chloramphenicol resistant 2) 100% red colonies are expected to be chloramphenicol resistant
which are a result of small chromosomal rearrangements upstream of the element 3) 100% white
colonies are expected to be chloramphenicol sensitive 4) No transduction could be a result of
large chromosomal rearrangements

clean genetic background by P1 transduction. This clean background was a strain containing
chloramphenicol resistance gene linked to attTn7 (Figure 3.2A). These colonies were screened

to determine if the Lac+ marker also moved (the colonies were either red (Lac+) or white (Lac-)

on indicator media), or removed the CamR marker (the colonies were either chloramphenicol
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sensitive or resistant). There were three combinations of Lac phenotypes observed: 50% red and
50% white colonies, 100% red colonies, or 100% white colonies after P1 transduction to the
clean background.

For transductants that had 50% red colonies and 50% white colonies, the red colonies
were either chloramphenicol resistant (indicating possible movement of the miniTn7) or
chloramphenicol sensitive (indicating small upstream chromosomal rearrangement). In cases
where 100% of the colonies were red, they are expected to be chloramphenicol sensitive. The
third case was where 100% of the colonies were white and found to be chloramphenicol
sensitive, indicating no movement of the miniTn7 element. The fourth scenario, where no
transduction occurred, cannot be discounted, as it could be a result of large chromosomal
rearrangements but may also be a result of experimental error. Colonies where the genetics
suggested that transposition may have occurred were screened by PCR and the majority of those
ruled out transposition of the element.

| found that transposition occurred in the dnaN159 strain with the TnsABC core
machinery plus TnsE in E.coli at very low levels, but when Tnsk and DnaN came from the same
foreign host, the transposition greatly increased. That is, results from the P1-mediated genetic
transduction indicate that less than 13% of the strains containing DnaN from |I. loihiensis and no
TnsE were actual transposition events. While not confirmed by DNA sequencing, the strain
containing DnaN from E. coli and TnskE from I. loihiensis had between 11-13% actual
transposition events, and the strain with DnaN from S. baltica and Tnsk from I. loihiensis had
between 4-6% transposition (Figure 3.2). This supplements previous results from Zaoping that
in the strains with Tnsk and DnaN from the same hosts, 40% of the Lac+ colonies were a result

of actual transposition events. Together, these results indicate that Tnse homologs would only
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allow significant transposition over background levels in the assay when the $-clamp from the
same host is also being used in the cell, or TnsE is, in fact, species-specific. These results rule
out the concern that the level of papillation events that are due to TnsABC are not skewing the
results.

3.3.2 DnaN from foreign hosts allows E. coli growth

The B-clamp is made up of two DnaN monomers, therefore having two varieties in the
cell (B159 and foreign clamps) may lead to the formation of B-clamp heterodimers. Zaoping
took a lot of care to show that the foreign clamps are capable of restoring wildtype phenotypes in
the dnaN159 mutation- especially temperature sensitivity (17). While it is known that the 3159
homodimer is incapable of DNA replication at a higher temperature (4), the ability of the 159
molecule at permissive temperatures to complex with wild-type or foreign p-clamps remains to
be studied.

To investigate the possibility that foreign B-clamps are sufficient to allow viable cells, the
chromosomal copy of dnaN was deleted, so that the only B-clamp available in the cell was
provided in trans from the plasmid. The chromosomal dnaN was knocked out by way of Kan-I-
Scel (described in Methods, Figure 3.4B). Briefly, to facilitate deletion of dnaN, a strain in
which DnaN-6xHis was expressed from an alternate locus and also had the capability of
expressing the lamda red recombination proteins (Exo, Bet, and Gam) from the chromosome was
used. An intermediate strain was generated using lambda red recombination to swap the dnaN
gene with a DNA fragment containing a Kanamycin resistance gene and 1-Scel recognition site.
To generate this strain, a DNA fragment that encoded the KanR gene containing tails of DNA
homologous to the DNA flanking dnaN was added to a strain expressing the lambda red

recombination machinery, and selected for resistance to Kanamycin. This intermediate strain
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Figure 3.3

Strain development of the dnaN" strain containing foreign clamps expressed in trans.

A) Original strains were able to express dnaN159 at 30°C, therefore the possibility that DnaN*>®
homodimers, DnaN" homodimers, and DnaN ****"" heterodimers are formed. B) Strains were
made by replacing wild-type dnaN with a Kan-1-Scel element using a strain containing
temperature inducible exo-beta-gam (c1857 A(cro-bioA)), selecting for KanR cells. The
fragment was deleted by inducing I-Scel from a plasmid, and screening for Kanamycin
sensitivity. Primers flanking the deletion site were used to amplify and sequence the deletion.
was then transformed with a DNA fragment containing the “empty site” and a plasmid with an
inducible I-Scel endonuclease. The “empty site” was comprised of DNA flanking the
chromosomal dnaN without any dnaN sequence. 1-Scel cleavage of the chromosome allows

lambda-red recombination between these double stranded breaks and the linear double stranded

DNA fragment. The resulting strain was confirmed to be deleted for dnaN, and the deletion was
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moved by P1 transduction of the linked TnaA::Tn10-TetR gene into our transposition assay
strain containing dnaN from various hosts provided in trans. In separate experiments, the KanR-
I-Scel cut site was moved into the dnaN locus in the transposition assay strain expressing dnaN
from foreign hosts in trans. In both cases, moving the empty site or the Kan-1-Scel cut site into
the dnaN locus of the transposition assay strain could be done when the B-clamp from 1.
loihiensis, S. baltica, or E. coli was expressed from a vector, but not when the cells contained an
empty vector or the B-clamp from B. cereus. These data confirm that dnaN from heterologous
hosts can be recognized in the cell by the host machinery to support growth of E. coli.

3.3. 3 Is the mutation frequency in dnaN159 strains expressing DnaN from Idiomarina loihiensis
the result of real mutations?

The accessory DNA polymerases may be able to interact with these foreign p-clamps and
therefore may be able to act at the replication fork when Pol 111 disassociates from the DNA.
Previous work by Zaoping showed that other polymerases are required for DNA replication: in
the absence of Pol Il in strains containing dnaN from foreign hosts, the cell density after
overnight at a semi-permissive temperature was three orders of magnitude less than the wild-
type, an effect that was not observed in the absence of either Pol IV or Pol V (at 37°C; between
the ‘permissive’ temperature of 30°C and the ‘non-permissive’ temperature of 42°C) (Figure
3.1A, (17)). One explanation for dependency on Pol Il is in the absence of Pol Il, these other
two accessory polymerases are not impeded from replicating over damaged DNA. While Pol Il
has proofreading capabilities, these other two polymerases are highly mutagenic. In support of
this, it was found that a strain expressing foreign clamps that lacked Pol Il had a greater mutation
frequency, as measured by spontaneous mutations of the rpoB gene (a subunit of the RNA

polymerase holoenzyme to which rifampicin binds) to generate rifampicin resistance cells
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(Figure 3.1B, (17)). Frequency is measured by the number of rifampicin resistant colonies over
the total number of colonies from the same culture. Strains that lacked either Pol 1V or Pol V did
not show this same increase in spontaneous mutation frequency (Figure 3.1B, (17)).

| set out to determine whether the increased mutation frequency in the Pol 1l knockout
dnaN159 strain were true mutations. These experiments required repeating the spontaneous
mutation frequency assay in which an overnight culture is spread on agar media containing
rifampicin and the gene responsible for growth, rpoB, sequenced from the resulting colonies. |
was able to show that the cells able to grow on this medium had true mutations of the rpoB gene

in the active site (Figure 3.3).

Blue: All polymerases
Red: Pol Il knockout

Figure 3.4

RpoB mutants mapped onto a depiction of the active site structure of RpoB bound to rifampicin
(5). Mutant amino acids circled in red or blue. These were identified as Rifampicin resistant
colonies from the dnaN159 strain containing pBBR-dnaN-I.loihensis, with or without polB. The
thickness of the circle indicates the number of mutants identified at that residue.
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In the absence of Pol II, I can make two arguments that Pol IV is the main agent in
causing the increased cell mortality. The first argument is based on deletion of another
polymerase, Pol V, where the expection is that in the absence of Pol V, there is an increase in the
usage of the other accessory polymerases, including Pol 1VV. Therefore, the observation by
Zaoping that when Pol V is knocked out in strains containing foreign clamps, there is an order of
magnitude drop in survival rate from an overnight culture, would suggest that the other
polymerases, and likely Pol IV, are responsible for the drop in survival rate. The other argument
| can make for Pol 1V leading to increased mortality is that a knockout of Pol IV leads to
increased cell survival in a strain expressing dnaN from B. cereus or the empty vector as
compared to a wild-type control containing these vectors. These results jibe with findings that
Pol IV overexpression in a dnaN159 strain leads to impeded cell growth, which is thought to be
the result of the ability for Pol IV to switch more efficiently with Pol 111 than with other
polymerases, and once in this position, prevents other polymerases from accessing the fork (12).
In this scenario, both Pol 1l and Pol IV may compete for binding the  clamp, such that in the
absence of one polymerase, the other would not be blocked from interacting with the 159
protein. In the case of a Pol IV knockout, the Pol II would have access to f159 and be able to
‘stabilize’ it at higher temperatures, leading to increased cell survival. This suggests that in cells
lacking Pol IV the cell’s recourse is to utilize Pol IT and Pol V to replicate over damaged DNA,
neither of which have a negative effect as severe as Pol 1V.

Strains containing dnaN159 and the complete set of polymerases were used to assess
TnsE-mediated transposition in the presence of foreign B clamps. Given that Pol IV has been
shown to switch with Pol 111 at a greater efficiency than the other polymerases, it is possible that

it leads to an increase in the mutation frequency. If Pol IV does lead to a higher mutation rate, it
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may also be responsible for the increased number of background events which are observed as
Lac™ papillae in our transposition assay strain. While | showed that these background events are
not transposition events (section 3.3.1), it remained uncertain which accessory polymerase was
causing this effect.

While Pol IV and Pol V lack proofreading capabilities, Pol 11 has an exonuclease domain
which is capable of removing an incorrect base, so any incorporated error can be removed and
the polymerase can ‘try again’. In the presence of a DNA mismatch, if Pol II inserted the wrong
base, the error would be rectified. However, the other two polymerases do not have this function
and any mismatched bases are not fixed by the polymerase. One commonly used assay to
determine mutation frequency in different bacterial strains is the rifampicin resistance assay, in
which the number of colonies capable of growing on rifampicin plates is divided by the total
number of viable cells to yield the mutation frequency. Additional analysis by sequencing the
rpoB gene can determine the capacity of polymerases to replicate over different types of DNA
damage, resulting in different types of DNA mismatches, and therefore a difference in the overall
mutation spectrum for each polymerase (base substitutions, frameshifts, deletions, insertions)
Previous studies have determined differences in the types of mutations in a wild-type strain as
compared to a strain which lacks the exonuclease domain of Pol 1. More specifically, while
there was a set of mutations of rpoB identified in the wild-type strain, an additional site was
found in the Pol Il exonuclease knockout strain (28). This contrasts with another polymerase,
Pol 1V, which when overexpressed, has a different distribution of mutations in rpoB, where three
hotspots were identified (37).

| attempted to determine which polymerase is responsible for the increased mutation

frequency in the Pol Il knockout strain by sequencing the rpoB gene from colonies growing on
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media containing rifampicin. Although there are limitations on the types of mutations identified
by this experiment because the RpoB protein is essential, other researchers have used this
experiment to identify differences in the types of mutations when various polymerases are
overexpressed (28, 37). From this, | determined that the pol Il deletion strain had a different
spectrum of mutations in rpoB than the wild-type (Figure 3.3). Despite this difference, it did not
produce any of the same hot spots as previously observed (28, 37). These differences may be a
result of capabilities of Pol IV and Pol V to weakly interact with either dnaN159 or the foreign
clamps in the absence of Pol II.
3.4 Discussion
3.4.1 Tn7 species specificity: the TnsE-f clamp interaction

Diverse bacterial hosts that contain Tn7-like elements located in attTn7 have been
isolated from a broad range of environments (22, 23). The ability to modulate between inserting
into conjugal plasmids and into attTn7 would presumably enable the Tn7 element to transfer
horizontally and then into the chromosome. Insertions into conjugal plasmids are mediated by
TnsE, whereas chromosomal insertions are mediated by TnsD. While the proteins responsible
for targeting insertions into the chromosomal site have been well characterized, less is known
about TnsE-mediated insertions. Previous work has pointed to the B-clamp of DNA replication
and 3’ recessed ends as interacting partners for TnsE (21, 26). The B-clamp is diverged, despite
its requirement for cell viability.

The B-clamp is a protein encircling DNA capable of sliding along the DNA, which is
essential to coordinating events on the DNA during and after replication, including events related
to DNA replication, recombination, and repair. The B-clamp limits access to the DNA by

providing one surface to which these proteins bind, forcing interacting proteins to act in a
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progressive manner. For example, the clamp loader complex must first load the clamp onto the
DNA before the B-clamp can interact with any of the DNA polymerases. The surface of the
clamp to which these proteins bind is conserved across the entire face, but more importantly
contains a highly conserved hydrophobic cleft. More than one -clamp binding motif has been
found that interact with this cleft.

Given the essentiality of the 3-clamp, similar ring-shaped structures that coordinate
processes on the DNA are found in other domains of life, including bacteriophage T4 (19).
Despite being highly diverged, the clamp loader from Staphylococcus aureus, a Firmicute, is
capable of binding to and loading -clamps from either E. coli (a Proteobacterium) or
Streptococcus pyogenes (a Firmicute) onto DNA in vitro. However, these foreign (E. coli or S.
pyogenes) B-clamps are unable to reconstitute a functional DNA polymerase holoenzyme with
the normal DNA polymerase from Staphylococcus aureus in vitro (2, 16). That is, after
reconstitution of the holoenzyme, replication of the DNA was not observed. This is thought to
be due to a strong interaction between the clamp loader and the clamp such that the clamp loader
cannot release from the clamp, or a weak interaction between the polymerase and the clamp such
that the polymerase readily falls off the clamp. In the first scenario, it is possible that the clamp
loader recognizes additional residues on the clamp, possibly in less-conserved regions of the
clamp. In the second scenario, the heterologous polymerase may normally require interaction
with residues that are not found on the foreign clamp. Both possibilities are in concordance with
the result that clamp interacting proteins may recognize more than the hydrophobic cleft, a result
that has been noted in PollV, which is thought to have independent interactions with the rim of
the clamp (12, 34). Additionally, other residues important in binding a domain outside of the

hydrophobic pocket may be specific to certain proteins within the cell. Previous results have
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shown that the B-clamp from I. loihiensis and S. baltica but not B. cereus are able to complement
the phenotypes of the dnaN159 allele (17), suggesting they are recognized by the clamp-loader
complex and the normal DNA polymerases. Because we do not know the nature of the inability
for B. cereus to complement this phenotype, it remains to be seen whether regions other than the
conserved pocket are used to form important contacts to interacting proteins.

TnsE has a variant of the B-clamp binding motif that is conserved (21), which would
suggest that it is capable of interacting with the conserved hydrophobic pocket of the f-clamp.
However, only TnsEs and B-clamps from the same host has an increased papillae number. The
species-specific interaction was drawn into question because of the high level of papillae in
strains lacking TnsE or containing Tnsk and DnaN from different hosts. | showed that only a
small fraction of these putative events are real transposition events (Figure 3.1), which
complements the previous result of a higher percentage of actual transposition events in the
strain containing TnskE and DnaN from the same host (personal communication, Zaoping Li).
The percentage of actual transposition events in the four strains studied in combination with the
number of papillae indicates that there is nearly four times as much transposition in strains
containing Tnsk and DnaN from the same host a result that is consistent with the increase in
papillation coming form actual transposition events. This confirms that significant transposition
cannot be found to explain the Lac+ papillae in strains containing Tnsk and DnaN from different
hosts. These results confirm a species-specific interaction between Tnsk and the -clamp.
Because both the clamp binding domain of TnskE and the hydrophobic pocket of DnaN are
conserved, the species specificity would suggest that TnsE interacts with regions of the clamp
outside of the binding pocket, that are not conserved. This is supported by the recent finding that

other proteins, such as Pol 1V that interacts with a residue on the rim of the clamp which is not
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well conserved (12). Itis also supported by the finding that only overexpression of TnsE induces
the SOS response (21), likely because it does not interact exclusively with the hydrophobic cleft.
To support this, the B-clamp containing a G174A mutation located near the hydrophobic cleft but
not the G174/G66E double mutant which has an additional mutation at the rim of the clamp
structure stimulates TnsE-mediated expression (21).

The species specificity maintained by the TnsE-DnaN interaction confirms other
observations that Tn7-like elements seem to have host-specificity, in that similar Tn7-like
elements are found in related bacteria (17). The TnsD specificity for the highly conserved attTn7
site (rather than a host protein partner) and ability to mediate insertions across domains of life
would suggest that it does not harbor any species specificity.

The resulting model is that the TnsE from a Tn7 element in the chromosome is expressed
such that when a conjugal plasmid enters this “recipient cell”, TnsE mediates insertions into the
conjugal plasmid. After movement of the plasmid to a new cell, the element is transferred to the
attTn7 site by TnsD-mediated transposition. At that point, if this new host is evolutionarily close
to the previous host, the process will begin anew. If, on the other hand, the new host is highly
diverged, given the inability for TnsE to interact with the B-clamp, the Tn7 element would
remain in the attTn7, unable to move again. Subsequent mutations in TnskE could adapt to the
new bacterial strains, allowing transposition into conjugal plasmids in these strains, but would
then not be able to mediate transposition in the original strain.

3.4.2 Polymerase interactions with foreign clamps

Recent work has shown that the DNA polymerase, Pol 1V, can interact with unique

contacts on the B-clamp (i.e. the rim or N-terminal face) to compete with each other for

interaction with the clamp binding motif (12, 30, 31, 32). Experiments utilizing mutations of Pol
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IV that disrupted specific interactions with the B-clamp showed that it relied on both the
interactions with the hydrophobic cleft and at least one residue on the rim of the  clamp to allow
it access to the replication fork (12). The work done by Heltzel et al. 2012, utilized the dnaN159
strain, which was also used in the work shown in this chapter (12). To study the interactions of
various polymerases with 159 in vitro, temperature sensitivity or UV sensitivity can be
monitored. However even at a permissive temperature, increased expression (~28 fold greater
than steady state conditions) of Pol IV led to growth impairment of dnaN159 strains (12). This is
thought to be due to a greater availability of the 159 protein, where Pol IV is actively competing
for the clamp, leading to poor growth. In contrast, increased levels (~7 fold higher than
background) of Pol IV confer UV sensitivity in dnaN159 mutant background (12). In an in vitro
system, Pol IV interacts with the rim of the B-clamp during normal DNA synthesis by DNA Pol
111, and is capable of interacting with the f-clamp binding motif when the Pol 111 is released from
the B-clamp, such that the hydrophobic pocket can interact with other polymerases (15). All of
these data together suggest that Pol 1V is likely the polymerase responsible for the negative
phenotypes observed in a dnaN159 strain, and may do so by gaining inappropriate access to the
replication fork. Furthermore, over-expression of Pol IV leads to severe growth impediments in
strains containing the 159 protiein (12). From this we can begin to ask the question: do
polymerase interactions with foreign clamps mirror those of $159? This model can be confirmed
in future work where the accessory polymerases are deleted as single, double, or triple knockouts
in the presence of only the foreign clamps and testing if these strains have decreased cell
viability and increased mutation frequency.

Because | can completely delete the dnaN159 allele in the presence of foreign clamps, |

suspect that the foreign clamps form a homodimer even in the dnaN159 strain. Therefore, in
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experiments studying the effect of polymerase knockouts on the mutation frequency in the
presence of foreign clamps, the polymerases are able to interact with these foreign clamps,
causing the increased mutation frequency. In the absence of Pol 1, one of the other two
accessory polymerases, Pol IV and/or Pol V, are expected to interact with the B-clamp. Given
that these two polymerases have a high rate of mismatch incorporation, when mutation frequency
was monitored, an increase in mutation frequency was observed. By sequencing rpoB mutants, |
was able to confirm that mutations were real events.

Additional work showed that these mutations were not similar to any previously
established pattern caused by an accessory polymerase. One possibility for these observations is
that Pol IV is unable to bind the rim of the foreign clamps via the secondary binding motif
because they are too diverged. This binding which would allow Pol 1V to be bound to the clamp
during normal replication and ‘swing in’ to position when Pol III is unable to replicate over
damaged DNA, may no longer be available. Pol V has not been shown to have this ability to
interact with a residue on the rim of the clamp, therefore, in the absence of Pol Il in these strains,
it may have an equal chance at accessing the 3-clamp as Pol IV.

3.4.3 Homodimer formation

How polymerases use the B-clamp in strains containing both the dnaN159 allele and
foreign clamps could not be confidently assessed given the possibility that the cells have both the
B159 protein and the foreign clamps. Despite previous experiments that were done at a higher
temperature, these experiments do not rule out the possibility of heterodimer formation (17).
The B159 protein has two mutations, G66E located at the rim of the clamp structure, and G174A
located on the conserved C-terminal face, near the hydrophobic cleft. f159 is capable of

supporting growth at 30°C, but at high temperatures the strains cannot survive. Based on the
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inability for the purified protein to restore holoenzyme activity to Pollll at high temperatures in
vitro (4), it is possible this is what leads to the inability for the cells to survive at the high
temperatures in vivo. The high temperatures are thought to disrupt the protein structure,
diminishing the capacity of the -clamp of interacting with the normal polymerase used in DNA
replication, DNA Polymerase III. Even B159 purified from cells grown at 30°C has reduced
ability to interact with the rest of the Pol I11 holoenzyme to synthesize DNA (4), possibly due to
an impaired interaction with the a- subunit of this polymerase (30). However there was one
possibility that the B159 protein may have been stabilized by the formation of heterodimers with
foreign clamps. While the rifampicin mutation results would suggest absence of the dnaN159
(presence of 159 in a Pol II knockout strains grown on rifampicin would leave mutational
hotspots in rpoB characteristic of Pol 1V, resulting from an increase in the access of Pol 1V to the
-clamp), heterodimer formation could not be completely ruled out.

In order to address this issue, a complete dnaN knockout (lacking any chromosomal dnaN
allele), with the foreign clamps expressed in trans, would be viable. | was able to generate this
strain multiple ways, and show that DnaN from I. loihiensis and S. baltica are able sustain
growth of these strains.

3.5 Methods

3.5.1. Media and chemicals

Minimal media, LB broth, and LB agar were prepared as described by Miller (20). Minimal
Media was supplemented with 0.2% appropriate carbon sources (glucose, maltose). LB was
supplemented with 0.2% glucose to suppress transcription of the Plac promoter. Ability to
utilize lactose was evaluated on MacConkey lactose agar (Difco) and arabinose was added to

0.2% to induce expression of the Pgap promoter. lIsosensitest agar (Oxoid) was prepared for
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growth in the presence of trimethoprim. Antibiotics were used at the following concentrations:
ampicillin (Amp), 100 pg/ml; chloramphenicol (Cm), 30 pg/ml; kanamycin (Km), trimethorpim
(Tp), 100 pg/ml; and rifampicin (Rif), 50 pg/ml.

3.5.2 Bacterial strains and plasmids

An W3110 A(argF-lac)U169 {Acl857 A(cro-bioA)} derivative strain containing lamB::dnaN-
camR (AN13) was used to construct dnaN deletion. Deletions were generated by an initial
amplification of a Kanamycin cassette containing an 1-Scel cut site with tails complementary to
sequence flanking the target gene. This amplified PCR product was cleaned following kit
instructions (Promega). Strain AN13 was grown to mid-log at 30°C, incubated at 42°C for 15
minutes to induce lambda red recombination machinery, and immediately chilled. The strain
was then prepared for electroporation as previously described (39), briefly the cells were rinsed
three times and resuspended with ice cold ultrapure water (HPLC grade), the DNA fragment (the
Kan-1-Scel deletion fragment) was added, the cells were transferred to 0.2mM cuvettes and
electroporated according to electroporator protocol (BioRad). LB media was added to the cell
slurry, incubated at 30°C for one hour, and the entire cell mass was plated on LB plates
containing kanamycin to select for Kan™ recombinants. After PCR screen of successful
recombinants, tnaA::Tn10-TetR was introduced by P1 phage grown on AP200 (NLC28
tnaA::Tn10-tet). This locus is 0.16 minutes from dnaN, so after selecting transductants on Tet,
and screened on Kan, the tnaA::Tn10-TetR is linked to the dnaN::Kan-I-Scel (AF651). The
deletion was generated as indicated above, simultaneously transforming in two DNAs: 1. a PCR
product of the deleted fragment with tails complementary to sequence flanking the target gene,
and 2. an a pPBAD24 expression vector containing an arabinose inducible I-Scel restriction

enzyme. Immediately upon electroporation, LB containing 0.2% arabinose was added to the
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growth medium to induce the I-Scel enzyme. Transformants were selected for on LB+ 0.2%
arabinose + 100ug/mL ampicillin. Resulting colonies were streaked onto LB+ kanamycin
+ampicillin or LB+ ampicillin only. Transformants that were unable to grow on media
containing kanamycin were then identified as having the dnaN deletion using PCR to screen for
the expected size fragment. DNA sequencing confirmed that unexpected errors were not
introduced during PCR amplification. P1 phage was grown on this strain (AF659-665) and
transduced into JP1386 expressing dnaN in trans from either E. coli (AF807-810), I.loihensis
(AF859-864), or S. baltica (AF865-870), selecting for resistance to tetracycline (which is now
linked to the dnaN deletion). The final step was to introduce the mTn7::lacZY A’::Kan cassette
which is used in the papillation assay (described below). P1 phage was grown on a strain
containing this cassette (JP1776), transduced into the final recipient strain (either AF809, AF862,
or AF868), selected for Kanamycin resistance, and screened for Tet. A second confirmation of
the deletion was obtained by PCR screen for the expected fragment size, as described below; the
resulting strain is: JP1386 AdnaN tnaA::Tn10-TetR mTn7::lacZYA’::Kan pBE® " 'SP,
3.5.3 Papillation assay

To determine the frequency of transposition in the background strains, first the
papillation assay previously known as promoter capture assay was repeated (3)(27). In this
assay, a mini Tn7 element encoding lactose utilization genes flanked by the cis-acting ends of
Tn7 from E. coli and which lack a promoter was present in the attTn7 of the background strain.
In this site, the lac genes are not transcribed, therefore the strain is unable to utilize lactose (Lac’
), so when patched in this assay it presents as a white lawn on MacConkey’s lactose indicator
media. Transposition to a new position downstream of a promoter in an orientation that would

allow for transcription of the Lac genes, the cells will be phenotypically Lac®, presenting as red
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microcolonies on the lawn of Lac™ cells. The number of Lac™ papillae provides an indicator of
transposition levels. The transposition proteins are provided in trans, where TnsABC are
provided on pCW15, and TnsE homologs are provided on pBAD24. A negative control (strain
lacking TnsE) is always included to indicate “background events” which are likely a result of
random chromosomal rearrangements and other mutations upstream of the mTn7 element (25).
These background events need to be confirmed that they are not the result of actual
transposition events. In order to do this, | used a combination of genetic and PCR confirmation.
Genetic testing involved streaking out the red papillae, making a P1 lysate from these strains,
transducing into a clean genetic background, screening these transductants for ability to utilize
lactose and loss of chloramphenicol resistance, and PCR amplification of the attachment site.
The clean background used had a chloramphenicol resistance gene linked to (78kb from) the
attachment site. If transposition did not occur, resulting P1 transductants will remain white when
streaked on indicator media and lose the chloramphenicol resistance. However, if transposition
did occur to a region far from the attachment site, resulting transductants will be red when
streaked on indicator media, and still be resistant to chloramphenicol. In greater detail, two red
papillae were streak purified from the lawn onto MacConkey’s agar, grown at 30°C overnight
and inoculated into LB+0.2% maltose. A P1 phage lysate was made from these strains, and
transduced into a strain carrying attTn7::cat::FRT. The transductants were selected on
MacConkey’s agar containing Kanamycyin (to select for transductants that crossed in DNA
containing the mTn7::lacZY A’::Kan element). The resulting colonies were further screened for
chloramphenicol sensitivity by streaking on both LB and LB+30ug/mL Chloramphenicol plates,
where sensitivity indicates movement of the mTn7::lacZY A’::Kan element into or nearby the

attachment site. P1 events that resulted in red colonies were further mapped by amplification of
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one end of Tn7 and the flanking chromosomal glmsS, as described below. This amplification
acted as a final confirmation in scenarios where no movement of the element was suggested by
genetic testing, and as a mechanism to distinguish between actual transposition and small genetic
rearrangements. Running the amplified product on a gel showed a band, indicating presence of
the mTn7 element in the attachment site, or no band, indicating inability to amplify the element
from the attachment site, which was attributed to an actual transposition event.
3.5.4 Spontaneous mutation analysis

Spontaneous mutations were first generated by an assay adapted from Sutton et al. 2005
(32), which was originally used to monitor rifampicin resistance. Each strain background to be
tested was grown overnight at 30°C on minimal media agar + 0.2% glucose containing the
appropriate antibiotics. The rpoB genes of resistant colonies were amplified by inoculating one
colony into minimal media broth +0.2% maltose at 30°C, shaking overnight. Cultures were
plated onto LB+50 pg/ml rifampicin, and grown overnight. Colonies were re-streaked onto LB
+rifampicin, picked into LB, and grown at 30°C overnight, shaking. DNA was extracted using
phenol chloroform-CTAB (20). Briefly, cells were lysed with .05% SDS, and 0.1ug/mL
proteinase K. NaCl was added to a final concentration of 0.7M . Debris was removed with the
addition of CTAB in a NaCl solution to a final concentration of 1% CTAB/1.4MNaCl. Mixtures
of Chloroform-Isoamyl Alcohol and Phenol-Chloroform-lIsoamyl Alcohol were added
sequentially to remove CTAB-protein complexes. DNA was precipitated with isopropanol,
washed with 70% ethanol and resuspended in sterile water. The DNA fragments resulting from
the PCR reactions were sequenced to distinguish actual mutations of this gene, responsible for
sensitivity to rifampicin.

3.5.5 Polymerase chain reaction conditions
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All PCR reactions were run in a 25-ul reaction mix containing 0.2uM each primer,
0.15mM deoxynucleoside triphosphosphate, 40mM MgCl,, 1X PCR Buffer, and 0.2uL Taq
DNA Polymerase per reaction. The primers and PCR conditions varied as follows. All PCR
products were run on a 1% agarose gel and visualized after staining with ethidium bromide.

Amplification of the dnaN region was used to confirm dnaN deletion. A 1,599 base pair
region of the chromosome flanking and including dnaN was amplified. The forward primer was
5’-GCATTGCAGGAAAAACTGGT-3’, and the reverse primer was
5’-CTCATGGCGAATGACGCGAC-3’. Touchdown PCR conditions were used: an initial
denaturation at 95°C for 2 minutes, followed by 11 cycles of denaturation at 95°C for 30s,
annealing at 65°C for 30s with a 1°C decrease every step, extension at 72°C for 30s, 25 cycles of
denaturation at 95°C for 30s, annealing at 55°C for 30s, extension at 72°C for 30s and a final
extension at 72°C for 2 min.

Amplification of the left end of Tn7 and DNA flanking the insertion site was as
previously described (25). The forward primer was
5’-GCGTGGCATCCACTAAAGCATTCA -3’ and the reverse primer was
5-ACTTTATTGTCATAGTTTAGATCTATTTTG -3°. The PCR conditions were an initial
denaturation at 95°C for 2 minutes, followed by 30 cycles of denaturation at 95°C for 30s
annealing at 60°C for 30s and extension at 72°C for 30s, with a final extension at 72°C for 2 min.

Amplification of rpoB was modified from experiments previously described (32). A 988-
base pair region of the rpoB gene (which encompasses the active site that interacts with
rifampicin) was amplified by PCR. The forward primer was 5°-
TCGAAGGTTCCGGTATCCTGAGC-3’ and the reverse primer was 5’-

GGATACATCTCGTCTTCGTTAAC-3’. The PCR conditions were an initial denaturation at
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95°C for 2 minutes, followed by 30 cycles of denaturation at 95°C for 30s annealing at 49°C for
30s and extension at 72°C for 30s, with a final extension at 72°C for 2 min. PCR products that
gave a visible band were cleaned using the Promega PCR purification kit, and submitted for
sequencing.
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CHAPTER 4
METHODS FOR STUDYING TNS PROTEINS IN VITRO AND MAPPING

TRANSPOSITION INSERTION EVENTS VIA HIGH THROUGHPUT ANALYSIS*
4.1 Summary
Tn7 transposition uses two distinct mechanisms to control targeting and frequency of insertions
into either a specific site within the genome or random sequences within the DNA. The ability
of one protein, TnsE to mediate insertions preferentially into the lagging-strand during DNA
replication is due to an interaction with components (the B-clamp and 3’ recessed ends) that are
enriched on this strand. Another protein has been found to change the nature of targeting to this
strand, SegA, a protein involved in replication initiation in Escherichia coli. SegA binds to and
organizes hemimethylated GATC sites throughout the chromosome, sequestering the origin of
replication by oligomerization and forming a filament that tracks behind the replication fork.
The TnsE mediated insertions map to different regions in the chromosome in a segA knockout
mutant as compared to the wild type strain. In order to understand how the different domains of
SegA affect transposition in vivo, determining the frequency and targeting of TnsE-mediated
transposition in strains expressing SeqA mutants is imperative. The number of potential SegA
mutants that are of interest merits new ways to study how SegA interacts with TnsE in vitro and
how the SegA mutants affect TnsE-mediated transposition in vivo. In this chapter | expand upon
previously established methods to increase the number of mutants that can be studied in one
experiment. SegA has been shown to protect TnsE from trypsin digestion, and in order to easily

determine whether multiple mutant proteins can interact with Tnsk I set up an in vitro assay. In

* Figure 4.1 has been published in Li Z. 2012. A molecular mechanism allowing transposition Tn7 to target active DNA

replication. Cornell University
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vivo experiments involved establishing a method to map thousands of insertions to determine
changes in the targeting profile and subtle attributes of transposition that cannot be resolved with
the existing technologies. These methods will be useful moving forward to study the interaction
of other proteins, mutants, and DNA structures that may be involved in TnsE-mediated
transposition in a moderate to high-throughput manner.
4.2 Introduction

Transposon Tn7 is capable of moving into both a highly conserved specific site in the
genome and seemingly random sites in conjugal plasmids. As discussed in previous chapters,
Tn7-like elements use a core machinery encoded by three proteins, TnsA, TnsB, and TnsC,
which interact with a target-site selecting protein, TnsD or TnsE, to carry out transposition. The
TnsAB proteins are responsible for recognition and cleavage of the left and right ends of the
element (48). Each end is comprised of multiple TnsB binding sites to which TnsB binds with
varying affinities (2, 32). These binding sites are configured differently between the two ends;
where the right end contains four overlapping sites, the left end contains three widely spaced
sites (1). This configuration allows Tn7 to direct transposition into specific sites with left-to-
right orientation specificity (5 16, 19, 27, 31, 41). The TnsD protein recognizes a specific DNA
sequence contained within the C-terminal coding region of the glmS gene, targeting insertions
into a specific site the Tn7 attachment site (attTn7) (33, 57). By directing insertions into attTn7,
at a position not within an open reading frame, TnsD-mediated transposition does not negatively
affect the host, enabling Tn7 to remain in this “safe haven”.

Tn7 also has a mechanism to target mobile genetic elements (conjugal plasmids and
bacteriophage) that are capable of transfer between cells, something that presumably would

maximize horizontal transfer of the element between bacteria. The TnsABC+E pathway is
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stimulated by and directs insertions into (>95% of all insertion events) conjugal plasmids (59).
The ability to modulate between inserting into conjugal plasmids and into attTn7 would
presumably enable the Tn7 element to transfer horizontally and then into the chromosome of the
new host. In support of this model, diverse bacterial hosts have been isolated from a broad range
of environments that contain Tn7-like elements located in attTn7 (16, 38).

Previous studies have demonstrated that TnsE interacts with components that are
enriched on the lagging-strand during DNA replication, the f-clamp and 3’ recessed ends
(reviewed in (15)), to mediate transposition preferentially into this strand (37, 41). Evidence for
these interactions comes from work with conjugal plasmids, which increase TnsE-mediated
insertions 100 fold (59). Additionally, the organization of the left and right ends of the element
within the target DNA can be used to identify insertion orientation in these sites. In a conjugal
plasmid insertions occur in one orientation, which is thought to be related to discontinuous
plasmid replication in recipient cells (41, 42, 59). At a low frequency TnsE mediates
transposition into the chromosome, as has been found in the laboratory in strains lacking a
conjugal plasmid (41).

Identification of the TnsE-mediated transposition insertions around the chromosome in
wild type cells show two regions with a greater number of insertions (Figure 4.1, (25)). One
region where a greater number (a “hostpot”) of insertions is observed (~40%) occurs where
chromosomal DNA replication terminates [Figure 4.1, (25, 40)]. These insertions may be
attributed to stalled replication forks where a vacant f-clamp and single stranded DNA gap is
available for interaction with TnsE. Another region where a moderate number (more like a
“warm spot”) of insertions is observed (~15%) is within a region around the origin [Figure 4.1,

(25)]. This region comprises an approximately 250kb region around the origin. This relatively
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recent finding poses the question: what causes this “warm spot” of insertions in the region
around the origin? The cause of these has not yet been elucidated. The remaining insertions are
observed to occur randomly around the chromosome, where there is a bias for insertion
orientation that corresponds with replication (40). That is, as the replication forks proceed bi-
directionally around the chromosome, each half of the chromosome comprises a replichore.
TnsE-mediated insertions are found in one orientation in each replichore (40). These insertions
are thought to be in the lagging strand during replication, attributed to the discontinuous nature
of replication of this strand where TnsE can interact with empty B-clamps and 3’ recessed ends
that are more abundant on this strand (37, 41). A low frequency (~20%) of the TnsE-mediated
insertions that occur randomly around the chromosome are in the opposite orientation (the
leading strand template during replication) (36, 40). These very low number of insertions can be
attributed to stalled replication forks which are naturally thought to occur during leading strand
replication. When replication is restarted downstream of these stalled replication forks (21, 30,
43, 44, 46, 60), a gapped single stranded DNA and the stalled B-clamp remain, which are both
associated with TnsE-mediated transposition. Therefore these events could represent a unifying
molecular target that could be found on the leading strand, such that insertion events are found in
the opposite direction than the majority of the insertions not in the terminus or near the origin of
replication.

As discussed in chapter 1, the lagging strand may be inherently more vulnerable during
replication. Transposable elements, such as Tn7, appear to capitalize on this vulnerability by
targeting components of this strand during replication. Other transposable elements, such as
some IS elements (short DNA sequences that act as simple transposable elements, encoding their

own transposase and lacking accessory genes) have been shown to capitalize on cell activities,
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such as replication, to control transposition (45, 61). One cellular mechanism the transposon
“eavesdrops” on cell activity is based on the methylation state of the cell. Immediately after
DNA synthesis, the nascent DNA strand is un-methylated, forming a hemi-methylated duplex
strand. Dam methylase is the enzyme which catalyzes this reaction, adding a methyl group to the
N-6 position of the adenine in the sequence 5’-GATC-3’ in newly replicated DNA. Dam, with
some lag (~1/3 cell replication cycle), follows the replication fork during DNA replication
remethylating the DNA (29). Tn5 (61) and Tn10 (45) transposition are affected by the
hemimethylation state of the GATC sites in the transposase promoter and the transposase
binding sequence. In a dam- strain, the frequency of Tn5 and Tn10 transposition increases (45,
61); similarly, TnsE-mediated Tn7 transposition is stimulated in a dam- strain [(14, 36), and
here]. However, TnsE-mediated transposition was unaffected by mutating the GATC sites
within Tn7 (14). This would suggest that Dam has another role in transposition, as the frequency
of TnsE-mediated transposition increases in a dam- strain. However, targeting to the lagging or

leading strand in this strain has not yet been identified.

Figure 4.1

Location and orientation of independent TnsE-mediated transposition events in the chromosome
of wild type (wt), and seqA- backgrounds. Positioning of the arrow inside vs. outside indicates
opposite left-to-right orientation. Dashed line indicates the direction of DNA replication forks.
All transposition events were isolated from lambda hop assays with transposition proteins
expressed from pCW15 for TnsABC and pJP104 for TnsE. Figure from (25)
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Given that TnsE-mediated transposition is higher in a dam- strain than wild-type, and this
is not related to the methylation of GATC sites of the element, how else could Dam be related to
TnsE-mediated transposition? By looking at the roles of Dam in normal cell activity, we may be
able to identify potential roles for Dam in TnsE mediated transposition. Unpublished previous
work from multiple members of the lab hinted at a role of Dam in TnsE-mediated transposition
that may be highly indirect. That is, the Dam methylation of DNA may lead to differences the
binding of another protein to the DNA, the SeqA protein, a protein involved in replication
initiation control. Follow up studies showed an interaction of Tns with SegA: TnsE-His6
adhered to an affinity column was able to bind SegA from a cell lysate (25). This in addition to
protease-footprinting of TnskE and SegA indicated a physical interaction between SegA and
TnsE, where SegA protects one or more trypsin sensitive sites within Tnsk ((25), Guarne
personal communication).

To further explore this relationship between Dam, SegA, and TnsE, we must first
examine the nature of the interactions between Dam and SegA. DNA methylation is one
mechanism used to synchronize replication initiation (7). DNA replication (reviewed in (62))
initiates at the chromosomal origin, oriC in bacteria. The oriC of E. coli contains multiple
sequence-specific regions (DnaA boxes) to which the DnaA protein binds forming a filament on
the DNA. DnaA binding unwinds the AT-rich regions of the origin and forms an open bubble on
which the DnaB replicative helicase is loaded by interactions between DnaA and a third protein,
DnaC. The enzymes required for DNA replication [helicase (DnaB), primase (DnaG), and DNA
Pol I11 (Pol 111 Holoenzyme)] are loaded onto this open complex and synthesis of a new DNA

strands begins.
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Immediately after replication of the origin, the new strand is unmethylated forming a
hemimethylated duplex strand. SegA binds tightly to this hemimethylated DNA, sequestering
some of the low affinity DnaA boxes and preventing Dam remethylation for about a third of a
cell cycle. Dam re-methylates the nascent strand at the origin and around the chromosome,
which then forms a fully methylated duplex strand. SegA binds weakly to the fully methylated
GATC sites, and other proteins such as DnaA are able to bind to the low affinity DnaA boxes in
the origin, enabling replication to restart. SeqA was identified as the protein responsible for
negative regulation of replication initiation by sequestering GmATC sites at the origin (29).
oriC remains hemi-methylated for one third of the cell cycle (roughly 8-10 minutes) (6, 10, 34) ,
whereas chromosomal GATC sites stay hemimethylated for about two minutes (10, 29). Binding
of SegA to the transient sites at the origin prevents re-initiation of the chromosome too quickly,
as it prevents DnaA binding and slows the rate of Dam methylation (10). SegA additionally
binds GmATC sites found around the chromosome after passage of the replication fork (47).
The binding of sites around the chromosome has been related to active DNA replication, in that
fluorescently tagged SegA molecules were shown to form foci that migrates with the replication
fork (9, 23, 24, 35).

The direct interaction of Dam with the DNA is impeded by direct physical hindrance as a
result of SegA binding and indirect hindrance from changes in the DNA structure upon SegA
binding (20). In both the seqA and dam knockouts, a large stimulation of transposition is
observed compared to wild-type (25). Given that mutations of the actual GATC sites (such that
these sites would not be affected by the methylation state of the cell) in the Tn7 element does not
affect TnsE-mediated transposition (14), it points to another role for either Dam or SegA in

transposition.
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When transposition events in a segA- strain are mapped, the pattern of insertions differ
compared to those observed in a wildtype strain. In the seqA- strain the pattern that is revealed is
a hotspot (~50% of insertions) near the terminus, and a paucity (<2.5%) of insertions within
approximately 250 kb around the origin [Figure 4.1, (25)]. Compared to a wild-type strain,
where ~40% of the insertions occur into the terminus and 15% occur into the region around the
origin of replication (25), this would suggest differential targeting by TnsE of the region around
the origin versus the rest of the chromosome.

If TnsE is able to interact with SegA, and there are differences in how TnsE targets
transposition in a seqA + versus a segA- strain, it suggests potential differences in how SegA is
interacting with the different regions of the chromosome. In fact, there are significant
differences in the DNA-protein structure formed as SegA interacts with the GmATC sites at
different points in the chromosome. SegA interaction at the GmATC sites in the origin initially
act as a dimer, binding the unevenly distributed sites and likely causing intervening DNA to loop
out (20, 50). Subsequent oligomerization of SegA dimers may form a left-handed helical
filament which releases some of the GmATC sites, relying on the overall structure to organize
the DNA, in which the DNA is wrapped around the protein filament (20). This filament is
thought to track along behind the replication fork, with SegA monomers binding GmATC at the
head of the filament, and being released at the origin-proximal side, like a conveyor belt (9, 23,
24, 35). If TnskE recognizes some site on the SegA protein that enables TnskE to remove SegA
and access the lagging strand, the differences between the SegA structures formed at the origin
versus those tracking behind the replication fork may be differently recognized by TnsE, such

that there are differences in where Tnsk can target insertions in the chromosome. In the absence
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of SegA, there may be significant changes to the newly replicated DNA around oriC that make
interactions of TnskE within this large region not possible.

SegA is comprised of two functional domains separated by a linker: the N-terminal
dimerization domain and a C-terminal DNA binding domain. Various SeqgA mutants have been
shown to have different activities on the DNA, depending on the location of the mutation; where
a deletion of the linker domain limits SegA mutant binding to widely spaced GmATC sites, a
deletion of the two N-terminal residues prevents DNA binding altogether (11). In vitro analysis
of TnsE interactions with a subset of the seqA mutants will enable us to determine if either the
filamented or oligomeric form of SeqA is recognized, and therefore whether these structures are
important in TnsE-mediated targeting to a region around oriC or other sites in the chromosome.
In vivo analysis of TnsE-mediated transposition events in strains containing SeqA mutants will
further inform the targeting of TnsE.

Thus far, interactions between SegA or Dam and TnsE have been studied using
preexisting tools described above. These include tools to determine transposition frequency,
transposition mapping, and purified protein interactions. Unfortunately, these tools are not
sufficient for identifying the extent of SeqgA mutants | wanted to observe. In vivo studies, such
as transposition assays, are difficult to assess the effect of SeqA, as cells appear to be very
attuned to SegA levels, where both a segA null and segA over-expressing strains have been
shown to affect cell replication (4, 8, 49). While the effect of asynchronous replication on TnsE-
mediated transposition has been studied and shown to not be the causal agent for the
transposition increase (25), anecdotally segA knockouts quickly pick up suppressor mutants,
which makes transposition in these strains difficult to study. The second technique used to study

the effect of SegA on transposition is where transposition events are mapped, a process which
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requires a multi-step process resulting in a small set (~50) of insertion sites mapped. The third
assay previously used, protein-protein interactions, are very useful in identifying SeqA-TnsE,
and how potential mutants affect this interaction, however this requires purification of the
protein. If a large number of mutants are of interest, both transposition mapping and purification
of each mutants is time consuming and expensive, so a faster, more high-throughput method is
required.

Therefore, to best determine the effect of seqA on TnsE-mediated transposition, | aimed
to develop tools that would enable us to better study segA mutants. One “tool” to study the
effect of various segA mutants on TnsE-mediated transposition included moving mutant alleles
into the chromosomal segA locus, so they are expressed from the native promoter. As a second
mechanism to control the relative segA expression levels, | cloned the seqgA mutants to a
rhamnose expression vector. Both moving alleles into the chromosome and expressing the
proteins in trans can be used to control the amount of SegA in the cell without passing through a
segA knockout strain. | hope these techniques will limit the number of suppressor mutations that
develop in the absence of SegA. Using the strain with the rhamnose expression vector, | could
both express segA mutants and use the cell lysate of these mutant expressing strains in a far-
western blot assay to show positive interaction of SeqA and Tnsg. Thirdly, given the number of
mutants | wanted to study, | develop a new method to determine the insertion-specificity which
may be used in a high-throughput manner from our transposition assays. | first confirmed this
technique using classical sequencing methodologies, and here suggest a workflow resulting in
Illumina sequencing. In the high-throughput sequencing assay, | use a dam- strain in

transposition assays to determine whether the effect of a dam- knockout on the transposition
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insertion pattern is similar to that of either seqA or wildtype, which may better inform our
understanding of how these proteins interact with the chromosome.
4.3 Results

The frequency of TnsE-mediated transposition increased ~10 fold in a seqA null strain as
compared to wild-type (25), therefore one possibility is that SeqA protects DNA from TnsE-
mediated insertions. When these insertion events are mapped, no insertions occurred into a
region around oriC in the segA null strain, leading to the question: does TnsE recognize some
difference in SegA complexes formed around oriC versus those which form after passage of the
replication fork?

SegA is capable of forming different multimeric structures both complexed on DNA and
in solution. On DNA, depending on the SegA binding site (GmATC) distance, SegA is capable
of forming different multimeric structures. SegA binding closely spaced GmATC sites at the
oriC forms oligomers, causing excess DNA to loop out. On the other hand, SegA binding
GmATC sites around the chromosome forms a filament which tracks along behind the
replication fork (9, 23, 24, 35). Both oligomers and filament structures are sensitive to
disruption by segA mutations. The SegA N-terminus (amino acids 1-59) and C-terminus (amino
acids 71-181) form distinct domains, where the amino acids between them (residues 60-70)
comprise a linker domain. The N-terminal domain is required for multimerization, the C-
terminal domain is required for binding to GmATC sites (18), and the linker domain is required
for binding GmATC sites separated by more than two full turns of the DNA (20). Mutations of
specific residues in these domains disrupts activity in a predictable way: mutations in the N-
terminal domain can disrupt dimerization and filamentation activities and mutations of the C-

terminal domain disrupt DNA binding ability. While mutations of specific residues in the linker
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domain have no observed effect on DNA interactions, deletions of the linker domain limit
binding of widely spaced GmATC sites (such as those found following the replication fork).

By studying the direct interaction of TnskE and a subset of SeqA mutants that disrupt
different activities of SegA, | may able to determine whether TnsE is recognizing a specific
domain of SegA, a complex, or a DNA structure formed by SegA binding. Given the number of
SegA mutants that are of interest, and the possibility of suppressor mutations arising in a seqA
knockout, the first course of action is to develop tools that will enable us to study the effect of
SegA mutants on TnsE-mediated transposition in a high-throughput fashion.

4.3.1 Physical interaction of TnsE and SegA

Direct protein-protein interaction of Tnsk and wild-type SeqA was observed in a trypsin
assay, where SegA was able to protect TnsE from trypsin digestion ((25) and results repeated by
the Guarne lab, personal communication). On the other hand, SegA linker domain mutants (both
deletion mutants and mutants of multiple residues) were unable to protect TnsE. These results
suggest that the linker domain of SegA is responsible for the protection of TnsE, however,
whether this domain directly interacts with TnsE has not yet been studied.

As noted above, SegA forms multiple types of structures on the DNA depending on how
far apart the GmATC sites are from each other. The length of the linker domain limits the ability
of SegA to bind GATC sites that are widely spaced. To this regard, the linker mutants
SeqA**(A45-59) and SeqA“*(A41-59) will restrict DNA binding to GATC sites that are very
close together, such as those found at the origin, whereas the linker mutant SeqAM?
(E48G/V49D/V51A/A52S/156S/VV57D/ES8K/AS9G) will allow for binding widely spaced
GmATC sites, but has been shown to be unable to protect Tnsk from trypsin digestion (personal

communication, Alba Guarne). Mutations in other domains prevent formation of different types
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of structures (dimers, oligomers, and filaments). For example, a DNA binding mutant:
SeqANOANIS2A hrevents the formation of DNA-SeqA superstructures, however dimers and
oligomers will still form in the cytosol. Two other mutants will be important in identifying
domains important for TnsE-mediated transposition: the oligomerization mutan, SeqA”*R does
not form the oligomer-looped DNA superstructure at oriC, and the filamentation mutant,

SeqAR"%/R73S \which does not form the filaments that track along behind the replication fork.
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Figure 4.2

Expression of SegA from a rhamnose vector
SegA is expressed after 6h induction with 0.2% rhamnose from a BW27784 protein expression
strain. Proteins run on a 15% poly-acrylamide gel, transferred to PVDF membrane, and
incubated with mouse-anti-flag antibody (1:2000); secondary goat anti-mouse (1:4000). A) WT
SegA expressed after 6h, but not from the empty vector or no inducer. B) SeqA mutants
expressed after 6 hours.

Each of these mutant alleles and the wild-type gene were cloned into a rhamnose
expression vector with an N-terminal Flag tag (see methods). The proteins were expressed for 6
hours with rhamnose and lysed by sonication. Expression of the proteins was confirmed by

running cell lysate on an SDS-PAGE gel and transferred to a PVDF membrane for western

blotting. An anti-flag primary antibody was used to detect SeqA expression. Expression of all
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proteins could be confirmed with the band found at the appropriate size relative to the marker
lane (Figure 4.2). No signal was found in the empty vector lane an no cross-reactivity was found
with TnsE. Two of the SegA mutants, SeqgA*? and SeqA**, are deleted for 15 and 18 amino
acids, respectively, and are expected to give a shorter product. More careful experiments using
quantitative Western blots will be needed to determine if there are changes in the stability of the
mutants relative to the wild type protein. Careful experiments will need to be conducted to
determine if there are differences in stability or expression.

After showing that | could express SegA utilizing the rhamnose expression vectors, |
wanted to determine if the tagged SegA would interact with TnsE. Since | believe TnsE to
interact with SegA, | used TnsE to show that the expressed tagged SegA protein is still capable
of interacting. To determine whether | could visualize SegA interaction with TnsE, | did a Slot
blot analysis where an increasing concentration of His-tagged TnskE or BSA (acting as a negative
control) was blotted onto a PVDF membrane. The blot was then incubated with a lysate
prepared from wild-type SeqA over-expressing cells (discussed above), and an anti-flag primary
antibody was used to detect SegA binding. Band intensities on the slot blot correspond levels of
SegA binding: a higher concentration of TnskE gives a stronger band intensities (Figure 4.3). A
negative control where slot blot analysis of the highest concentrations of TnskE incubated with a
lysate prepared from cells containing the empty expression vector showed no positive signal
(Appendix 1). The positive interaction of SeqA and TnsE complements the physical interaction
inferred by trypsin digest of purified SegA and TnsE (discussed above, (25)). | show that I can
both express SegA and obtain functional protein which interacts with TnsE.

In order to determine which domain(s) of SegA interacts with Tnsk, | used vectors

containing mutant segA genes and generated additional mutants through site-directed
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mutagenesis. These genes were subcloned into a rhamnose expression vector, and cell lysates
containing over-expressed mutant SegA proteins were produced. These SegA mutations have all
variously been shown to disrupt binding DNA or assembling into larger structures. | used the
same slot-blot assay done for wild-type SegA, where stronger band intensity indicates binding of
SegA to the available TnsE on the membrane (Appendix 1). Given that more experiments will
need to be done to confirm these interactions and these experiments merit repetition, in this
chapter the experiments are shown to indicate the capability for us to test multiple mutants

simultaneously rather than a bona fide result.
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Figure 4.3

Slot Blot of Tnsk and BSA overlayed with SegA

SegA is expressed after 6h induction with 0.2% rhamnose from a BW27784 protein expression

strain. His-tagged TnsE was purified from a BL21 fur-/slyD- strain using Nickel column, and

ion exchange. BSA was purchased from Fisher Scientific. TnsE and BSA were blotted onto a

PVDF membrane, and incubated overnight with lysate from a N-terminal flag tagged SegA, and

subsequently with mouse-anti-flag antibody (1:2000); secondary goat anti-mouse (1:4000).
There are important differences between the slot blot assay and previously established

assays such as the trypsin digest assay, such as the protocol: where this assay uses whole cell

lysate and trypsin footprinting assay uses purified protein. Because the slot blot assay does not

rely on purifying proteins, it can be used for testing interaction of multiple SegA mutants (or
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other expressed proteins) with TnskE within the same experiment. Other assays that are typically
used to show interaction of proteins, such as immune precipitation, trypsin digest assay, and
surface Plasmon resonance amongst others are time-consuming, cost-preventative, and require
purification of each protein and would make them poor assays to screen for SegA mutants with
greater affinity to the protein of interest, in this case, TnsE.
4.3.2 Introducing SegA mutants into the chromosome

The TnsE-mediated transposition pattern is different between WT and segA null strains
(Figure 4.1, (25)). This pattern may be related to the ability of TnsE to interact with complexes
formed by SegA binding to GmATC sites. These complexes are disrupted by mutations in
different domains of SeqA. By studying the transposition targeting in strains expressing only
segA mutants, | may be able to further address how TnsE interacts with SegA in vivo.
Unfortunately, over-expression of SegA has a negative effect on cell growth (4). If over-
expression of the SeqgA mutants has a similarly adverse effect on cell replication, | cannot use
this to accurately determine TnsE-mediated transposition. Furthermore, the possibility of
obtaining suppressor mutants may affect both transposition frequency and where these events are
located. Therefore, | introduced the segA mutants into the chromosome, so they could be
transcribed by the segA native promoter (at “wild-type” levels). Generating a strain which has
the segA mutants in the chromosome was done by engineering a cassette containing kanamycin
resistance gene flanked by DNA containing an I-Scel cut site and sequence homologous to DNA
flanking segA that could then be recombined via lambda red recombination with the
chromosomal segA locus led to a Kan-1-Scel cut site intermediate in the chromosomal segA
locus. To move the final segA mutants into the chromosome, a similar cassette was made

containing individual mutants by PCR and moved into the chromosome. Briefly, the
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intermediate strain was transformed with a DNA fragment containing a segA mutant flanked by
sequence homologous to the DNA flanking the chromosomal segA and a plasmid with an
inducible I-Scel endonuclease. Induction of the 1-Scel endonuclease led to double strand breaks
which recombined with the linear double stranded segA mutant fragment. The resulting strain
was confirmed to contain the mutant segA by amplification of the locus by PCR and submission
for sequencing to confirm the presence of the mutant at the locus. This procedure appeared to be
very efficient, 40-100% of the colonies amplified had the correct size amplification product, out
of which only two were sequenced. In this section, | show that this method can be used for high
efficiency cross-in of segA mutants.
4.3.3 Mapping Insertions using Next Generation Sequencing: Methods Development
Experiments used to map TnsE-mediated transposition events in all of the strains requires
first obtaining transposition events, done by introducing a miniTn7 element containing a
kanamycin resistance gene via a replication and integration defective lambda phage (lambda hop
(methods)). Only when transposition machinery is provided (TnsABC+ TnsD or TnsE) will the
miniTn7 element be integrated into the chromosome, allowing for growth on media containing
kanamycin. To determine insertion site, each colony (corresponding to a unique transposition
event) is isolated and the insertion site mapped by two rounds of PCR, first, arbitrary PCR and
then, nested PCR (methods). In order to compare transposition frequency of the segA mutants to
previous studies of WT and segA null strains, at least 50 insertions must typically be mapped.
Given the number of segA mutants, mapping transposition in these strains by the classical
method seemed daunting. Novel technologies where multiple transposition insertion sites could
be mapped at once (multiplexing) seemed like an obvious choice. | opted to sequence using

[llumina 150bp single-end sequencing for our final run. In order to confirm Illumina sequencing
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accuracy in mapping transposition events, | first mapped transposition events with Sanger
sequencing (Figure 4.4).

As noted above, early genetic screens of mutants that affected TnsE-mediated
transposition indicated that a dam null strain is specifically stimulated for Tn7 transposition, a

result that was confirmed in this lab ((36, 25) Figure 4.4). Given that the transposition frequency
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Figure 4.4

Flowchart of mapping TnsABC+E transposition insertion events

Lambda hops were done as previously shown (Peters, 2001?). After 1 day incubation, colonies
were collected and DNA was extracted. Confirmation of mapping events in a Ddam strain. Two
rounds of PCR were done, the first with arbitrary PCR primers, and the second with nested
primers containing adapters for lllumina sequencing (not shown). The resultant PCR mix was
cloned into a TOPO TA cloning vector, and amplified using primers complementary to the
plasmid sequence (shown).
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in this mutant has been well established, and that transposition events have never been mapped in
this background, it was an obvious option for the development of identifying Tn7 insertion sites
via high throughput sequencing.

In order to generate a library of transposition events, colonies from an entire plate of
TnsE-mediated transposition events, comprising approximately 500-1000 colonies, in a dam
strain was collected. The DNA was extracted, and two rounds of PCR were done as previously
described (40). A third round of amplification was done using primers that contained adapter
sequences to allow the DNA fragments to bind to the Illumina flow cell. At this point, | wanted
to ensure that the transposition, collection, and PCR assays would yield transposition events and
not random amplification events. This ‘control’ experiment was used as a confirmation before
transitioning to Illumina sequencing. In order to do this, | cloned and sequenced a subset of the
fragments in the insertion library. Briefly, the insertion library was cloned into the pCR TOPO
2.1 vector by TA cloning. Thirty clones revealing different size inserts were submitted for
sequencing where each clone represented a single insertion event. The result from this mapping
assay indicate that approximately half of the sequences were mis-priming events by the primers,
an effect which can likely be resolved using hot-start PCR. It is hard to reach too many
conclusions with this size of a data set. However, the results seem consistent with the findings
with the seqA+ and recA+ background. Out of the 14 mapped events in the dam™ background, 1
insertion into the region around oriC was found, and 7 into the region around the termination
sites. The remaining insertions had a bias to one strand in each replichore, which is believed to
be related to lagging-strand replication. While I only mapped a few insertions, I can use this
data to compare to previously mapped insertion events in segA and wild type backgrounds. This

pattern of insertions appears to more closely match insertions in a wild type strain rather than the
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segA null strain, where | observed 1/14 (or 7%) of the insertions are within a region around oriC.
This limited result suggests that there may be secondary effects of knocking out segA or dam that
are unrelated to each other which lead to differences in the DNA available for TnsE-mediated
transposition. More importantly, these results showed us that insertion events could be amplified
with the Illumina primers, resulting in approximately 50% yield of mapped insertion events.

This same method was used to send samples for lllumina sequencing, with two important
exceptions. The first, hot start PCR was done to reduce mispriming events, and the second, a
separate set of primers was used that incorporated Illumina barcodes (Figure 4.4). Unlike the
method described above where the entire pCR TOPO 2.1 insert was sequenced, Illumina
sequencing requires DNA fragments ranging from 300-600bp. The correct size smear from an
agarose gel was cleaned, and the size was confirmed by Fragment analyzer to be within the size
limits for lllumina sequencing. Our sample was added at 1% DNA concentration to the PhiX
control lane of the Illumina sequencer. The resulting sequences were analyzed through the
BioHPC computing facility where the primers which amplified the insertion event were used to
determine which sequences were of interest to us. Analysis of Illumina results revealed no
returned transposon sequence, suggesting an error in methodology and the need for addtional
troubleshooting.

Moving forward, methods could be adjusted by generating a library with the correct
primer set, and submitting it to the same TA cloning as was done for method development prior
to Illumina sample submission. Two to three colonies carrying different size inserts and
representing independent insertion events should be sequenced to confirm correct addition of the
required components (Illumina barcode, adapter, and transposon sequence) for Illumina

sequencing and analysis.
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4.4 Discussion

Transposon Tn7 has great control over where and when it directs transposition, utilizing
different types of target sites. Our current understanding of Tn7 has been facilitated by two in
vivo transposition assays, one which can be used as a screen for mutations that increase or
decrease transposition frequency, and the other which is used to assess the effect of mutants on
the frequency and targeting of transposition. These assays have been supplemented by in vitro
reactions, which have been used to establish how the Tn7 proteins interact with each other and
host proteins (reviewed in (13, 39, 26)). While the combination of in vitro and in vivo tools have
been useful in determining the basics of Tn7 transposition, the adaptability of the element
requires new tools that can allow for a greater understanding of the molecular role of transposon
proteins. In this chapter | make three enhancements to our current techniques that may
contribute to a better understanding of Tn7 transposition.
4.4.1 In vitro identification of protein domains that interact with TnsE

| extended the previous result that TnsE physically interacts with SegA ((25), Alba
Guarne personal communication) to show that | can express a functional SeqA with an N-
terminal eight amino acid tag. This expression vector was used to express the SeqA mutants
with no leaky production of the proteins (data not shown). The expressed SegA was shown to
interact with TnsE using a far-western blot which was subsequently used to determine interaction
of SeqgA mutants with TnsE. Previous in vitro interaction studies used to determine the
interaction of the proteins encoded by Tn7 have used purified components.

Many expressed proteins require a large protein tag to aid in purification or visualization
in vivo, which may affect the protein viability. This has been shown to be the case for C-

terminally tagged SegA with Green Fluorescent Protein variants (17), where the expressed SegA
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was unable to initiate replication simultaneously at all origins present within a single cell. The
inability to synchronize replication is likely due to disrupted protein structure, and will therefore
not be representative of the wild-type protein in in vitro assays. By using a small tag specifically
on the N-terminus, | believe that the expressed SegA protein will be functional, but this will only
be determined with further experimentation.

The procedure of purification often requires a multi-step process (12), which requires the
use of expensive columns and is time-consuming. The assay used here to determine SeqA-TnsE
interaction, the slot-blot, is a high-throughput way to identify which host proteins, and what
domains of those proteins interact with Tnsg. In this assay, the TnsE is blotted onto a
membrane, and incubated with a crude cell lysate containing the expressed proteins, then the
blots are pooled and developed. This enabled us to distinguish how 8 different SegA mutants
interacted with TnsE in one experiment, but can easily be scaled up to 24 mutants with lower
resolution (plus/minus). Previous work has established that TnsE interacts with the B-clamp
(37), however, the residues of this clamp that are necessary for TnsE binding have not been
established. In view of the TnsE-B-clamp interaction, it will be interesting to use this same
procedure to test various -clamp mutants in interacting with Tnsg. Another interesting analysis
will be to determine whether SegA from E. coli can interact with TnsE from different hosts.

This experiment derives from work showing that TnsE homologs from I. loihiensis and S. baltica
with TnsABC from E. coli can promote transposition of a miniTn7 element only when the clamp
from the same host is present (25). Given that the linker domain, which is poorly conserved
between SegA proteins from different bacteria, has been shown to be involved in protecting
TnsE from trypsin digestion (Alba Guarne personal communication), it is possible that this

domain is highly specific in protecting Tnsk. That is, the linker domain of SegA from I.
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loihinensis or S. baltica may not be able to interact with TnsE from E. coli. The expression and
interaction experiments discussed here may be able to easily and definitively determine if a
cross-species interaction of SegA and TnsE exists.

Looking forward, one can also use this expression system in in vivo assays. In addition to
the role SegA plays in sequestration of the origin immediately after replication, it has roles in
organizing the nascent duplex DNA following the replication fork (9, 24, 58) and regulation of
gene expression (28, 52, 53, 54). Given the diverse roles of SegA in cellular function,
transposition experiments in a segA knockout strain are difficult to attribute to the direct
interaction between SeqA and TnskE. Furthermore, because of the many functions that are
disrupted in a seqA knockout, these strains anecdotally quickly pick up suppressor mutations. By
being able to regulate seqA expression, one can use the vectors established in this chapter to
express SegA in trans while it is deleted it from the chromosome. Subsequently, one could do
the final transposition assay in these strains when SegA is not induced, minimizing suppressor
mutants and the effect the absence of SegA has on cell activities.

4.4.2 Expression of mutant proteins from native promoter

Early experiments identified SegA played a role in regulating replication initiation. DNA
replication begins by the binding of the initiator protein DnaA to specific sites within oriC which
leads to melting of the DNA duplex. Upon replication, the hemimethylated GATC sites in the
origin are bound by SegA which then comes together to form oligomers, thereby sequestering
the DNA. SegA binding to DNA prevents DnaA binding at some of its low affinity DnaA boxes,
which therefore limits replication initiation until remethylation of the DNA by Dam (51, 63, 55).
Dam methylase tracks behind the replication forks, methylating the nascent strand. SegA binds

hemimethylated GATC sites much more strongly than fully methylated DNA (50). Therefore,
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after methylation of the DNA, SegA releases, allowing DnaA to bind, and a new cell cycle to
begin. By balancing these positive (DnaA, Dam) and negative (SegA) effectors, the cell is
capable of firing all origins at the same time, and ensuring there are a set number of
chromosomes in each daughter cell. Deletion of the segA gene removes the negative effector,
leading to premature initiation and asynchronous replication (8, 51). On the other hand, excess
SegA extends the period of hemimethylation of GATC sites at the origin which likely leads to
the delay in replication initiation (4). The downstream effects are a delay in nucleoid segregation
and cell division in these SeqA over-expressing cells (4, 56).

SegA mutants have been identified that disrupt the actions of SeqA on the DNA,
including dimerization mutants, oligomerization mutants, and DNA binding mutants (20). The
effect these mutants have on cell activities remains to be determined. It follows that the effect
these mutants have on TnsE-mediated transposition has also not yet been elucidated. However,
classical systems using a segA knockout in combination with a segA over-expression in trans is
concerning given the evidence above that the cells appear highly attuned to cellular SegA levels.
Because we do not know how over-expression of these SeqgA mutants will affect replication
initiation and cell division, expression of the mutants from the native promoter seemed pertinent.
| was able to obtain cells which contained the mutant segA in the native locus.

Moving forward, one can move the segA mutants in the segA locus into our transposition
assay strain. From there, one can determine how each of the mutants affects transposition
frequency, and where the insertions are targeted. For example, one may expect that in a segA
mutant that lacks DNA binding ability, where none of the GATC sites around the chromosome

would be bound, the effect would be similar to that of a seqA null strain. That is, the
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transposition frequency would increase and where the insertions are found in the chromosome
would look the same as a segA null strain.

The experiments that can result from introducing the mutant gene into the chromosome
extend beyond segA. Other proteins that interact with Tns proteins may have use in this type of
assay. One such example is the B-clamp, which has been shown to interact with Tnsk (37). B-
clamp mutant proteins have been identified that support cell viability, but have only been
expressed from a plasmid (3). While there is no evidence that over-expression of the f-clamp
affects cell growth, it is possible that excess B-clamps in the cytosol may affect TnsE-mediated
transposition. Using the same techniques, future work can involve moving the B-clamp mutants
into the chromosomal locus, which will enable us to determine which domains of the clamp are
important in TnsE-mediated insertions in vivo, complementing in vitro experiments proposed
above.

4.4.3 High-throughput mapping of transposon insertion sites

There have been many ways in which transposons have been mapped to specific sites
within the genome. TnsE-mediated transposition events have been mapped by amplification of
the end of the transposon and flanking DNA, sequencing each event individually. Here, I show
that I can increase the number of mutants mapped in one experiment, with the possibility to
increase the number of events to the thousands. With this technology, there is no bound to the
possibilities for studying the effect different protein, pathways, and target DNAs have on TnsE-
mediated transposition, an area that remains elusive. Here, | will discuss one clear example of

experiments that would benefit from this high-throughput mapping technology.

SegA mutants
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| discussed above a set of 6 segA mutants that may have an effect on TnsE-mediated
transposition by direct interaction with the TnskE protein. Some of them have been shown to
have reduced protection of TnsE in a trypsin digest assay, where others have not yet been
studied. These mutants, amongst other segA mutants that have different effects on disrupting the
SegA-DNA superstructure that is formed upon SegA binding to GmATC sites, will benefit from
high-throughput mapping of TnsE-mediated transposition events in strains expressing these
mutants.

TnsE-mediated insertion events in a wild-type compared to a segA strain differed
(discussed above, Zaoping, thesis), indicating that some feature of the SeqA-bound DNA may be
recognized by TnsE in the WT strain. A major difference was in a region around the origin,
where in this region, the segA null strain had no insertions and the wildtype strain had
approximately 5% of insertions. Given the structural differences of SegA binding at the origin
and replication fork, | can begin to draw a model of how TnsE may interact with the different
DNA structures. Although the binding of SegA at oriC, is within a much smaller region
(~250Dbp) than the region where I find TnsE-mediated insertions (~250 kb), there have been
established differences between the SegA-DNA structures that form in oriC and structures that
form behind the replication fork that may help explain the differences in TnsE-mediated
insertions around the chromosome. At oriC, multiple SegA dimers collate, resulting in
oligomerization of SeqA complexes which forms looped DNA. Fifteen percent of TnsE-
mediated insertion events in the WT background were in a region around oriC, whereas in the
segA strain, fewer than 2.5% were found in this region. If I only consider this difference, the
DNA loops formed by SegA binding DNA at the origin may be a target for TnsE-mediated

transposition. In a segA null strain, these loops would presumably not be formed, which, if these
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are targets for Tnsg, would explain the decrease in targeting events to this region in a seqA-
background. Another possibility is that TnsE is capable of interacting with the oligomerized
SegA complex. Given its presence at the origin, TnsE-mediated insertion events may be targeted
to regions where this complex has formed.

However, | must consider chromosomal GATC sites. While clusters of GATC sites on
the chromosome have been found (22), these sites are generally more widely spaced, such that
SegA forms long tracks of multimers (9, 23, 24, 35), tightly coiling the DNA. With this in mind,
DNA availability following the replication fork may be inaccessible given its interaction with
SegA. These coils may occlude the TnskE targets on the lagging strand in such a way that
prevents TnsE binding and subsequent transposition. Another process on the lagging strand
template that must be coordinated with SegA filament formation includes okazaki fragment
repair. The limited time between replication of the lagging strand template and repair of this
strand is when the lagging strand is presumably the most vulnerable, as numerous single stranded
gaps are found along the DNA, as discussed in Chapter 1. By forming a filament on that strand,
SeqA ‘protects’ this strand during the interim between replication and repair. Given that in the
presence of SegA (the wild-type strain), TnsE-mediated insertions are found throughout the
chromosome with an orientation bias related to lagging-strand replication, TnsE must target
some point during this process. Previous work has shown that TnskE digestion by trypsin is
protected by the linker domain of SegA. This would suggest that TnsE is capable of interacting
with the SegA filaments.

Different mutants, as discussed above, have different effects on the structures formed by
SegA binding to the DNA at different regions of the chromosome. To determine whether Tnsk

interacts with SegA in vivo, and whether this interaction is specific to the different SegA-DNA
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structures that are formed by binding to differently spaced GmATC sites, transposition in strains
containing these different segA mutants is imperative. Given the number of seqA mutants |
suggest, and the possibility of other mutants that may differently interact with TnsE, using a
high-throughput assay to map TnsE-mediated insertions in these strains would be efficient and
cost-effective.

4.5 Methods and Materials

4.5.1 Western Blot

Cell lysate from strains expressing the indicated proteins (below) was run on a 15% poly-
acrylamide gel and transferred to a PVDF (Immobilon-P, Millipore) membrane according to
manufacturers recommendations. To prevent non-specific binding of the antibody, the
membrane was blocked for 1 hour at room temperature in blocking buffer. Subsequently, the
membrane was probed with an anti-Flag antibody (1:5000 dilution) in TBS-T + 5% non-fat dry
milk powder overnight, washed with PBS-T, and incubated with the secondary goat anti-mouse
AP antibody (1:2500 dilution) in the same TBS-T + 5% non-fat dry milk powder overnight
solution for 40 minutes. The blots were developed with NBT/ BCIP in DMF and imaged in the
BioRad Imager.

4.5.2 Slot Blot

A PVDF (Immobilon-P, Millipore) membrane was prepared according to manufacturers
recommendations. TnskE or BSA was spotted on the membrane at concentrations ranging from 1
to 500 pmol. The membrane was blocked with interaction buffer in the absence of glycerol.
Cell lysate from strains expressing the indicated proteins (below) was poured over blots and

incubated for 4h at 4°C. Blots were washed 4 times with PBS and subsequently twice with
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PBS+100mM KCI. To develop the blots, they were blocked, probed, and developed as described
for a Western Blot (above).

4.5.3 Protein Expression and Purification

His-6-tagged TnsE proteins from different hosts were purified as previously described (41).
SegA proteins were cloned into a pACYC184 backbone vector with a rhamnose inducible
promoter and N-terminal FLAG tag upstream of the protein. After overnight growth the strains
were subcultured and the proteins induced with 0.2% rhamnose for 6 hours at 30°C. To collect
the cells, the culture was centrifuged at 4,000rpm for 10 minutes. In order to make a cell lysate,
the cells were resuspended in interaction buffer and sonicated 5 times at 30 sec. Sonicated cells
were centrifuged at 18,000 rpm and filtered through a 0.45uM filter to collect only small cell
components. These cell lysates were used fresh (made the same day) in the assays described
above.

4.5.4 Transposition Assay

Transposition frequency was monitored by lambda hop assay. Core transposition machinery
(TnsABC) was expressed from pCW15, TnsE was expressed from pJP104. The empty vector,
pTAL06 served as the respective negative control. Strains were constructed by transduction of a
MG1655 derivative, JP1386 (F- araD139 A(argF-lac)U169 rspL150 relAl flbB5301 fruA25
deoC1 ptsF25 valR Aara714) with P1 phage grown on various preexisting dam or segA deletion
strains (Miller 1992, Peters 2007). Briefly the lambda hop assay introduced a mini Tn7 element
containing kanamycin resistance via an integration and replication defective lambda vector
defective A vector (AKK1 780 hisG9424::Tn10 del16 dell7::attTn7::miniTn7::KanR). The

resulting colonies growing on LB plates containing kanamycin were counted, indicating the
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number of transposition events. Transposition frequency was determined by dividing the
number of kanamycin resistant colonies by the number of plaque forming units of the A phage.
4.5.5 Insertion Mapping

All kanamycin resistant colonies on a singular plate were collected and DNA was extracted using
an Invitrogen PureLink Genomic DNA Extraction Kit, as per protocol. DNA was diluted to
20ng/uL with purified HPLC H,O. Transposition events were mapped by Illumina Nextera
sequencing using a modification of the methods described by (41). The intial arbitrary PCR was
performed exactly as described previously, using a hot start. The second PCR using a primer
that is nested in the transposon and a primer that anneals to the tail of the arbitrary primer. Both
of these primers contained tails to the Illumina sequencing primer (5°- TCG TCG GCA GCG
TCA GAT GTG TAT AAG AGA CAG ATAATC CTT A AAAACTCC ATT TCC ACCCCT
and 5°- GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGG CCA CGC GTC
GAC TAG TAC). The PCR reactions were equally pooled, and the third PCR added Illumina
barcodes and adapters (5 AAT GAT ACG GCG ACC ACC GAG ATC TAC AC [i5] TCG
GCG GCA GCG TC’ and 5 CAA GCA GAA GAC GGC ATACGA GAT [i7] GTC TCG TGG
GCT CGG’) . Final PCR conditions were: 20 mM Tris pH 8.8 (@25 C), 10 mM (NH,),S04, 10
mM KCI, 0.1% Triton X-100, 250uM dNTP, 0.5uM Illumina i7 barcoded primer, 0.5uM
[llumina i5 barcoded primer, 0.4ul/50uL reaction PFU polymerase, 5uL/50uL reaction pooled
DNA. Hotstart PCR was set up, with final incubation steps of 98°C for 3 minutes, followed by 8
cycles of 98°C for 30 sec, 63°C for 30 sec, 72°C for 30 sec, and a final step at 72°C for 5 min.
PCR reactions were run on a 1% agarose gel and the smear corresponding to 250-600bp was cut
and purified using the Progmega Gel Purification kit. DNA concentration was diluted to 2ng/uL

and submitted to the Cornell Life Sciences core facility for sequencing on the Nextera sequencer.
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4.5.6 Solutions and Buffers

PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPOy, 1.8 mM KH,PO4, 1 mM CaCl,-2H,0, 0.5
mM MgCl,-6H,0), TBS (50mM Tris-Cl, pH 7.5, 150 mM NaCl), Blocking buffer (50mM Tris,
150mM NacCl, 0.1% Tween-20, 5% non-fat dry milk powder), Interaction buffer (20mM HEPES
pH7.5, 50 mM KCI, 10 mM MgCl;, 1 mM DTT, 0.1% Triton-X, 1% BSA, 5% Glycerol), -T
(0.1% Tween added to the indicated buffers), NBT/ BCIP (50mg/mL NBT in 100%DMF,
50mg/mL BCIP in 70% DMF)
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CHAPTER 5

CONCLUSION

Mobile genetic elements need to find a suitable home to ensure they are protected from
the environment. This home has certain requirements, for example the mobile genetic element
cannot decrease the viability of the host. In chapter 1, I look at how one possible “home” (ie the
lagging strand template during replication) for these mobile genetic elements is vulnerable in
certain situations, such as during replication, when the replication forks stall or collapse. We
discuss multiple types of mobile genetic elements that recognize different features of the lagging
strand, and suggest that Tn7 among other elements can recognize this strand. However, Tn7 is
also capable of forming genomic islands in bacterial chromosomes at attTn7 resulting from the
TnsD target site selection pathway. Tn7 transposition requires use of its atypical heteromeric
transposase comprised of TnsAB, and in chapter 2, | find that there are at least two other related
elements with heteromeric transposases. Tn7-like elements have TnsD-like proteins, where
these other two elements appear to have a protein related to TnsD which are likely involved in
site selection in their respective organisms. The observation that Tn7-like elements are all found
at a single position in the glmS gene has been known however, interestingly | find that these
other two heteromeric transpsoase elements also appear to target insertions into specific sites.
We find that Tn6230 and the majority of related elements are found at a single position in the
yhiN gene in various bacteria. The other element that shares a heteromeric transposase, Tn6022
found in Acinetobacter baumannii,and related elements appear to insert into the comM gene.
Although Tn6230-like elements appear to have one conserved protein, the TnsF-like protein, that

shares features with TnsD, the Tn6022-family elements have one to three poorly conserved
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proteins. Despite the diversity of conserved proteins between these three families of elements, as
a group heteromeric transposases seem to share a basic mechanism for targeting to these sites
adapted to the spread of mobile elements.

While chapter 2 focused on specific sites of the chromosome that are recognized by one
target site selecting protein, Tn7 encodes another protein that is responsible for direction
transposition into the lagging strand template. The interaction of Tnsg with the B-clamp and 3’
recessed ends has been well studied, but the ability for TnsE to recognize the f-clamps from
different hosts was contentious because of the nature of the experiments previously used. In
chapter 3, I confirmed that the observed effect of having the TnsE and -clamp from the same
host led to an increase in papillae was ultimately due to actual transposition events. | also
showed that the B-clamps from I. loihiensis and S. baltica can work with the replication
components in E. coli in the absence of any dnaN allele, indicating that the previous work
studying the effect of the foreign clamps in a temperature sensitive strain were not a result of
heterodimer formation between the dnaN159 allele and the foreign clamps. Although these
foreign clamps are capable of supporting growth, they may have a greater interaction with the
accessory polymerases during replication which may lead to an increase in the mutation rate.
The effect of a greater mutation frequency based on rifampicin resistance had been previously
observed, and | was able to show that these were actual mutations.

Another protein that has been found to interact with Tnsk is SegA. While the frequency
and targeting in the absence of SegA has previously been studied, the nature of the TnsE-SegA
interaction remains elusive. In order to advance what the mechanism may be, | expanded upon
previously existing in vitro and in vivo techniques. | developed a vector that was used to express

SegA and a set of six additional mutants with an N-terminal tag. Using this vector, not only can
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we express additional SegA mutants, but a host of other proteins and their mutants to study the
interaction with Tnsk. | also expanded upon the in vivo experiments which involved establishing
a high-throughput sequencing method to map TnsE-mediated insertion events. This sequencing
technique can ideally map transposition events in about 100 different strains at a time, allowing
our imaginations to run wild with possibilities. With this technique, we can start to use mapping

events as a screen for exciting mutants that affect TnsE-mediated transposition.
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APPENDIX 1

100pmol

1pmol TnskE
BSA

N150A/N152A

R70S/R73S

Figure 4.4

Interaction of SeqA mutants with TnsE. SegA mutants are as follows: RS (R70S/R73S), AR
(A25R), NA (N150A/N152A), M2 (48 GDRASSPASDKG59), D4 (41-59), D2 (45-59). A) Slot
Blot of TnsE and BSA overlayed with various SeqgA mutants from E. coli SegA is expressed
after 6h induction with 0.2% rhamnose from a BW27784 protein expression strain. His-tagged
TnsEs were purified from a BL21 fur-/slyD- strain using Nickel column, and subsequently ion
exchange chromatography. BSA was purchased from Fisher Scientific. Slot blot was incubated
overnight with lysate from a N-terminal flag tagged SegA. B) Western blot of N-terminal flag
tagged SegA. Both blots were incubated with mouse-anti-flag antibody (1:2000); secondary goat
anti-mouse (1:4000).
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