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xxi

Nowhere do the cooperative powers of DNA sequencing, high-resolution pro-
tein structure, biochemistry and molecular genetics shine more intensely than 
on Mobile DNAs. In Mobile DNA II, we knew that almost half of the human 
genome is comprised of retroelements. What discoveries since Mobile DNA II 
could surpass that claim? Very simply: everywhere DNA is dynamic, and we now 
meet the elegant protein machines, co-evolved DNA partners, and diverse RNA 
choreographers. These pages hold something for every reader, beginning with 
the introductory overview of mechanisms. Novices will find some of the most 
lucid reviews of these complex topics available anywhere. Specialists will be able 
to pick and choose advanced reviews of specific elements, but will be drawn in 
by unexpected parallels and contrasts among the elements in diverse organisms. 
Biomedical researchers will find documentation of recent advances in understand-
ing immune-antigen conflict between host and pathogen. Biotechnicians will be 
introduced to amazing tools for in vivo control of designer DNAs. And long-time 
aficionados will simply fall in love all over again.

Questions still abound about the Transposable Elements (TE) described in this 
volume. Perhaps none is more profound than the basis and consequences of TE 
diversity even among related genomes. Active DNA TE show perhaps the most 
disparate distribution among organisms, being dominant in prokaryotes, and in 
some animals, including some insects and fish, but with the exception of cer-
tain bats, virtually absent in mammals. Plants illustrate expansion of genomes, 
mediated not only by increasing ploidy, but also by expansion of DNA-based 
TE and Long Terminal Repeat (LTR) retrotransposons. Although reverse tran-
scriptases are found throughout all kingdoms, autonomous retroelements simply 
explode together with their non-autonomous partners in mammals with remark-
ably species-specific types. These differences in mobile DNAs define self and mate, 
sister species, host and pathogen.

Preface
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The most striking impression from these pages must be the raw power of ge-
netic material to refashion itself to any purpose. DNA exchange between bacte-
ria and their environment blurs the boundaries between host, transposon, and 
phage, as organisms secrete and take up DNA, stash genetic material in inte-
grons for future use, conjugate, are attacked by phage and fight back. Delving 
into mechanisms, we see single-stranded hairpin structures and G quartets that 
anchor rearrangements in multiple ways; chemically diverse nucleophilic centers–
hydroxyls couched in pentose, tyrosine or serine moieties–that covalently bond or 
attack directly in strand-transfer reactions. Proteins act as clamps to topologically 
constrain DNA or act as mechanical swivels, linking and unlinking mobilizing 
strands. Resolution of transposition intermediates might also involve host rep-
lication or recombination machinery. More recently discovered helitrons offer 
unexpected opportunities for expansion of DNA-based elements by rolling-circle 
replication.

RNA, the primal, catalytic nucleic acid, is in evidence everywhere. In retro-
elements, RNA partners with reverse transcriptase to deliver on transcriptional 
expansion of autonomous and non-autonomous TE sequences. Group II introns in 
bacteria likely gave rise to eukaryotic organelle group II self-splicing, retro-homing 
introns, Long INterspersed Elements (LINEs), telomerase reverse transcriptases 
and in addition, spliceosomal introns. Phylogenetic analysis of bacterial ge-
nomes previously revealed group II introns, diversity-generating retroelements 
Diversity-Generating Retroelements (DGR), and retrons, but next generation se-
quencing now identifies a multitude of novel reverse transcriptases of unknown  
function. 

In ciliates, Paramecium, Tetrahymena and Oxytrichia, RNA directs massive 
genome reduction between germ-line and somatic nuclei, mediated by ancient 
transposase-like enzymes. LINEs containing restriction-enzyme like- or AP-
endonucleases dominate in some eukaryotic cells. Others are dominated by LTR 
retrotransposons and their offspring, the retroviruses; stripped down Penelope-
like elements with GIY-YIG endonucleases; DIRS elements with tyrosine recom-
binases: and attendant non-autonomous elements. 

Exceptional elements provide evidence for the interaction of domains over evo-
lutionary time, including LTR retrotransposons encoding envelope proteins, ret-
roviruses replicating intracellularly, and DIRS elements in which retroelement RT/
RNaseH is associated with a Crypton-type DNA element tyrosine recombinase.

Nowhere is the sharp focus of structural biology and biochemistry more appar-
ent than in studies of key retroelement enzymes reverse transcriptase and integrase 
motivated by the quest for inhibitors of human immunodeficiency virus (HIV) 
replication. Reverse transcriptase structures for multiple retroviruses, as well as 
now one retrotransposon, demonstrate the robustness of the palm, thumb, fingers 
model. However, as a caution against too much generalization, subdomains are 
re-arranged in monomeric, homodimeric, and heterodimeric forms in different 
enzymes, and catalytic activities operate in cis or trans within the complex, de-
pending on the enzyme. The structure of full length retrovirus integrase notori-
ously resisted high resolution structural analysis, but now has rewarded efforts 
of many labs with key insights (cover of this volume). These include a surprising 
dimer-dimer interface where active sites are juxtaposed to a trapped, and dra-
matically bent and widened, major groove target. Whereas LTR retrotransposons 
target integration to transcriptionally-repressed regions through interactions with 
heterochromatic protein domains or Pol III-transcribed genes thought to repress 
Pol II transcription, next generation sequencing has surfaced less dramatic, but 
significant, retrovirus integration bias, favoring transcriptionally-active regions. 
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This distribution has been shown now in two cases to be mediated by interactions 
between integrase and epigenetic mark-associated proteins. 

While it has been argued that mobile elements are “selfish DNAs”, these pages 
are replete with examples of the positive contributions of mobile elements to host 
genome function. Bacterial transposons encode and mobilize selectable markers 
including antibiotic resistance, detoxifying enzymes, and conjugation and viru-
lence functions. In eukaryotic cells, mobile elements contribute to chromosome 
structure: constituting centromeres or telomeres in some organisms and seeding 
heterochromatin in others. TE constitute a large fraction of transcription factor 
binding sites and provide an ongoing source of novel combinations which are 
responsive to stress signaling, MAP kinase activation and other developmental 
signals. Insertions of LINEs and Alu elements affect RNA processing because 
they encode cryptic splice sites, termination signals, and can target RNA editing.

 Exapted mobile DNA coding sequences appear in novel contexts: transpo-
sases have evolved into the RAG endonuclease for V(D)J immunoglobulin gene 
diversification and into heterochromatic factor CENP-B; a reverse transcriptase 
evolved into telomerase; retrovirus envelope proteins became the trophoblast fu-
sion protein syncytin. There are other examples of TE Open Reading Frames 
(ORFs) under selection, but with, as yet, unknown functions. Endogenous ret-
roviruses forego prior allegiances and join strategies to resist new infections. For 
example, Fv–1, a retroviral Gag relic, thwarts incoming retroviruses of similar 
type. Repeated TE sequences are susceptible to DNA rearrangements via non- 
allelic recombination, aborted transposition, and generation of pseudo-genes–all 
of which might ultimately contribute to the resiliency of host genomes. 

TE exploit their hosts as well. The bacterial XerCD tyrosine recombinases 
which function in bacteria to unlink multimeric chromosomes are exploited to in-
tegrate phage genomes or mediate invasion of the host chromosome on behalf of 
certain plasmid-borne mobile elements. Transposases, resolvases and integrases in 
vivo likely associate with host factors as they are joined with host genomes. TE 
are generally tightly controlled by host regulation so that some display opportun-
istic bursts of activity during specific windows of development. This is exempli-
fied by yeast Ty transcription in response to MAP kinase signaling and activation 
of reverse transcription by DNA checkpoints. A common theme more generally is 
TE activation during stress. Diverse retroelements are derepressed during periods 
of germ cell development ensuring their vertical spreading in populations. 

Despite these examples of cooperation, mobile DNAs are also in conflict with 
their hosts. RNA interference likely arose in part to combat mobilization of ret-
roelements. Invaders of one sort or another engage in a dizzying unscored dance 
with their hosts. One result of this conflict is rapid evolution of genes encoding 
host innate immunity restriction factors, which for retroviruses include ones that 
prematurely uncoat incoming viruses, starve reverse transcriptases for nucleo-
tides, and deaminate cytidines in replicating cDNA. Some of these same factors 
also suppress movement of endogenous retroelements. 

Programmed variation is used by invaders and hosts alike for purposes of im-
mune evasion or resistance, respectively. Examples include Salmonella Hin in-
vertase flipping a promoter sequence to switch between expression of different 
antigenic flagellar proteins and DGR directing mutagenic reverse transcription 
of a template transcript coupled with directed conversion of a target expres-
sion site. Neisseria gonorrhea, Borrelia burgdorferi, Trypanosoma brucei; and 
Plasmodium falciparum, agents of gonorrhea, Lyme disease, sleeping sickness, 
and malaria, respectively, use amazingly diverse mechanisms to program varia-
tion of their antigenic surfaces for immune evasion. To counter this assault, there 
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is programmed variation of host immune proteins. In human immunoglobulin 
production, a DDE TE-derived RAG site-specific endonuclease initiates V(D)J  
switching, followed by transcription-activated somatic hyper-mutation (activation- 
induced cytidine deaminase), nuclease introduction of DSB, and final joint forma-
tion by redundant NHEJ pathways. 

Next generation sequencing and development of methods for rapid TE map-
ping have greatly improved understanding of the distribution of TE as well as the 
utility of transposons for functional genomics. The bacterial Tn5 system has been 
exploited in particular for in vitro mutagenesis and next generation sequencing 
libraries by collapsing fragmentation and adapter ligation into a single step. P, 
Hermes, piggyBac, and Sleeping Beauty transposons have wide activity in eukary-
otic systems and have been harnessed for genome-wide profiling, gene disruption 
and tagging, and genome modification. Retroviruses are additionally used in line-
age tracing. The controlled, high-frequency mobilization of Mutator has made it 
indispensable for gene discovery in maize. 

In medical research, understanding the impact of DNA mobilization is critical. 
In addition to individual TE, other mobile DNAs such as plasmids, Integrative 
Conjugative Elements (ICE) and both transposon-borne and chromosomal inte-
grons are bacterial reservoirs of mobilizable antibiotic resistance. HIV, malaria, 
and sleeping sickness, and other pathogens, too numerous to mention here, re-
main threats to global health. Mobile element vectors transposons piggyBac, 
Sleeping Beauty, lenti-retroviruses and adenoviruses are being used as vectors to 
introduce exogenous DNAs in research, and in clinical trials. They differ with 
respect to targeting, excision footprints, payload size, and host activity profiles. 
Their mechanisms of DNA breakage and joining were among the systems first 
analyzed, now enabling them to be harnessed and used extensively for genome 
engineering including with developmentally-regulated expression, inactivation, 
and self-deletion strategies to enable probing essential or tissue- specific functions. 

What challenges remain? One goal is to connect key findings from basic re-
search, to clinical developments in drug resistance and genetic engineering. This 
volume is based on the considerable increase in understanding of molecular mech-
anisms of mobilization in the last decade. However, we have likely seen only the 
tip of the iceberg of how mobile DNAs affect the day to day biology of their hosts. 

In the human genome alone, retroelements provide promoters for long 
non-coding and other RNAs of completely unknown function; Alu elements redi-
rect RNA processing and delivery, and mobilization is occurring during neuronal 
development and in cancer with unknown consequences, just to mention a few. 
Finally, endogenization of a gamma retrovirus in Australian koalas is ongoing 
and those studies should provide insights into retroelement-host interaction. How 
have transposition events after separation from other great apes contributed to 
traits that make us human? What transposition events will provide key substrates 
for future evolution? And of course, perhaps the ultimate question, could we sur-
vive as a species were there no transposition?

We give our heartfelt thanks to all the authors who contributed diverse and fas-
cinating chapters to Mobile DNA III. We express special thanks to Patti Kodeck, 
Administrative Assistant to Editor in Chief N. Craig, who mediated recruitment 
of and communications with authors and interactions between them and the pub-
lisher. Finally, our most sincere thanks to all of our supporters at ASM Press 
for their dedication in producing this volume, but especially to: Gregory Payne, 
Senior Editor; Larry Klein, Production Editor; Christine Charlip, Director of 
Administration; and Cathy Balogh, Administrative Assistant for Production.
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1A Moveable Feast:
An Introduction to Mobile DNA

INTRODUCTION

DNA has two critical functions: to provide the cell with
the information necessary for macromolecular synthesis
and to transmit that information to progeny cells. Ge-
nome sequence stability is important for both these
functions. Indeed, cells devote significant resources to
various DNA repair processes that maintain genome
structure and repair alterations that can arise from
DNA synthesis errors and assaults from both endoge-
nous and exogenous sources. DNA sequence variation,
however, provides the substrate for adaptation, selec-
tion, and evolution.

Genomes are, however, highly dynamic. Notably,
they vary not only at the single or several base pair
level (although such changes can be transformative and
even deadly), but they also change by DNA rearrange-
ments, that is, the movement of DNA segments that
may be many kb (or even longer) in length. Such rear-
rangements can have enormous impacts on genome
structure, function, and evolution.

The DNA rearrangements discussed here generally in-
volve specific DNA sequences, or in some cases RNA se-
quences, that are recognized and acted on by specialized
recombination proteins or recombinases that promote
DNA breakage followed by joining of the broken DNAs
to new sites. The involvement of a sequence-specific

recombinase is what distinguishes site-specific recombi-
nation from homologous recombination, which can
occur between any two DNA segments as long as they
are homologous to each other, as in RecA- and Rad51-
dependent recombination. In some cases, the specialized
recombinase is a sequence-specific nuclease that targets
homologous recombination to a specific DNA site.

In some rearrangements, the recombinase alone
breaks, exchanges, and joins DNA by using covalent
protein-DNA intermediates. In other cases, DNA syn-
thesis is also essential in these rearrangements. Notably,
this DNA synthesis can involve not only conventional
DNA synthesis in which a DNA polymerase uses DNA
as a template, but also reverse transcription in which a
novel DNA polymerase, reverse transcriptase, uses an
RNA template to generate new DNA. A very wide num-
ber of other cellular processes can influence or be
required for DNA rearrangements, including transcrip-
tional activation of particular sites, DNA bending by
bending proteins, DNA supercoiling, and many varia-
tions in chromatin structure, as well as DNA repair
reactions including DNA end joining. Although a puri-
fied recombinase may execute DNA breakage and join-
ing in vitro, it is critical to remember that this reaction
and its consequences will be enormously influenced by
its cellular environment.

1Department of Molecular Biology and Genetics, Howard Hughes Medical Institute, Johns Hopkins University School of Medicine, Baltimore,
MD 21205.
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Although DNA rearrangements can provide very use-
ful rapid and focused changes in genetic information,
they are also very hazardous. Unrepaired DNA breaks
can result in DNA mis-segregation and are often lethal.
Not surprisingly then, DNA rearrangements often oc-
cur in elaborate nucleoprotein complexes that organize
and juxtapose the participating DNAs and promote
breakage and joining in carefully choreographed steps.
The frequency of DNA rearrangements is usually highly
regulated, often by restricting to low levels the recombi-
nase that initiates or mediates the rearrangements.

Mobile DNAs also include a diverse variety of dis-
crete mobile genetic elements, such as transposable
elements, that move themselves or copies of themselves
from place to place within and between genomes. Thus,
in some cases, a copy of the element remains at its orig-
inal site and there is a new copy at the new insertion
site. This type of replicative mechanism leads to an
enormously high element copy number, especially in
some eukaryotic genomes. The majority of the maize
genome, for example, is derived from a particular kind
of transposon. High copy numbers of repetitive se-
quences result in increased susceptibility to nonallelic
homologous recombination events that can lead to de-
letions, inversions, translocations, and other chromo-
somal rearrangements.

The movement of a transposable element within a
single genome can have substantial genotypic and phe-
notypic consequences. The insertion of a transposable
element into a gene can lead to gene disruption but
even nearby insertions can effect gene expression as
many elements carry regulatory signals, such as en-
hancers and promoters, as well as splice sites and tran-
scription termination signals. Excision of an element
also changes the donor site. Thus, the intracellular
translocation of a mobile element results in genetic vari-
ation. The range of target sites used by the elements
ranges from insertion into specific sites or regions that
provide a “safe harbor” for the element with reduced
negative consequence on the host, to preferences for ac-
tively transcribed regions to facilitate element expres-
sion to virtually random insertion, which can thus result
in genetic variation anywhere within the host genome.

DNA rearrangements also play a crucial role in the
interactions between viral chromosomes and their
hosts, as well as the proper replication and segregation
of host chromosomes. Many viruses integrate into and
excise from host genomes, although in some cases inte-
gration is irreversible, such as with HIV-1. All of these
reactions involve at least specific sites on the viral ge-
nome that are acted upon by site-specific recombinases
and which sometimes involve specific sites on the host

genome. Recombination between specific sites to pro-
mote chromosome monomerization plays a key role in
chromosome transmission in bacteria.

The translocation of mobile elements encoding a
wide variety of determinants including genes encoding
antibiotic resistances, virulence determinants, and di-
verse metabolic pathways from plasmids to chromo-
somes and from viruses and DNA fragments that are
transduced or transformed into a cell, can also result
in permanent chromosomal acquisition of these deter-
minants. This sort of horizontal gene transfer involving
mobile elements is rampant in bacteria and contributes
greatly to genetic variation. There are also an increas-
ing number of examples of horizontal gene transfer in-
volving mobile elements in eukaryotes.

Perhaps the most profound example of the effect of
mobile elements on eukaryotic genome evolution is
the nuclear invasion of mobile group II introns into
the nuclear genome from bacterial symbionts to form
spliceosomal introns.

Cell type can also have substantial impact on DNA
rearrangements. The elaborate DNA breakage and join-
ing reactions that underlie immunoglobulin diversifica-
tion are actually terminal differentiation events restricted
to particular somatic cells. There is increasing interest in
the somatic movement of transposable elements, which
can also have profound organismal impact. The move-
ment of human transposable elements in somatic tissue
is associated with a variety of cancers, although it re-
mains to be determined if such events can cause onco-
genic transformation or are rather a consequence of
transformation. The movement of transposable elements
in neuronal tissue in several organisms raises the inter-
esting possibility that such rearrangements are a deliber-
ate strategy for neural plasticity.

Such terminal differentiation events involving DNA
rearrangements are incompatible with the bacterial life-
style, except in a few known cases such as spore forma-
tion by a subset of cells. By contrast, reversible DNA
inversions that vary promoter or ORF orientation are
well known in bacteria.

Thus, DNA rearrangements can contribute substan-
tially to genetic variation. The frequency and potential
advantage of the resulting variation must be carefully
balanced with genome stability to avoid its potential
for population-wide genomic catastrophe.

Although not exclusively so, the focus of this work is
on the mechanism and regulation of DNA rearrange-
ments. How do specific DNA (and sometimes RNA)
sequences recognize each other and how do they assem-
ble to form the machines in which DNA rearrange-
ments occur? What are the mechanisms for DNA
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strand breakage and joining? What processes determine
when and where these reactions occur? How are ac-
tions at multiple DNA sites, for example, the two ends
of a transposable element and its target DNA, coordi-
nated? Importantly, how are nonproductive breakage
and joining events avoided and how is intact duplex
DNA regenerated?

Mobile DNAs are “natural” genome engineers.
Although not a focus of this work, many of the mobile
elements discussed here have been harnessed to facili-
tate researcher-directed rearrangements both in vitro
and in vivo. Mobile elements are used for “random”
insertional genome mutagenesis both in vivo and
in vitro, as well as for “targeted mutagenesis.” Many
mobile elements are used as vectors in both homolo-
gous and heterologous systems.

TARGETED DNA BREAKS LEAD
TO GENE REPLACEMENT

DNA Double Strand Breaks Stimulate
Homology-Dependent DNA Repair
Homologous recombination occurs without require-
ment for any particular sequence, depending only on
base pairing between the participating DNA strands.
However, the frequency of homologous recombination
is stimulated by the presence of broken DNA, in par-
ticular double strand breaks. These breaks stimulate
recombination because the action of nucleases and
helicases at these breaks leads to the generation of
DNA with single stranded 3´ trails that are the pre-
ferred substrate for DNA pairing mediated by RecA-
and Rad51-like proteins. By interacting with a donor
site, this pairing of 3´-OH ends can initiate homology-
dependent DNA repair, which copies DNA sequence
information from the donor site into the broken DNA
target site. This repair leads to the replacement, or
modification, of an existing gene or insertion of a new
gene. The insertion of many mobile DNAs into a new
site is targeted by double strand breaks by highly site-
specific endonucleases.

There’s No Place Like Home:
Homing Endonucleases
Homing endonucleases (HENs) are highly site-specific
endonucleases (1). Although often associated with other
genetic elements (see below), freestanding HEN genes
can themselves be mobile DNA elements. If a HEN
cleavage site lies within an “empty allele” of DNA that
flanks the HEN ORF, cleavage of that target site can
initiate homology-dependent DNA synthesis that will

transfer a copy of the HEN gene to that double strand
break at the nuclease target site (Fig. 1).

HEN genes are also often found in other genetic ele-
ments such as self-splicing RNA introns, that is, group
I introns, and self-splicing proteins, that is, inteins.
Thus, if the HEN introduces a double strand break into
the “empty” allele of a site occupied by the intron or
intein, targeted DNA repair introduces a copy of the
DNA encoding the intron or intein into that target site.
Because the RNA intron can splice out of the RNA
containing it and the protein intein can splice out of the
protein containing it, the insertion of these elements is
generally phenotypically silent.

Alternative Life Styles: Switching Mating
Type in Saccharomyces cerevisiae
These yeasts have two different haploid cell types, mat-
ing type a and mating type α, which can mate to form
diploids. During sporulation, meiotic recombination
shuffles the two parental genomes, generating diverse
haploid progeny. To facilitate diploid formation, hap-
loids can switch mating type from mating type a

Figure 1 A targeted DNA double strand break can lead
to gene insertion. Introduction of a site-specific double
strand break by a homing endonuclease (HEN) in a homolo-
gous DNA duplex lacking the HEN gene targets homology-
dependent DNA synthesis (green) that introduces a copy of
the HEN gene to the broken DNA.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f1
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to mating type α and from mating type α to mating
type a (see Chapter 23).

MAT is the mating type expression site, which can
express either of two different mating type regulators.
One regulator set controls mating type a gene expres-
sion and the other regulator set controls mating type α
gene expression. Mating type switching occurs when
the highly site-specific HO nuclease, which is a member
of the HEN family, introduces a double strand break
into the MAT expression site (Fig. 2). This double
strand break initiates homology-dependent DNA repair
using either one of the two nonexpressed, silent storage
copies of mating type information called HMLα and
HMRa, as a template to replace the mating type infor-
mation at the MAT expression site. HMLα has a silent
copy of mating type α information and HMRa has a
silent copy of the mating type a information. HO ex-
pression and the choice of HMLα or HMRa as a donor
site are highly regulated. When the MAT expression

locus contains mating type information of one type,
switching information from the silent locus of the op-
posite mating type is copied into the MAT expression
site, thus switching a mating type α cell into a mating
type a cell or a mating type a cell into a mating type
α cell.

A different strategy is used for mating and cell type
switching in several fission yeasts including Schizosac-
charomyces pombe. Although these yeasts also have a
MAT expression locus and two silent storage sites for mat-
ing type information, switching occurs, not by targeted
DNA repair, but rather by another mechanism involving
strand- and site-specific imprinting of one of the DNA
strands at theMAT expression locus (see Chapter 24).

Taking Evasive Action: Changing Cell Surface
Proteins to Elude the Host Immune Defense
A key step in successful pathogen invasion of a new
host is evasion of the host’s immune response directed
against pathogen cell surface antigens. Many pathogens
evade the immune system by changing their cell surface
proteins, often by DNA rearrangements. The simplest
variation system is to alternate expression between two
different cell surface proteins. Switching between ex-
pression of two different surface protein types occurs in
Salmonella via a DNA inversion. This DNA inversion
flips an invertible segment containing a promoter,
which in one orientation, drives expression of one sur-
face flagellar protein, and in the other orientation,
drives expression of the alternative flagellar protein (see
below; see Chapter 9).

In other systems, homologous recombination be-
tween multiple silent gene variants and a single gene
expression site underlies the alternate expression of sur-
face protein variants (Fig. 3). The bacterial pathogens
Neisseria gonorrhoeae and N. meningitidis contain
about 20 silent variant copies of a surface pilin gene,
pilS, and a single pilin gene expression site, pilE (see
Chapter 21). pilS gene segments are transferred to pilE
by RecA-dependent homologous recombination that
appears to be stimulated by nicking of a DNA G4
quadraplex upstream of pilE. The surface lipoprotein
VlsE of the bacterial spirochete Borrelia burgdorferi,
which causes Lyme disease, also undergoes antigenic
variation (see Chapter 22). As in Neisseria, there is a
single vlsE expression site, which contains a required
G4 quadraplex, and multiple variant silent vlsS genes
whose sequences are transferred to vlsE. Interestingly,
this reaction does not require RecA.

The Borrelia genome includes a linear chromo-
some and multiple linear plasmids with hairpin ends.

Figure 2 A targeted DNA double strand break causes mating
type switching in Saccharomyces cerevisiae. Information that
specifies either mating type a or mating type α is expressed at
MAT and is also present at silent storage sites HML and
HMR. Introduction of a DNA double strand break in MAT
by the endonuclease HO targets homology-dependent DNA
synthesis at MAT using either the silent HML and HMR stor-
age sites as templates. DNA breaks in MATa cells use silent
HML α as the donor, thus switching MATa to MAT α, re-
sulting in a switch in mating type from a to α. Conversely,
MATa cleavage results in a switch to MAT α.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f2
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To complete replication, these ends are processed by
the proto-telomerase ResT, a phospho-Tyrosine recom-
binase (see below; see Chapter 12).

Antigenic variation of the variant surface glycopro-
tein (VSG) of Trypanosoma brucei, the protist that
causes sleeping sickness, involves some 2,500 silent vsg
gene variants and multiple vsg expression sites (see
Chapter 19). The introduction of double strand breaks
into repeats that flank the vsg expression sites results in
gene switching but how such breaks might be generated
remains to be determined.

Antigenic variation of several large multi-gene fami-
lies of surface proteins also occurs in the malaria para-
site Plasmodium falciparum (see Chapter 20). The
best-studied system is the var family with about 60 mem-
bers clustered in several different arrays. In this case
differential gene expression regulated in situ mediates
antigenic variation, but gene copies are also diversified
by recombination.

LESS IS MORE: ACTIVE GENE
ASSEMBLY BY DELETION

The Immune System Strikes Back:
Immunoglobulin Gene Diversification
Allows Detection of Millions of Antigens
In the vertebrate adaptive immune system, the B cells
that make antibodies and T cells that make antigen re-
ceptors can produce millions of diverse immunoglobulins

that can recognize different antigens. Multiple processes
underlie these gene diversifications. In both B and T
cells, the combinatorial assembly of many different V,
D, and J coding gene segments, which encode different
protein segments to form the variable regions of immu-
noglobulin genes and proteins, is mediated by V(D)J re-
combination (see Chapter 14). The loci encoding these
gene segments contain many, in some cases hundreds,
of these coding segments separated by nonimmuno-
globulin spacer DNA. In B cells, somatic hypermuta-
tion (SHM) then targets the assembled V(D)J gene
segments to further diversify the variable regions (see
Chapter 15). Class switch recombination (CSR) then
adds one of several different classes of constant regions
to the assembled, mutated V(D)J variable regions to
yield antibodies for several different cellular activities
(see Chapter 15).

V(D)J Recombination
An immunoglobulin locus contains arrays of multiple
V (variable), D (diversity), and J (joining) gene coding
segments upstream of a constant gene-coding segment.
These V, D, and J gene-coding segments are assembled
by the combinatorial joining of different V, D, and J
coding gene segments, yielding many different VxDyJz
coding regions by V(D)J recombination (see Chapter
14). This combinatorial gene assembly occurs by the
introduction of targeted DNA double strand breaks
at the edges of the V, D, and J segments to be joined,
resulting in excision of the DNA between the targeted
V, D, and J segments. The coding segments are joined
by nonhomologous end joining.

A highly specialized site-specific nuclease called RAG
makes these initiating double strand breaks, acting at
recombination signal sequences (RSSs), at the edges of
the V, D, and J gene coding segments (Fig. 4). These
RSSs may be either of two slightly different forms,
RSS12 or RSS23, and RAG binding to and pairing of
one RSS12 type and one RSS23 type site is required for
RAG-dependent cleavage. RAG activity is also elabo-
rately regulated in vivo. The RSSs are accessible to
RAG only when activated by regulated transcription
through them and by particular chromatin modifica-
tions. The interaction of two RSSs that may be sepa-
rated by many tens of kb is facilitated by the highly
structured 3D organization of the genome in each im-
munoglobulin locus (2).

The different positions and orientations of the RSS
signals at the edges of the V, D, and J coding segments
organize the breakage by RAG at particular positions,
followed by the joining of V segments to D segments,
and the joining of D segments to J segments. The joining

Figure 3 Gene replacement underlies antigenic variation in
Neisseria. A pilin surface antigen is expressed from the pilE
site and multiple variant pilin genes are stored in silent pilS
sites. Homology-dependent repair using template information
from a pilS gene changes the information in pilE, varying the
surface antigen.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f3
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of V to D segments and D to J segments creates coding
joints that link these protein-coding segments, which
will then be transcribed into mRNA. The joining of the
RSS12 to RSS23 sites creates the signal joint on the
excised intervening DNA segment, which is lost from
the cell.

RAG, whose structure has been recently determined
(3), is closely related to DDE transposases (see below;
see Chapter 25), that bind to and break at terminal
inverted repeats (TIRs) at the ends of DDE transpos-
ons. Indeed, the DNAs between the coding segments,
which are to be joined, are bounded by inverted RSSs
just as the ends of DDE transposons are bounded by
TIRs. Moreover, the chemical steps by which double
strand breaks are made at RSSs by RAG and by which
double strand breaks are made at TIRs at the ends of
hAT transposons such as Hermes (see Chapter 35),
occur by the same chemical mechanism (4, 5). This mech-
anistic similarity and the marked similarities between the

structures of RAG and Hermes (3,6) support the hy-
pothesis that the RAG recombination system evolved
from an ancient Transib transposon (7, 8).

Somatic Hypermutation
The V(D)J segment in an active immunoglobulin gene
in a B cell is then subjected to local, targeted, high-
frequency mutagenesis called somatic hypermutation
(SHM) to further diversify the antigen binding region
(see Chapter 15). This mutagenesis is targeted to partic-
ular regions by regulated transcription that recruits
the activation-induced cytidine deaminase (AID). De-
amination converts cytidine to uracil resulting in a U::G
mismatch. Mutagenic repair, likely by error-prone poly-
merases, then occurs by base excision repair or mis-
match repair, resulting in localized, high frequency
mutagenesis that further diversifies the antigen-binding
region of the antibody.

Class-Switch Recombination
Downstream of the V(D)J coding exon segments are
multiple, different “C” (constant) exons that encode
various immune system effectors. The V(D)J coding
exon and a C exon are joined in the mRNA by RNA
splicing. Class-switch recombination (CSR) positions
particular, different isotype C exons immediately down-
stream of the V(D)J exon by DNA excision of the inter-
vening C exons. This excision occurs by targeted double
strand breaks at a switch site downstream of the V(D)J
exon and the switch site upstream of a particular C
exon (Fig. 5). As in SHM, transcription-directed AID
changes cytidines to uracil in the switch sites, which are
then further processed to introduce double strand
breaks. The cleaved switch site downstream of the V(D)
J coding segment then joins to the cleaved switch site
upstream of a C exon by nonhomologous end joining.
The intervening DNA is lost from the cell.

Massive Chromosome Destruction
Leads to Active Ciliate Genes
The most spectacular examples of programmed DNA
breakage and joining events to restructure chromo-
somes and genes (9) are those in the ciliates Parame-
cium (see Chapter 17), Tetrahymena (see Chapter 16),
and Oxytricha (see Chapter 18). It should be noted,
however, that large-scale chromosome diminution also
occurs in some nematodes, insects, and vertebrates (see
Chapter 18) (10).

Ciliates are single cell eukaryotes that have two nu-
clei, a germline micronucleus of ∼50 to 100 Mbp, which
is transmitted to progeny, and a somatic macronucleus

Figure 4 Targeted DNA double strand breaks by RAG
mediate immunoglobulin gene assembly during V(D)J re-
combination. Diverse immunoglobulins that recognize many
different antigens result from combinatorial assembly of dif-
ferent V, D, and J coding segments. Site-specific cleavage by
RAG, at RSS12 and RSS23 sites that bound the multiple V, D
and J segments, results in excision of intervening DNA be-
tween the gene segments to be joined and formation of a
coding joint by NHEJ. The intervening DNA circularizes,
forming a signal joint and is lost from the cell.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f4
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from which all genes are expressed. In the macronu-
cleus, the much larger micronuclear chromosome has
been shattered by double strand breaks into smaller
DNA fragments. Macronuclear development also in-
volves excision and loss of a substantial fraction of the
micronuclear genome, ranging from ∼30% in Tetrahy-
mena to almost 95% in Oxytricha. These internal elim-
inated sequences (IESs) lie in and between genes in the
micronucleus, and thus, must be carefully excised and
the genic material rejoined to maintain gene function.
In Paramecium and Tetrahymena, many of these IESs
are excised by a domesticated piggyBac transposase
(see Chapter 39), which introduces targeted double
strand breaks at the edges of the elements, following
which the gene segments are rejoined by nonhomolo-
gous end joining. A smaller number of IESs are excised
by other transposase-like proteins that make targeted
DNA double strand breaks. An attractive view is that

the IESs began as transposon insertions and that their
elimination is an extreme form of gene silencing.

RNA plays a prominent role in these programmed
DNA rearrangements. Formation of the macronucleus
is completed by the addition of new telomers to the
ends of the new “minichromosomes.” Experiments in
Tetrahymena lead to the proposal (11) that a new class
of RNA, called scan RNA (scRNA), actually directs the
elimination of IES sequences. The scRNAs specific for
the sequences to be maintained in the next round of mac-
ronuclear development derive from pervasive transcrip-
tion of the entire genome, which is then compared to the
edited macronuclear DNA, thus, identifying the scRNAs.

An even more remarkable role for RNA has been
revealed in Oxytricha macronuclear development (see
Chapter 18). Here, the micronuclear genes are not
only interrupted by transposon-like sequences that are
removed by Tc1/mariner transposases (see below), but

Figure 5 Targeted DNA double strand breaks at switch sites join V(D)J coding segments
to different antibody class segments. DNA double strand breaks (DSB) are targeted by tran-
scription-induced activation-induced cytidine deaminase (AID) modification of switch sites
downstream of an assembled V(D)J coding region and upstream of different antibody class
coding regions. The intervening DNA is excised and combinatorial joining of the V(D)J and
antibody class segments by NHEJ results in different classes of antibodies.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f5
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gene segment order is highly scrambled. For example,
if the linear order of the segments that make up a gene
in the macronuclear DNA is ABCDE, their order in
the germline micronucleus may be BADCE! How can
a sensible gene be assembled from this scrambled ge-
nome? The answer lies in gene-length RNAs with the
correct gene segment order that are transcribed from
the macronucleus and are then transported to the micro-
nucleus where they provide a template for the correctly
ordered assembly of genes in the next round of macro-
nuclear development. The mechanism of this assembly
process remains to be determined.

TRANSPOSABLE ELEMENTS

Transposable elements, which are present in virtually
all genomes, are discrete DNA segments that can move
themselves or a copy of themselves within and between
genomes. Transposable elements underlie a wide vari-
ety of processes, such as the interaction of viral and
host chromosomes, reactions that underlie the replica-
tion and accurate segregation of chromosomes and the
regulation of gene expression. Transposable elements
may also encode a wide variety of accessory determi-
nants including antibiotic resistance genes, virulence
determinants, and a wide variety of metabolic genes.
Moreover, the movement of a transposable element can
have a profound effect on host gene expression. Ele-
ment insertion into a gene can result in gene inactiva-
tion. Element insertion near a gene can also alter gene
expression as transposable elements can also encode
regulatory signals such as promoters, enhancers, splice
sites, polyadenylation signals, and transcription termi-
nation signals. These variations in genetic information
are substrates for adaptation, selection, and evolution.

Other than viruses, it has long been thought that
only mobile elements in bacteria carried accessory genes
such as antibiotic resistance genes. Multiple examples
of mobile elements containing genes or gene fragments
have now been observed in eukaryotes, however, most
notably with the DNA-only Helitrons (see Chapter 40)
(12) and versions of Mutator transposons called Pack-
MULEs (see Chapter 36) (13).

Elements that encode their own mobility functions,
for example, a transposase, and its cognate recognition
sequences at the transposon ends are called “autono-
mous” elements. Some elements, however, encode only
the necessary cis-acting sequences at the transposon
ends and are mobilized in trans by transposase from
another autonomous version of the element elsewhere
in the genome. These elements are called “nonautono-
mous” elements.

Some transposable elements move only via DNA in-
termediates. The DNA intermediates of some other
transposable elements are generated by reverse tran-
scription of RNA into double stranded DNA, which
then interacts with and inserts into a target site. Trans-
position of another major class of elements occurs by
the interaction of an RNA form of the element directly
with a target DNA, followed by reverse transcription
of the RNA in situ at the target site to generate a new
DNA copy of the element. This ability to convert RNA
copies of an element into DNA and the resulting ampli-
fication likely leads to the very high copy number of
retroelements in some organisms.

There are many types of transposable elements that
have different structures and move by different mecha-
nisms. Confusingly, but not surprisingly, because many
elements were first identified in different organisms and
were named in the absence of molecular understanding
of how they moved, what turn out to be mechanis-
tically very related elements can have quite different
types of names. Conversely, other elements that move
by very different mechanisms can have similar names.
For example, many bacterial insertion sequences move
by the same mechanism, as do many eukaryotic trans-
posable elements. The transposition mechanism of bac-
terial IS4 family members, including IS10 and IS50
that form Tn10 and Tn5 (see Chapter 29), is related to
that of the eukaryotic transposable element piggyBac
(see Chapter 39). The transposable bacterial insertion
sequence, ISY100 (14), uses the same breakage and
joining steps as do transposable ITm (Tc1/mariner)
elements found in many eukaryotes (see Chapter 34).
Conversely, the integrases of many bacterial viruses use
a very different mechanism for DNA breakage and
joining than do the integrases that mediate the integra-
tion of the DNA forms of retroviruses.

DNA-ONLY TRANSPOSONS

Transposases are sequence-specific DNA binding pro-
teins that also contain a catalytic domain that mediates
DNA breakage and joining. Some transposable ele-
ments move by breakage and joining mediated only
by the transposase, whereas others also involve DNA
synthesis and ligation by host proteins to regenerate
intact duplex DNA. There are four major classes of
DNA-only transposases: DDE transposases, tyrosine-
histidine-hydrophobic-histidine (HUH) transposases,
tyrosine-transposases, and serine-transposases. DDE
transposases break and join DNA by direct transesteri-
fication. The other classes of transposases act via cova-
lent-protein DNA intermediates. Eubacteria, archaea,
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and eukaryotes all contain mobile elements with these
four major classes of transposases.

A new class of transposons, casposons, and their
novel transposases, was recently proposed based on
bioinformatic analysis of bacterial mobile elements that
also encode a DNA polymerase (15). These bacterial
elements have been called casposons because the pro-
tein proposed to be their transposase (integrase) derives
from Cas1, a protein component of bacterial adaptive
immunity CRISPR-Cas systems (16). These immunity
systems take DNA sequences from infecting nucleic
acids, such as viruses, and incorporate them into “clus-
tered regularly interspaced short palindromic repeats”
(CRISPR) arrays. Transcription of these arrays gener-
ates RNA copies of these incorporated sequences, which
are used as guide sequences for nucleolytic attack and
destruction of re-invading foreign DNAs and their tran-
scripts. Notably, it has recently been shown that a com-
plex of Cas1-Cas2 proteins can integrate a new DNA
segment into a target DNA in vitro by direct transesteri-
fication using a 3´-OH end as a nucleophile (17). This
is the same chemical mechanism used for DNA join-
ing as that used by DDE transposases (see below; see
Chapter 25) and the closely related retroviral integrases
(see Chapter 44). Notably, however, the structure of the
Cas1-Cas2 complex (18), which has been determined
by X-ray crystallography, has no structural homology
with DDE transposases, thus, identifying Cas1 as a new
class of transposase.

Such apparently DNA self-synthesizing elements in
eukaryotes called Polintons (Mavericks) that also en-
code a DDE transposase have also been described bio-
informatically (19).

Double Strand DNATransposons
Move via DDE Transposases
DDE transposons are discrete DNA segments bounded
by terminal inverted repeats (TIRs) that are the specific
binding sites of the cognate DDE transposase (see
Chapter 25). The TIRs position the transposase at each
end of the element to carry out the DNA breakage and
joining reactions. DDE transposases carry out two closely
related reactions: (i) the cleavage of a DNA phospho-
diester bond using water as the nucleophile to yield
3´-OH and 5´-P ends; and (ii) the joining or “strand
transfer” of the 3´-OH transposon end to a target DNA
in which the 3´-OH is the nucleophile in a direct trans-
esterification reaction. The active site of a DDE transpos-
ase is formed by an RNase H-like fold that closely
juxtaposes three conserved acidic amino acids - D, D,
and E - to position the essential Mg2+ ion cofactors.

Thus, DDE transposases are sometime called RNase
H-like transposases. As described below, retroviral in-
tegrases (see Chapter 44) are also DDE transposases.

There are many superfamiles of DDE transposable
elements (20), which are defined by similarities in the
transposase sequence, the sequence of the transposon
ends, and in some cases their target sequence (Fig. 6).
Members of some superfamilies are present in both
bacteria and eukaryotes.

Different DDE transposases use different combina-
tions of breakage and joining steps to disconnect at
least their 3´ ends from the donor site (Fig. 6) (see
Chapter 25 for an overview and element-specific chap-
ters). The key events in transposition of all DDE ele-
ments are the release of the 3´-OH transposon ends
from the donor site, which then attack and join to the
target DNA at staggered positions on the top and bot-
tom target strands. These joining reactions result in the
covalent linkage of the 3´ transposon ends to the target
DNA. Because of the staggered joining positions on the
top and bottom strands, single strand gaps extend from
3´-OHs on the flanking target strands to the 5´ transpo-
son ends. These 3´-OH target ends provide the primers
for the DNA synthesis that will repair these gaps or, in
some cases, copy the entire element. Repair of these
gaps by host proteins can occur by several different
mechanisms (see Chapter 31) (21), resulting in target
site duplications, which are a hallmark of transposition.

Insertion of the eukaryotic DDE Spy element, how-
ever, occurs without target site duplication (22). Likely,
the excised 3´-OH transposon ends join the target DNA
at nonstaggered positions.

Transposition reactions occur within elaborate nu-
cleoprotein complexes called transpososomes, whose
assembly is a key control point in transposition, which
bring the transposon ends and the target DNA together,
such that uncoordinated unproductive events do not
occur. In some systems, host DNA bending proteins are
important for transpososome assembly. Known trans-
pososomes contain at least a dimer of transposase, the
active site of each transposase protomer mediating
breakage and joining at one transposon end. Thus, pro-
tein–protein interactions for oligomerization are also
important features of transposases.

In some systems, multiple transposon-encoded pro-
teins are required for transposition. For example, the
Tn7 transposase contains two different polypeptides,
each one cleaving a particular strand (see Chapter 30)
(Fig. 7). Some systems, for example, Mu (see Chapter
31) and Tn7 (see Chapter 30) encode an ATP-dependent
DNA binding protein involved in target site selection. Tn7
also encodes additional target site selection proteins.
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Figure 6 Different families of DDE transposases mediate the transposition of different
elements. Different superfamilies of DDE transposases use different combinations of DNA
breakage, replication, and joining reactions to move different DNA transposons (see Chapter
25 for details). Some elements move by excision and integration (cut and paste), whereas the
movement of other elements involves copying of the element by DNA replication (nick-copy
out-paste and nick-paste-copy). Transposases from different families can use related mecha-
nisms. Richardson JM, Colloms DS, Finnegan DJ, Walkinshaw MD. 2009. Molecular archi-
tecture of the Mos1 paired-end complex: the structural basis of DNA transposition in a
eukaryote. Cell 138:1096–1108; Feng X, Colloms SD. 2007. In vitro transposition of
ISY100, a bacterial insertion sequence belonging to the Tc1/mariner family. Mol Microbiol
65:1432–1443; Zhao D, Ferguson A, Jiang N. 2015. Transposition of a Rice Mutator-Like
Element in the Yeast Saccharomyces cerevisiae. Plant Cell 27:132–148; Hennig S, Ziebuhr
W. 2010. Characterization of the transposase encoded by IS256, the prototype of a major
family of bacterial insertion sequence elements. J. Bacteriol 192:4153–4163.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f6
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Cut and Paste Transposons Move
by Excision and Integration
Many elements move by a “cut and paste” mechanism
in which the transposon is excised from the donor site
by double strand breaks (Fig. 8), which can occur by
several different pathways (see Chapter 25), all of
which expose the 3´-OH transposon ends. Target sites
range from nearly random to highly site specific. Note
that the gapped donor backbone from which the ele-
ment excised must also be repaired.

Nick, Copy-Out and Paste:
Replicative Transposition of IS911
and other IS3 Family Elements
In DNA cut and paste reactions, DNA synthesis is lim-
ited to repair reactions at the ends of the newly inserted
transposon. The movement of some other DDE trans-
posons, however, involves replication of the entire ele-
ment. DNA replication is essential to transposition of
IS911 and other members of the widespread IS3 family
(see Chapter 28). In this case, the transposase intro-
duces a nick at only one 3´ end of the transposon, that
is, donor cleavage is asymmetric (Fig. 9). The released
3´-OH transposon end then joins intramolecularly to
just outside its own 5´ end, circularizing one strand of
the transposon. DNA replication then initiates at the
flanking target 3´-OH generated upon intramolecular

transposon strand joining. Replication of the transpo-
son results in a free, double strand transposon circle
in which the transposon ends are closely abutted. The
transposase then breaks this junction and inserts the
transposon by attack of its 3´-OH ends into a target
site. Note that the noncircularized transposon strand
at the donor site is also copied by DNA replication.
Transposition is thus replicative, resulting in a transpo-
son copy remaining at the donor site and a transposon
copy at the new insertion site.

Nick, Paste and Copy: Replicative
Transposition of Tn3 Family Transposons
Members of the DDE Tn3 transposon family, includ-
ing the closely related transposon γδ and Tn4430 (see
Chapter 32), are found in many types of bacterial plas-
mids, transposing from one plasmid to another. Upon
transposition from a donor plasmid to a target plasmid,
the primary product of their transposition is a cointe-
grate in which two copies of the transposon link a copy
of the donor plasmid and a copy of the target plasmid
(Fig. 10). Thus, transposition of these elements involves
generating a copy of the transposon, that is, transposi-
tion is replicative. The Tn3 and Tn4430 transposases
can make single-strand nicks at the 3´ transposon end,
exposing a 3´-OH. Assuming that Tn3 replicative trans-
position proceeds as with Mu (see below and Chapter

Figure 7 Some transposons encode DDE Transposases and ATP-utilizing target choice
regulators. Bacteriophage Mu uses cut and paste transposition to insert into the bacterial
genome and replicative transposition to replicate its DNA during lytic growth. MuA is a
DDE transposase that breaks and joins DNA and the ATP-dependent regulator MuB
controls target DNA selection. Related transposons also encode a transposase, an ATP-
dependent target regulator and, in some cases, an additional target type specification pro-
tein. Minakhina S, Kholodii G, Mindlin S, Yurieva O, Nikiforov V. 1999. Tn5053 family
transposons are res site hunters sensing plasmidal res sites occupied by cognate resolvases.
Mol Microbiol 33:1059–1068; Rowland S-J, Dyke K. 1990. Tn552, a novel transposable el-
ement from Staphylococcus aureus. Mol Microbiol 4:961–975.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f7
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31), transposition begins with transposase nicking at
both 3´ ends of the element. The two released 3´-OH
transposon ends then attack a target site on another
plasmid, generating a strand transfer product in which
the 3´ transposon ends are covalently linked to the tar-
get plasmid and the 5´ transposon ends remain cova-
lently linked to the donor site. Target joining of the 3´
transposon ends releases two 3´-OH target ends that
flank the newly inserted transposon. DNA replication
initiating from these 3´-OHs then copies both strands
of the transposon, generating the two transposons that
link the donor and target plasmids.

Figure 9 Mechanism of transposition of the nick-copy out
and paste transposon IS911 by a DDE transposase. Transpo-
sition begins by transposase nicking at one transposon end.
The resulting 3´-OH then attacks its own 5´ end, circularizing
the transposon. DNA replication (green) initiated at a flank-
ing target 3´-OH copies both transposon strands, releasing a
circularized transposon and repairing the donor site. Trans-
posase then cleaves the transposon ends in the transposon
circle, releasing 3´-OH ends that attack the target DNA.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f9

Figure 8 Mechanism of DNA cut and paste transposition
by a DDE transposase. The transposase makes DNA double
strand breaks at the transposon ends that excise the element
from the donor site, exposing the 3´-OH transposon ends.
These 3´-OH ends then attack the two target DNA strands at
staggered positions by direct transesterification reactions that
covalently link the 3´ transposon ends to the target DNA. The
staggered end joining positions result in single strand gaps at
the 5´ transposon ends that are repaired by host DNA synthe-
sis (green) to generate flanking target site duplications.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f8
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Generation of the cointegrate is the only step of Tn3
element-like transposition in which the transposase
participates directly. Completion of Tn3 transposition,
however, involves another step that converts the co-
integrate into two plasmids, one, the donor plasmid
containing a copy of the transposon, and the other, the
target plasmid now also containing a copy of the trans-
poson. This monomerization reaction is called resolu-
tion, but note that the same reaction is called excision
or deletion in other systems.

This cointegrate resolution requires another recom-
bination system, which is also encoded in the transpo-
son. This resolution system consists of a Serine
recombinase called a resolvase that acts at the transpo-
son-encoded res site to convert the dimeric cointegrate
plasmid into separate donor and target plasmids. We
consider the mechanism of such resolution reactions by
resolvases below.

“Bacteriophage Mu: A Transposon” and
“Transposon Mu: A Bacteriophage”
Bacteriophage Mu uses DDE transposition in two dif-
ferent steps of its life cycle (see Chapter 31) (23). Mu
uses cut and paste transposition to integrate randomly
into the bacterial chromosome upon lysogenization.
Mu then uses replicative transposition that uses multi-
ple chromosomal target sites to replicate its DNA dur-
ing lytic growth. The Mu transposition machinery is
elaborate: the ends of Mu contain multiple transposase
binding sites, as well as internal binding sites that en-
hance transposition by facilitating correct assembly of
the nucleoprotein machine that executes transposition.
Mu also encodes two transposition proteins, the DDE
transposase MuA and MuB, which facilitates the inter-
action of MuA bound to the transposon ends with tar-
get DNA. Perhaps the key event in Mu transposition
is the formation of a MuA tetramer in which two sub-
units mediate MuA breakage and joining and the other
two subunits play critical roles in transpososome as-
sembly (Fig. 11). The central features of this machine
have now been directly revealed in a crystal structure of
a MuA tetramer bound to both transposon ends and to
target DNA (24).

Single Strand DNATransposons Move
via Tyrosine-HUH Transposases
Hallmarks of DDE transposons are their termini in-
verted repeats and the absence of covalent transposase-
DNA bonds during transposition. By contrast, the
substrate of a tyrosine-HUH transposase is a single-
stranded version of the element as would be transiently

present in replication forks. The element lacks terminal
inverted repeats but rather contains two internal sets
of palindromes that form hairpin structures that are
specifically recognized by the transposase. The active
sites of tyrosine-HUH transposases contain conserved

Figure 10 Mechanism of replicative transposition of Tn3
by a DDE transposase. Transposition begins by transposase
nicking to expose both 3´-OH transposon ends that attack
and link to the target DNA while the 5´ transposon ends re-
main linked to the donor plasmid. Replication (green) initiat-
ed at the flanking target 3´-OHs copies both strands of the
transposon, generating a cointegrate in which two transposon
copies link the donor and target plasmids. DNA breakage,
strand exchange and rejoining at the directly oriented res sites
by the SerCSSR recombinase resolvase that is also encoded by
the transposon separates the donor and target plasmids, each
containing a transposon copy.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f10
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tyrosine (Tyr) and HUH motifs. To break DNA, the
Tyr-OH acts as a nucleophile on a single strand DNA,
releasing a free DNA 3´-OH and forming a 5´ phospho-
tyrosine bond, conserving the high energy of the DNA
phosphodiester bond. Attack of a DNA 3´-OH on a 5´-
P-Tyr rejoins the DNA and releases the transposase.

Out of and Into Single Strand
DNA at Replication Forks
The bacterial IS elements, IS200, IS608, and ISDra2,
move via Tyr-HUH transposition (see Chapter 28).
The first step in DNA single strand transposition is me-
diated by a Tyr-HUH transposase dimer and it occurs
by two, concerted breakage, exchange, and joining
events that excise the element and rejoin the donor site
(Fig. 12). Guided by base-pairing interactions between
particular transposon sequences, one protomer acts at
the upstream end of the element to generate “Donor
flank-3´-OH” and “5´-P-Tyr-Transposon end.” The other
protomer acts at the downstream transposon end to give
“Transposon end-3´-OH” and “5´-P-Tyr-Donor flank.”
The 3´-OH from one protomer then attacks the 5´ phos-
photyrosine link on the other protomer. Attack of the
“Transposon end-3´-OH” on the “5´-P-Tyr-Transposon
end” excises the element as a single strand circle and
attack of the “Donor flank-3´-OH” on the “5´-P-Tyr-
Donor flank” rejoins the single strand donor site.

Transposon integration into a single strand DNA
target site again occurs within a transposase dimer.
One protomer cuts the transposon circle, giving “Trans-
poson end-3´-OH” and “5´-P-Tyr- Transposon end.”
The other protomer cuts the target site strand, giving
“Target end-3´-OH” and “5´-P-Tyr-Target end.” Re-
joining, that is, integration, occurs by the attack of
“Transposon end-3´-OH” on the “5´-P-Tyr-Target end”
and attack of the “Target-3´-OH” on the “5´-P-Tyr-
Transposon end.”

These breakage and joining reactions occur at DNA
single strands in replication forks. DNA replication is
also needed, however, to regenerate intact duplex DNA
at both the donor and target sites. Thus, when a repli-
cation fork passes through a donor duplex from which
the transposon has excised, one daughter duplex lacks
the element and replication of the other daughter du-
plex yields a daughter duplex containing the element.
Similarly, when a replication passes through a target
site into which the element has inserted, replication of
the insertion strand gives rise to a daughter duplex con-
taining the element and replication of the other strand
yields a daughter duplex without the element. Whereas
there was one copy of the element at the donor site
before transposition, following replication, one copy

Figure 11 Assembly of an active tetramer of the MuA DDE
transposase. The ends of Mu contain multiple bindings sites
for the MuA transposase. MuA interaction with the ends
results in formation of a MuA tetramer that synapses the two
ends and activates DNA breakage and joining by the two
transposase protomers bound to the outermost L1 and R1
sites. Internal MuA binding sites in an enhancer (not shown)
facilitate tetramer assembly. Usually recruited by MuB (not
shown here), a sharply bent target DNA binds to the L1 and
R1 promoters, which is attacked by the MuA 3´-OH ends
exposed by MuA nicking.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f11
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remains at the donor site and there is a new copy of the
element at the target site.

Some Tyr-HUH Transposases
are Rolling Circle Transposases
Tyr-HUH proteins also mediate rolling-circle replica-
tion reactions involved in bacterial plasmid replication
and conjugation. In these reactions, after recognition of
a DNA signal, such as a particular sequence or hairpin,
the Tyr-HUH protein nicks one strand of a plasmid
circle forming a DNA 3´-OH end, which serves as a
primer for DNA replication that displaces the 5´-P-Tyr
containing strand. Replication continues around the
circle and then the displaced strand can be circularized
by the attack of a 3´-OH on the 5´-P-Tyr containing
strand. In transposition of bacterial IS91-like elements
(25), it is thought that the displaced 5´-P-Tyr strand can
join to a target DNA via attack of a target 3´-OH gen-
erated by the transposase on the incoming 5´-P-Tyr end.
DNA replication at the new insertion site and donor
site is required to regenerate intact duplex DNA at
both sites.

Eukaryotic DNA transposons called Helitrons are
thought to use a rolling circle mechanism (see Chapter
40). They encode an ORF thought to be the trans-
posase that contains Tyr-HUH motifs and a helicase
motif, which could provide a strand displacement activ-
ity (Fig. 13). Some elements also encode another nucle-
ase motif. Helitrons are found in diverse eukaryotes but
have been analyzed most intensively in the mammalian
little brown bat and in maize where they make up sev-
eral percent of the genome. Their presence in bats is

Figure 12 Mechanism of transposition of IS200-like trans-
posable element by a tyrosine (Tyr)-histidine-hydrophobic-
histidine (HUH) transposase acting on a single strand DNA
substrate. A Tyr-HUH transposase breaks DNA by the attack
of the hydroxyl of a higher conserved tyrosine, resulting in
a free 3´-OH and a 5´-P-Tyr link. DNA rejoining occurs by at-
tack of the 3´-OH on the 5´-P-Tyr link. Guided by base-pairing
interactions between the guide and cleavage sequences at both
transposon ends, one protomer of a transposase dimer acts at
the upstream transposon end, generating “Donor flank-3´-
OH” and “5´-P-Tyr-Transposon end.” The other protomer
acts at the downstream transposon end, generating “Transpo-
son end-3´-OH” and “5´-P-Tyr-Donor flank.” The 3´-OHs
from one protomer then attack the 5´ phosphotyrosine links
on the other protomer. This excises the element as a single
strand circle and rejoins the single strand donor site. A
transposase dimer then integrates the transposon integration
into a single strand DNA target site, guided by the guide and
cleavage sequences, by another set of cleavage, strand ex-
change and rejoining reactions.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f12
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particularly notable, as they appear to have been very
recently active. Indeed, bats are the only known mam-
malian source of active endogenous DNA transposons,
being host to Helitrons (12) and active piggyBac ele-
ments (26). The impact of Helitrons on a genome can
be profound as they can acquire and shuffle a wide
variety of host sequences when element replication ex-
tends into flanking DNA past the end of the element.

A Target Site-Specific Eukaryotic Tyr-HUH
Transposon: Adeno-Associated Virus
Adeno-associated virus is a single strand DNA virus. A
critical step in its replication requires site specific
nicking of a folded region of its termini by a Tyr-HUH
endonuclease (see Chapter 37). Although AAV can rep-
licate extrachromosomally, regional specific integration
does occur in a region of human chromosome 19.

Tyrsosine- and Serine-transposases:
From Conservative to Libertarian
As with Tyr-HUH transposases, unrelated Tyr- and
Ser-transposases also break DNA using a protein nucle-
ophile to release an OH DNA end and a covalent pro-
tein-DNA link. TyrTRANSP use a conserved tyrosine as
the nucleophile, yielding DNA 3´-P-Tyrosine and 5´-
OH DNA products. SerTRANSP use a conserved Serine
as the nucleophile, yielding DNA 3´-OH and 5´-P-Serine
products. DNA rejoining occurs by attack of the DNA-
OH on the protein-DNA link. Each transposase class
has distinct DNA binding and catalytic domains, but
these are not structurally related, thus they represent in-
dependent strategies for DNA breakage and joining.

These transposases can promote strand exchange be-
tween two recombination sites on two parental DNA
duplexes, each site containing two specific transposase
binding sites in inverted orientation flanking a short
(2 to 8 bp) region of homology. Recombination occurs
by DNA cleavage at the outside edges of the regions of
homology, also called the crossover region, followed
by strand exchange between the duplexes and DNA
rejoining (Fig. 14). In these reactions, recombination is
reciprocal, that is, no DNA is lost or synthesized, and
conservative, that is, no high-energy cofactor is re-
quired to rejoin broken DNA because the phospho-
tyrosine and phosphoserine intermediates preserve the
high energy of the phosphodiester bond. This type of
recombination is called conservative site-specific recom-
bination (CSSR) and the Tyr- and Ser-transposases that
execute such homology-dependent exchange are called
TyrCSSR and SerCSSR recombinases.

Conservative Site-Specific Recombination
In CSSR recombination sites, the inverted CSSR recom-
binase binding sites that flank the homology region
position the recombinase to cleave at the edges of the
homology such that each DNA duplex can bind two
recombinase protomers. Recombinase dimers bound to
each parental duplex interact with the bound dimers
on the other duplex, thereby juxtaposing the substrate
DNAs on a recombinase tetramer. The tetramers of
SerCSSR recombinases break and exchange all four
DNA strands simultaneously by two pairs of double
strand breaks. By contrast, TyrCSSR recombinases first
break, exchange, and rejoin one pair of strands from
each duplex and then subsequently break, exchange,
and rejoin the other pair of strands. Because the posi-
tions of strand exchange lie at the outer edges of the
crossover regions, the DNA products are heteroduplex,
that is, there is one strand from each parent in the
recombination homology regions (Fig. 14). Note also

Figure 13 Mechanism of transposition of a Helitron by a a
tyrosine (Tyr)-histidine-hydrophobic-histidine (HUH)/helicase
transposase. The Tyr-HUH transposase acts at the upstream
end of the transposon, releasing a 3´-OH donor end and a 5´-
P-Tyr end. The broken transposon strand is displaced from
the donor DNA by rolling circle replication (green) likely
assisted by the helicase and it is covalently linked to the target
DNA by attack of a target 3´-OH on the 5´-P-Tyr transposon
end. DNA synthesis (green) copies the single transposon
strand in the target to generate intact duplex DNA.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f13
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that the crossover region contains no internal repeats
and is thus directional.

Some CSSR sites are far more elaborate than just a
pair of inverted CSSR recombinase binding sites flank-
ing a crossover region. There may be multiple addition-
al recombinase binding sites flanking the binding sites
at the crossover region that execute strand exchange, as
well as binding sites for accessory proteins, which are
often architectural DNA bending proteins that facili-
tate assembly of the elaborate nucleoprotein complexes
in which many of these reactions occur. As we will see,
assembly of these complexes is a key control point of
recombination.

Different products for recombination
sites in different orientations
CSSR can mediate several types of DNA rearrange-
ments, depending on the relative orientation of the re-
combination sites as defined by the direction of the
sequence of the crossover region (Fig. 15). When the
two recombination sites flank a DNA segment in direct
orientation, recombination results in excision of the
DNA segment. This reaction can also be called deletion
or resolution, depending on the biological context. Re-
combination between inversely oriented sites results in
inversion of the DNA segment between them. Recom-
bination between sites on two different DNAs results in
joining of the DNAs, that is, in integration.

TyrCSSR recombination: DNA nicking, strand
swapping and joining

Anti-parallel is the way they go. Although it is
often visually convenient to align the 6 to 8 bp cross-

Figure 14 Mechanism of DNA breakage, strand exchange
and joining during conservative site-specific recombination by
the TyrosineCSSR recombinase Cre. Cre is a TyrCSSR recom-
binase that acts at lox recombination sites consisting of two
inverted Cre binding sites flanking a conserved central cross-
over region. Strand breakage, strand exchange and rejoining
by Cre occur at the edges of the crossover region. Cre dimers
bind to each lox site and pair to form the active Cre tetramer
that pairs the lox sites in antiparallel alignment. Recombina-
tion begins by cleavage of the two lox sites on strands of the
same polarity, making 3´-P-Tyr and 5´-OH ends. Strand ex-
change and rejoining occurs by the attack of each 5´-OH on
the 3´-P-Tyr of the other strand. The second round of strand
exchange occurs by Cre cleavage of the other pair of strands,
making 3´-P-Tyr and 5´-OH ends. Strand exchange and re-
joining occurs by attack of each 5´-OH on the 3´-P-Tyr of the
partner lox site. Note that because of staggered positions of
strand exchange, the recombinant duplexes are heteroduplex
in the crossover region, which is bounded by the sites of strand
exchange. doi:10.1128/microbiolspec.MDNA3-0062-2014.f14
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over regions of CSSR sites in parallel, strand ex-
change actually occurs between DNA molecules that
are aligned in antiparallel fashion in an active tetra-
mer of the recombinase (Fig. 16). DNA strands are
exchanged between duplexes by displacement of short
segments of the crossover region such that strand
swapping occurs between the duplexes (27). If the
sites are nonhomologous, the exchange reactions

abort and the donor duplexes rejoin, leaving the du-
plexes in their parental configuration.

Going it alone: Cre and Flp can do it all. CSSR
reactions promoted by Cre (see Chapter 5) and Flp
(see Chapter 1) are the simplest of the CSSR reac-
tions. Each recombination site on each parental du-
plex contains only the crossover homology region
with its two flanking TyrCSSR recombinase bind-
ing sites. These systems can recombine sites in any
orientation, making them powerful tools for genome
engineering (28). Cre dimers bind to each parental
duplex and synapse in antiparallel fashion to form
the active tetramer.

Danger, dimers ahead: XerCD to the rescue. A
hazard of having a circular genome is that if a circu-
lar chromosome dimerizes because of homologous
recombination, then when segregation occurs one
daughter does not receive a chromosome monomer.
Thus, many bacteria encode a CSSR system that pro-
motes chromosome monomerization in a reaction
also called resolution. The chromosomally encoded
TyrCSSR recombinases XerC and XerD collaborate to
promote resolution at a specific chromosomal site
called dif (see Chapter 7). This system is distin-
guished by its tight control of when and where re-
combination occurs by requiring the host protein
FtsK, which acts at the septum, to pump DNA into
daughter cells.

My way or no way: control, control, and more
control. Some CSSR reactions are very tightly regu-
lated, both in time, that is, only when particular pro-
teins are synthesized, and in directionality, that is,
once integration occurs excision cannot immediately
occur without additional excision proteins because
the proteins that mediate integration are not suffi-
cient to mediate excision. The integration/excision
cycle of bacteriophage lambda is elaborately regulat-
ed (see Chapter 4). Integration, that is, recombi-
nation between attachment site Phage (attP) on the
phage chromosome and attachment site Bacterial
(attB) on the bacterial chromosome, generates the
hybrid sites attL and attR that flank the newly in-
serted element. Excision, that is, recombination be-
tween the attL and attR sequences, regenerates attP
and attB. Integration and excision require both the
phage-encoded TyrCSSR integrase and host-encoded
integration host factor, a sequence-specific DNA
bending protein. By contrast, excision also requires
the phage-encoded protein excisionase (Xis), which

Figure 15 The relative orientation of the substrate recombi-
nation sites determines the structure of the recombination
products. Sites for CSSR consist of two recombinase bind-
ing sites flanking a short crossover region of sequence homol-
ogy sequence, which lacks repeats and is thus asymmetric.
Although the local DNA strand breakage and joining
reactions are the same in all cases, the overall structure of
the recombination products is determined by the relative
orientations of the substrate sites.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f15
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is expressed only under excision conditions, and the
host-encoded FIS protein.

An additional control element is that Int also has
two different DNA binding activities (Fig. 17). One
binding activity is encoded in the C-terminal region of
Int along with the active site catalytic region and it spe-
cifically recognizes the sequences of Int binding sites
that immediately flank the crossover region. The other
Int binding activity is encoded in the Int N-terminal
domain and it recognizes binding sites of a different se-
quence specificity in the arms of attP far outside the re-
gion of strand exchange (Fig. 17). IHF, Xis, and FIS are
sequence-specific DNA binding proteins that bind to the
arms of attP and promote the DNA bending reactions
necessary to form active recombination complexes.

As with Cre and Flp, as well as other TyrCSSR sys-
tems, the active form of lambda integrase is a tetramer
of Int, each protomer of which acts as one of four sites
of strand breakage and joining at the crossover regions
in attP and attB. However, the affinity between the Int
C-terminal domains is much lower than for Cre and Flp.
Thus, the active Int tetramer is only assembled when
Int binds to both its crossover and arm sites and when
IHF binds to facilitate the DNA bending necessary

for formation of the “integrative intasome.” The active
Int tetramer likely assembles on attP and then cap-
tures the much less complex attB site, followed by
strand exchange.

Once integration occurs generating the new hybrid
attL and attR sites, the configurations of the Int and
IHF protein-DNA binding sites in the arms of attL and
attR are very different from those required to assemble
the “integrative intasome.” Thus, a different “excisive
intasome” must be formed to assemble an active Int
tetramer at attL and attR (Fig. 17). Assembly of this
“excisive intasome” additionally requires the DNA
bending proteins Xis and FIS.

Therefore, although Int and IHF alone can assemble
the “integrative intasome” with attP and attB, Int and
IHF alone cannot assemble the “excisive intasome”
with attL and attR so that integration cannot be re-
versed until Xis and FIS are expressed, which happens
only when a particular excision developmental pro-
gram occurs.

Such directionality control of recombination reactions
by changes in the arrangements of flanking accessory
sites is a common strategy, especially in bacteriophage
integration and excision reactions, which need to be uni-
directional. The fundamental difference between these
regulated reactions with lambda Int and their flanking
accessory sites that are necessary to promote formation
of the catalytic recombinase tetramer, and the more
permissive Cre and Flp recombinases, is that protein–
protein interactions between the protomers of Cre and
of Flp are sufficiently high that they can bind to the
sites of strand exchange and make a reactive tetramer
in the absence of accessory proteins or binding sites.

SerCSSR recombinases exchange broken DNAs by
rotation on greasy protein swivels
As with TyrCSSR recombinases, SerCSSR recombinases
act as tetramers that bind specifically to two sites in
inverted orientation that flank a region of homology on
each parental duplex, exchange DNA strands between
the duplex, followed by rejoining (see Chapter 3). How-
ever, in contrast to TyrCSSR recombinases, which use
two consecutive cycles of single strand exchange be-
tween two duplexes, SerCSSR recombinases make two
concerted double strand breaks, one on each parental
duplex. Once the DNA strands are broken, rotation of
two of the recombinase subunits with their bound
DNAs occurs which positions the broken ends of
one duplex adjacent to the broken ends of the other
duplex, thereby promoting strand exchange. Joining
of the juxtaposed ends then occurs. This subunit rota-
tion can occur because there is an interface between

Figure 16 The lox sites of TyrosineCSSR recombinase Cre
align in antiparallel orientation in the active tetramer. Dimers
of Cre bind to each parental lox site and pair to form the
active tetramer in which the lox sites are aligned in anti-
parallel fashion. Thus, once cleavage has occurred, strand
exchange can occur by local melting and swapping of short,
closely juxtaposed DNA segments. Structure graciously pro-
vided by Greg Van Duyne.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f16
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the two sets of dimers that is flat and hydrophobic
allowing rotation of the dimers. The flat surface of
the interface within the dimers has been visualized by
X-ray crystallography.

The SerCSSR recombinases fall into two categories.
Both types contain related catalytic domains with the
conserved serine but differ in their DNA binding do-
mains and the complexity of their substrates. The small
SerCSSR recombinases, which include the resolvases and
invertases described below, have simple H-T-H DNA
binding domains, whereas the large SerCSSR recombi-
nases, which include phage integrases, have a much
more elaborate DNA binding domain.

A small SerCSSR recombinase mediates inversion.
The inversion of a promoter-bearing DNA segment
in Salmonella directs alternative expression of two
surface antigens (see Chapter 9). Inversion is carried
out by the SerCSSR recombinase Hin, which mediates
DNA breakage, strand exchange by subunit rota-
tion, and rejoining at hix sites that lie in inverted ori-
entation that bound the invertible segment (Fig. 18).
Essential to inversion are two host proteins that
bind and bend DNA, factor for inversion stimula-
tion (FIS), a sequence-specific DNA binding pro-
tein, and HU, a sequence nonspecific DNA bending
protein. Also important to inversion is a recomb-
ination enhancer sequence usually found between
the hix sites, which contains multiple binding sites
for FIS.

Activation of the DNA breakage and joining reac-
tions that underlie Hin inversion requires the assembly
of an Invertasome (Fig. 18). In the Invertasome, FIS
bound to the enhancer provides an assembly platform
for the two dimers of Hin bound on each hix site to
form the Hin active tetramer. The conserved active site
serines of Hin introduce DNA double strand breaks at
each hix site and strand exchange occurs by the 180˚
rotation of one dimer with respect to the other. The
broken DNAs rejoin by the attack of the DNA 3´-OH
ends on the 5´-P-Ser links.

Notably, FIS-independent Hin mutants have been
isolated that can assemble the active Hin tetramer
without the aid of FIS and the Enhancer. These mu-
tants, now without directionality control, can recom-
bine hix sites in any orientation, as do Cre and Flp with
their cognate recombination sites.

A small SerCSSR recombinase promotes resolu-
tion of plasmid dimers to monomers. As described
above, a DDE Tn3 transposase reaction generates
Tn3 cointegrates, which contain two transposon
copies linking the donor and target plasmids. The
cointegrate can undergo further recombination to
separate donor and target plasmids which now each
contain a copy of the transposon (Fig. 10). SerCSSR
recombinases called resolvases promote CSSR be-
tween directly repeated copies of res recombination
sites on a cointegrate plasmid to generate plasmid
monomers.

In each parental res site, resolvase binding sites
in inverted orientation flank the region of homology
where strand exchange will occur. Resolvase dimers
bind to each res site and the dimers pair to form the
active tetamer that juxtaposes the parental res sites. As
with the Sercssr invertases, strand exchange occurs by
subunit rotation after the res sites are broken.

Res sites also contain additional resolvase binding
sites that regulate recombination so that resolution, not
inversion, occurs (see Chapter 10). These additional re-
solvase binding sites assemble with the crossover site
dimers to form a synaptosome that contains the ac-
tive tetramer, facilitated by the interwrapping of DNAs
at the other resolvase binding sites. Again, nucleo-
protein complex assembly activates the resolvase and
assures that only resolution occurs because the activat-
ing synaptic structure cannot be formed with res sites
in inverted orientation.

Plasmid multimers can also result from several other
reactions, for example, some plasmid multimers arise
from homologous recombination between monomers.
Instead of using the chromosomal encoded XerCD

Figure 17 The integration/ excision cycle of bacteriophage lambda is elaborately regulated.
Lambda attachment (att) sites contain two Int core binding sites, COC´ and BOB´, in
inverted orientation flanking a 7 bp crossover region of homology, “O,” where strand ex-
change occurs. COC´ is flanked by P and P´ arms containing multiple protein binding sites:
P1, P2, P´1, P´2, and P´3 sites = Int arm sites, which have a different recognition sequence
than Int core C and B sites. Schematics of the excisive intasome paired substrate DNAs con-
taining attL and attR DNAs and the product attP and attB DNAs following DNA breakage,
strand exchange and rejoining at the “O” regions between the core Int binding sites are
shown. H, IHF binding sites; X, Xis binding; F, FIS binding.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f17
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TyrCSSR system (see Chapter 7), some plasmids encode
their own SerCSSR resolvase and res sites.

Large SerCSSR recombinases mediate phage inte-
gration and excision. The other class of SerCSSR re-
combinases is called large serine recombinases (see
Chapter 11). The Large SerCSSR recombinases were
discovered in two phage integration and excision
systems, ϕC31 from Streptomyces and Bxb1 from
Mycobacteria. In both systems the integration re-
action, attP x attB, can occur with only the large
SerCSSR integrase in the absence of other phage or
host proteins and is highly directional. Excisive re-
combination, attL × attR, requires an additional
phage-encoded protein, recombination directionality
factor (RDF) (Fig. 19). These large SerCSSR integrases
have the same catalytic domain as the small SerCSSR
invertases and resolvases but have much more elabo-
rateDNAbinding domains (29, 30). TheseDNAbind-
ing domains, RZ and ZD, are contained in a several
hundred amino acid domain at their C-terminal
ends. These DNA binding domains bind to their cog-
nate binding sites, RZ and ZD, which flank the att
crossover regions in inverted orientation. Notably,
the spacing between the RZ and ZD sites is different
in attP and attB such that the conformations of Int
bound to these sites, and hence to attL and attR, are
distinct (see below). Each att site binds a dimer of
integrase.

The integrase C-terminal domain also contains a
protein-protein interaction domain, CC, which can in-
teract with the CC domain from another Integrase.
Notably, however, although the integrase can bind to
all four att sites - attP, attB, attL, and attR - the con-
formation of the CC domain is different when bound to
the different att sites because of spacing differences be-
tween multiple DNA binding motifs in attP and attB.
Thus, attP CC interacts only with attB CC and attL
CC interacts only with attR CC. Therefore, the in-
tegrase dimer bound to the attP site can pair only with
the Integrase dimer bound to the attB site (Fig. 19). Sim-
ilarly, the integrase dimer bound to the attL site can
pair only with the integrase dimer bound to the attR site.

This defined synapsis pathway controls integration
and excision. As with small SerCSSR invertases and
resolvases, the active form of integrase is a tetramer as-
sembled from two dimers and breakage and joining
occurs only when dimers synapse to form a tetramer.
Once the tetramer is assembled, double strand breaks
occur at each att site, strands are exchanged between
the parental duplexes by rotation of integrase dimers as
with the resolvases and invertases, and then the ex-
changed ends are rejoined.

In the presence of the phage-encoded RDF that is ex-
pressed only as part of the developmental program for
excision, synapsis between integrase dimers bound to
attL and integrase dimers bound to attR can occur, lead-
ing to attL × attR recombination, that is, excision. The
mechanism by which RDF acts remains to be deter-
mined in molecular detail but an attractive view is that
RDF interacts with the Integrase to change the confor-
mation of the CC domain to allow Int-Int interactions
when bound to attL and attR. This RDF strategy of
changing integrase conformation is distinct from that in
TyrCSSR systems such as bacteriophage lambda in which
the proteins uniquely required for excision, Xis and
FIS, are both DNA binding and bending proteins.

Tyr- and Ser-Transposases Mediate
Transposition: DNA Breaking, Strand
Exchange, and Joining in the Absence of
Homology at the Region of Strand Exchange

The ICE-element cometh (and goeth)
Integrative conjugative elements (ICEs) are bacterial
transposable elements that can excise from the chromo-
some in a donor cell, transfer between cells by conjuga-
tion, and then integrate into the chromosome in the
recipient cell (see Chapters 8 and 13). ICEs encode con-
jugation functions but do not encode their own rep-
lication functions. In addition to encoding antibiotic
resistance genes and other accessory determinants, ICEs
also encode proteins that mediate their integration and
excision. Different ICEs vary in their target site selec-
tivity, which varies from integration into only a few
sites to integration into many sites. ICE systems use

Figure 18 Inversion of a promoter-containing DNA segment by the SerCSSR recombinase
Hin within an invertasome controls gene expression. Inversion of a DNA segment containing
a promoter changes which surface antigen gene is expressed. hix recombination sites bound
the invertible segment in inverted orientation. Hin dimers bind to each hix site and FIS
binds to the enhancer segment. The Hin dimers interact with FIS on the Enhancer platform
and with each other to form the active Hin tetramer. Cleavage of both hix sites occurs in the
central region of homology and strands are exchanged by rotation of the upper dimer of
Hin, followed by DNA rejoining. Drawing and structures adapted from material from Reid
Johnson. doi:10.1128/microbiolspec.MDNA3-0062-2014.f18
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either TyrTRANSP or SerTRANSP-transposases that use
amino acid nucleophiles to make reversible Tyr-DNA
and Ser-DNA covalent intermediates but have much
looser requirements for homology at the crossover sites
between the recombining sites than do TyrCSSR and
SerCSSR recombinases.

Two well studied ICEs, CTnDOT (see Chapter 8)
and Tn916 (31), which are found in a wide range of
bacteria, encode TyrTRANSP integrases that mediate ele-
ment integration and excision. In CTnDOT, multiple
TyrTRANSP integrase binding sites flank the crossover
sites where strand exchange will occur. The bound pro-
teins are thought to form an active tetramer assembled
from two sets of dimers bound to the parental substrate
DNAs. However, in contrast to TyrCSSR, recombination
with TyrTRANSP can proceed with nonhomologies in the
crossover region (Fig. 20; see Chapter 8, Fig. 2; and
Chapter 25, Fig. 3). As occurs in integration/excision
systems mediated by TyrCSSR and SerCSSR recombi-
nases, directionality is tightly controlled as excision
alsorequires several CTnDOT-encoded excision pro-
teins and a host-encoded factor.

Plug and Play: integrons capture and
express multiple gene cassettes
Integrons are gene expression platforms that may be
present on mobile elements such as transposons or in
bacterial chromosomes (see Chapter 6). They encode a
promoter upstream of an attI recombination site that
uses an element-encoded TyrTRANSP integrase to capture
gene cassettes, which carry a recombination site attC,
by recombination between attI and attC (Fig. 21). Exci-
sion of the cassettes allows their capture by other in-
tegrons. These gene cassettes can encode a wide variety

of determinants ranging from antibiotic resistance to
metabolic functions. After recombination, the gene
cassettes lie downstream of the attI promoter and they
are expressed.

Recombination between attC × attI does not occur
by CSSR because there is no region of homology be-
tween these sites.

Phage exploitation of XerCD and dif sites
As described above, in the highly conserved TyrCSSR
XerCD system (see Chapter 7), the XerCD recombi-
nases act on chromosomal dif sites to convert hazard-
ous chromosomal dimers generated by homologous
recombination to monomers to facilitate chromosomal
segregation. Many phages that do not encode their
own recombinase hijack the XerCD system to promote
their integration into bacterial chromosomes (32).
For example, the integration of CTXψ, a filamentous
phage, which encodes the diptheria toxin, into the Vib-
rio cholerae genome (33), converts nonpathogenic V.
cholerae into a pathogen. Despite the fact that XerCD
mediates CSSR between dif sites that have a region of
homology, CTXψ integration does not occur by CSSR.
As in attC containing cassettes in integrons (see Chap-
ter 6), the CTXψ, genome is single strand DNA that is
folded by several palindromes into a double strand
form to be able to recombine with dif.

TyrTRANSP in eukaryotes: Cryptons and Tecs
Eukaryotic DNA elements, called Cryptons that con-
tain TyrTRANSP integrases have been identified in fungi
(see Chapter 53) (34, 35). Tec elements containing
TyrTRANSP that undergo excision during macronu-
clear development in the ciliate Euplotes have also

Figure 19 A large SerCSSR integrase can mediate highly regulated cycles of bacteriophage
integration and excision. The integration and excision cycle of phage ϕC31 is mediated by a
large SerineCSSR integrase. Integration between attP and attB, which generates the hybrid
sites attL and attR, requires integrase. Excision between attL and attR, which generates attP
and attB, requires integrase + recombination directionality factor (RDF). Integrase binds
specifically to attP and attB using its RZ and ZD domains that recognize RZ and ZD DNA
sequences, which are present on all att sites. Note the difference in RZ and ZD spacing in
attP vs attB such that integrase binds to each in a slightly different conformation. CC do-
mains interact with each other. A dimer of Integrase can bind to both attP and attB. Pairing
between the Int dimers forms the active tetramer, which synapses attP and attB. However, an
attP dimer cannot pair with another attP nor can attB pair with attB because of their differ-
ent Int configurations. Once synapsis occurs, the integrase cleaves the crossover region of
homology; the broken DNA ends exchange by rotation of one pair of Integrase subunits,
followed by rejoining to generate the hybrid attL and attR sites. Note that the CC domains
of the dimer integrase bound to attL and to attR interact intramolecularly and are thus un-
available for interdimer pairing. RDF is proposed to interact with integrase to change its
conformation when bound to attL and attR, such that CC domains can interact intermolecu-
larly and pair the dimers on attL and attR to form the active tetramer. Excision occurs
between attL and attR by cleavage of attL and attR and subunit rotation, followed by
rejoining to generate attP and attB. doi:10.1128/microbiolspec.MDNA3-0062-2014.f19
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been identified bioinformatically (36,37). TyrTRANSP

have also been found in eukaryotic retroelements (see
below; see Chapter 53).

RETROTRANSPOSONS: DNA→RNA→DNA

In contrast to the mobile elements described above that
have DNA substrates, intermediates, and products, mo-
bile elements called retrotransposons move via an RNA
intermediate. The movement of a retrotransposon from
a donor site to a new insertion site begins with the syn-
thesis of an RNA copy of the element by the host pol II
polymerase. This RNA copy is then converted into DNA
by an element-encoded RNA-dependent DNA polymer-
ase, reverse transcriptase (see Chapter 46). Notably, in
contrast to DNA elements that excise from their donor
sites, the retrotransposon donor site is unchanged, and
thus, can generate more RNA copies, which are con-
verted into DNA. This replicative capacity likely con-
tributes to the high copy number of retrotransposons in
some organisms.

Different types of retrotransposons use different
mechanisms to convert the RNA copy of the element
into a DNA copy at a new insertion site. The DNA
form of retroviruses and retroviral-like retrotranspos-
ons is generated by reverse transcription in the cyto-
plasm far from the nuclear DNA where it is integrated
by a DDE transposase, in this case called a retroviral
integrase. The DNA cleavage reactions, which for some
retrotransposon elements include several nucleotides
from their 3´ ends to expose their reactive 3´-OH termini,
and the staggered attacks of these 3´OH ends on both
strands of the target DNA, occur by the same mechanism
as with DDE DNA-only transposons (see below).

By contrast, other retrotransposons, including non-
LTR retrotransposons and mobile group II introns, use
a quite different strategy in which their RNA copies in-
teract directly with their new DNA insertion site prior
to reverse transcription. With these elements, a target
DNA 3´-OH is used as the primer for reverse transcrip-
tion of the template element RNA that generates the
DNA form of the element in situ in a reaction called
target primed reverse transcription (TPRT).

Retroviruses and
Retroviral-like Retrotransposons
When integrated into the genome, the central gene-
encoding region of retroviruses (see Chapter 48) and
retroviral-like retrotranposons is flanked by directly re-
peated long (hundreds of bp) terminal repeats (LTRs),
and thus, these elements are called LTR retrotransposons

Figure 20 A TyrTRANSP integrase mediates integration of
the ICE CTnDOT in the absence of crossover homology be-
tween the recombination sites. A hallmark of CSSR crossover
regions, which are flanked by inverted recombinase binding
sites that promote breakage, exchange and joining at the
outer edges of the crossover region, is that the crossover
regions are identical. Some Ser and Tyr recombinases can,
however, promote recombination between nonhomologous
crossover regions. The crossover regions of attP and attB of
CTnDOT are nonhomologous such that when strand ex-
change occurs, the heteroduplex regions contain base pair
mismatches as shown in this extreme example. Replication of
the recombination product yields two daughter chromosomes
with different sequences in attL and attR. Recombinases that
do not require absolute homology can be considered trans-
posases. doi:10.1128/microbiolspec.MDNA3-0062-2014.f20

28 CRAIG

http://dx.doi.org/10.1128/microbiolspec.MDNA3-0062-2014.f20


(Fig. 22). LTR retrotransposons are widespread in
fungi, plants, and animals but retroviruses are found
mostly in vertebrates. Although HIV and HTLV are the
only known active human retroviruses, many copies of
autonomous and nonautonomous retroviral elements
are present in the human genome, reflecting past retro-
viral infections (Fig. 23). These endogenous retroviruses
are called ERVs and are thought to be inactive for
retrotransposition but provide important regulatory ele-
ments to the cell (see Chapter 47).

Transcription of the integrated virus, also called the
provirus, by the host polymerase begins within the up-
stream LTR and terminates in the downstream LTR.
The central region of all LTR elements encodes the
polyprotein Gag, which includes the RNA binding pro-
teins capsid and nucleocapsid, and Pol (Fig. 22). The
Pol domain is typically expressed at lower levels than
Gag as a Gag-Pol fusion precursor polyprotein. It can
include Protease and does contain reverse transcriptase-
RNase H (see Chapter 46) and integrase domains (see
Chapters 44 and 45). Integrases of retrovirus and LTR
retrotransposons are closely related to the DDE class of
DNA transposases.

Retroviruses, which are distinct from retrotranspos-
ons, bud from host cells and infect new cells. This pro-
cess is enabled by an Env, a membrane protein that
mediates cellular exit and entry. Following expression
of Gag and Gag-Pol, these proteins condense together
with some host proteins around two copies of genomic
retroviral RNA to form virus-like particles (VLPs). In
the case of retroviruses, VLPs can form intracellularly
or at the plasma membrane, but in any case, bud from
the cell and in the process acquire a membrane con-
taining Env. As budding occurs activation of protease
results in processing of the precursor polyproteins into
their mature forms. Maturation occurs intracellularly
in the case of retrotransposons.

In multiple steps involving both copies of the viral
RNA, the element-encoded reverse transcriptase makes
a double-strand DNA copy, sometimes called a cDNA,
containing the LTRs in the cytoplasm in a large com-
plex containing viral and host proteins. In the case of
fungi where LTR retrotransposition has been most ex-
tensively studied, the nuclear envelope does not break
down and VLPs are likely to be significantly remodeled
as the DNA is translocated together with integrase and
other proteins into the nucleus.

Integrase then inserts the viral DNA into its new tar-
get site. Using the same steps as DNA cut and paste
DNA-only transposons, integrase mediates attack by
the viral DNA 3´-OH ends on staggered positions on
the top and bottom strands of the target DNA (Fig. 24).
Therefore, integrated retroviral elements are flanked by
target site duplications and LTR elements from yeast to
humans follow this same fundamental pathway. Retro-
viruses can also encode auxiliary determinants, for ex-
ample, several proteins encoded by HIV limit the
efficacy of host restriction factors.

The retroviral family is large and diverse (see Chap-
ter 48) and the study of many different elements
has contributed to our current understanding. Not sur-
prisingly, however, much recent work has focused on

Figure 21 A TyrTRANSP integrase mediates capture and ex-
pression of multiple different gene cassettes. Integrons are gene-
expression platforms containing an attachment site (attI) and
cognate integrase that are found on other mobile DNAs such
as transposons and in bacterial chromosomes. The integron
can capture, integrate, and express gene cassettes that contain
related but often not identical att sites, attC, by site-specific
recombination. Once integration occurs, the Pcassette promoter
drives expression of the promoter-less cassettes. Some chro-
mosomal integrons contain hundreds of gene cassettes.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f21
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HIV-1, contributing greatly to human AIDS treatment
including development of drugs that inhibit integration,
replication, maturation, and cell fusion.

Much recent work on LTR elements has focused on
dissecting the roles of host factors and on understand-
ing target site selection, which has a major impact on
the effect of insertions on host cells. Early-on genome-
wide screens for budding yeast Ty1 of the Ty1/Copia
class (see Chapter 41), Ty3 of the Ty3/Gypsy class (see
Chapter 42), and fission yeast Tf1 of the Ty3/Gypsy
class (see Chapter 43) elements identified multiple host
cofactors and restriction factors for retrotransposition.
More recently, siRNA and dominant-negative screens
have identified numerous host factors for retroviruses,
particularly for HIV-1 (see Chapter 45). Perhaps not
surprisingly, host factors for both LTR retrotransposons
and retroviruses include RNA helicases, translation
factors, replication factors, and nuclear porins.

Both retrotransposons and retroviruses have distinct
targeting biases that influence where they insert into
the host genome. These preferences are now explained,
at least in part, by interactions with chromatin proteins
including host transcription factors and proteins that
mediate interactions with histone modifications.

HIV-1 inserts preferentially into transcribed regions,
perhaps to facilitate transcription of the virus. An in-
triguing possibility is that one factor in this preference
is a preferential association between HIV-1 and compo-
nents of the nuclear pore complex that are, in turn, pref-
erentially associated with active chromatin. Integrase
interacts directly with the host factor LEDGF, which
also interacts with histones associated with active genes
(see Chapters 44 and 45).

The S. cerevisiae Ty1, Ty3, and Ty5 elements and
S. pombe Tf1 element (see Chapter 43) display strong
target site specificity (Fig. 25). Ty1 (see Chapter 41)
and Ty3 (see Chapter 42) elements target tRNA genes.
Ty3 is the most selective, inserting site-specifically at
pol III initiation sites by direct interaction with a pol
III transcription factor. Ty1 inserts preferentially within
about 1 kb upstream of pol III transcription initiation
sites, being guided by direct interaction with polymer-
ase with a bias toward specific nucleosome surfaces.
This preferential targeting to small genes discourages
potentially harmful insertions at other sites. Ty5 inserts
preferentially into heterochromatic regions such as telo-
mers and the silent HMLα and HMRa storage
cassettes. Tf1 insertions are concentrated in pol II pro-
moters and correlate with Sap1 binding sites with pref-
erence for stress response genes. This preference could
be important for increased genetic diversity in response
to stress.

Figure 22 Structures of some well-studied retroviruses and
retroviral-like retrotransposons. Retroviruses and the closely
related retroviral-like retrotransposons contain related central
protein-coding regions flanked by direct long terminal re-
peats. The central regions of both retroviruses and retroviral-
like transposons encode Gag, which includes several nucleic
acid domains, a protease that cleaves polyprotein precursors,
and Pol, which encodes reverse transcriptase, RNase-H and
integrase. Retroviruses also encode Env, a membrane protein
that facilitates viral particle exit from host cells and entry into
new host cells. In different families of retroviruses, different
combinations of protein domains are expressed as fusion
polyproteins. Some retroviruses also encode other genes, for
example, the avian transforming viruses, ASV and RSV, en-
code the oncogene Src. Reverse transcriptase and RNase-H
convert the two viral RNA copies in the viral particle into the
DNA form of the virus, which terminates in direct long termi-
nal repeats. Integrase, which is a DDE transposase, integrates
the viral DNA into the host genome. In retroviral-like ele-
ments of the yeast Ty3 and Drosophila gypsy family, the
order of Gag, Pro and RT, RN and in Pol are the same order
as in retroviruses, whereas in the yeast Ty1 and Drosophila
copia family, Integrase proceeds RT-RNase H.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f22
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Important insights into the mechanism of retro-
transposition at the molecular level have come from
structural characterization of individual steps of reverse
transcription and with the first crystal structure of a
retrotransposon reverse transcriptase, as well as RNase
H complexed with the oligonucleotide substrates (see
Chapter 46) and with achievement of a crystal structure
of the prototypic foamy virus integrase tetramer com-

plexed with virus and host target DNA (Chapter 44).
The latter structure has allowed modeling of the HIV-1
integrase and a deeper understanding of the mode of
action of integrase inhibitors.

Retroviral integrases that are DDE transposases are
not the only type of integrase used for the integration
of a mobile element with a genome generated by re-
verse transcriptase. DIRS, Ngaro and Viper are retro-

Figure 23 A large fraction of the human genome is comprised of transposable elements.
The structures of examples of the major classes of transposable elements found in the human
genome are shown. Their total copy numbers and the number of estimated active elements
are also shown. The active elements, LINE element L1 and the SINES Alu and SVA, whose
movement depends on L1 proteins, contribute to human genetic variation. Although pro-
cessed pseudogenes do not retrotranspose, formation of new pseudogenes has occurred in
humans. Note the amount of human genome derived from mobile elements, in some cases
significantly (DNA elements=3.4%), or in other cases very dramatically (L1=17.6% and
Alu =11%), exceeds the fraction of the human genome that encodes ORFs, about 1.5%.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f23
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elements that appear to use a TyrTRANSP for integration
(see Chapter 55).

Non-LTR Retrotransposons
As with the LTR-containing retroviruses and retroviral-
like retrotransposons, the RNA copy of a non-LTR ele-
ment is generated by a host polymerase and moves
from the nucleus to the cytoplasm where it is trans-
lated. Non-LTR-encoded proteins always include re-
verse transcriptase but may also include other mobility
functions including nucleases. Although the RNA and
reverse transcriptase assemble to form a non-LTR ele-
ment RNP in the cytoplasm, no reverse transcription
occurs until the RNP interacts with the target nuclear
DNA where the element will insert. A DNA 3´-OH at
the target site serves as the primer for reverse transcrip-

tion using an RNA copy of the element as a template
that generates the DNA copy of the element at the in-
sertion site. This reaction is called target primed reverse
transcription.

R2 is a Target Site-Specific Non-LTR Element
One of the best-understood non-LTR elements is R2
(see Chapter 49), originally found in Drosophila mela-
nogaster but now known to be widespread in animals.
The signature of this element is that it is highly target
site-specific, inserting into a particular site in rDNA
(Fig. 26). Other target site-specific elements have also
been identified and are often associated with specific
sites in repeated DNAs (see Chapter 50).

The R2 RNA is derived from the rRNA transcript
and is excised by a self-cleaving ribozyme that gener-
ates the precise 5´ end of the RNA. R2 encodes a single
ORF that has both reverse transcriptase and target site-
specific endonuclease, as well as binding sites for the 5´
and 3´ ends of the element (Fig. 26). R2 insertion involves
two R2 RNPs. One subunit nicks the template DNA at
the specific insertion site and then uses the released

Figure 25 Retroviral-like retrotransposons in yeast are high-
ly target site-selective. Next gene sequencing has been used to
map hundreds of thousands of retroelement insertions in
yeast. In Saccharomyces cerevisiae, Ty1 and Ty3 insert at
tRNA genes (and other poll III genes). Ty3 is highly site-
specific, inserting within a nucleotide or two of the transcript
start site and is positioned by interaction with tRNA tran-
scription factors. Ty1 inserts preferentially on nucleosomal
DNA within about 1 kb upstream of transcription start sites.
Ty5 inserts preferentially into heterchromatic regions, includ-
ing telomers. In S. pombe, Tf1 inserts preferentially within
about 1 kb upstream upstream of pol II ORF promoters. The
regions upstream of some genes are far more attractive to Tf1
than others.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f25

Figure 24 The mechanism of integration of the DNA forms
of retroviruses and retroviral-like retrotransposons. The first
step in retroviral replication and integration is transcription
of the provirus by host RNA polymerase. Two RNA copies
are packaged into each virus particle along with the proteins
Reverse transcriptase-RNaseH and IN. Reverse transcriptase
uses the two viral RNA copies to synthesize a cDNA (green)
extending from the 5´ end of one LTR to the 3´ of the other
with exposed 3-OHs. The retroviral integrase, a DDE trans-
posase, inserts the cDNA into the target DNA by direct
nucleophillic attack of the 3´-OH cDNA ends at staggered
positions on the target. The 5´ gaps are repaired (green) by
host functions to give target site duplications.
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DNA 3´-OH on the target DNA as the primer for re-
verse transcription using the R2 RNA as a template. As
polymerization proceeds, this will remove the 5´ end
from the subunit. The second RNP then cleaves the top
strand, using the released 3´ end of the target DNA as
the primer. TPRT-dependent R2 insertion, like all TPRT
events, results in variously sized target site duplications.

LINEs are Another Class of
Non-LTR Retrotransposon
Long interspersed elements (LINE) elements are major
components of mammalian genomes and have been
studied intensively in humans and mice (see Chapter
51). A full-length of the L1 LINE element is about 6 kb
long, encodes two ORFs, ORF1 and ORF2, and ends
with a polyA tail (Fig. 23). ORF1 encodes an RNA
chaperone protein and ORF2 contains reverse tran-
scriptase and APE-like endonuclease domains. Follow-
ing translation, the L1 RNA and the ORF1 and ORF2
proteins assemble into an RNP, which then returns to
the nucleus. Formation of this RNP is thought to un-
derlie the preferential cis-action of the LINE transposi-
tion proteins. Although they have yet to be defined in
detail, the RNP also contains multiple host proteins.

The binding site preference of the APE-endonuclease
for AT-rich DNA sequences mediates L1 target site se-
lection. Cleavage of the target DNA by the endonucle-
ase generates a free 3´-OH DNA end that will be used
as the primer for reverse transcriptase during TPRT
(Fig. 27). Pairing of the L1 polyA tail with the T-rich
DNA strand released by cleavage at the target sites
guides APE pairing of the template RNA to the target
DNA (Fig. 25). The details of synthesis of the second
DNA strand synthesis and the involvement of host pro-
teins remain to be determined. L1 insertion results in
variable length target site duplications. Not surprisingly,
multiple regulatory systems modulate the frequency of
L1 transposition.

Not all L1 transposition events yield straightforward
insertions of the full-length element. Many are 5´ trun-
cated or contain internal rearrangements. Notably L1
transposition can also result in rearrangements of se-
quences outside the L1 (see Chapter 51). Transduction
of host sequences, both upstream and downstream of
L1, have been observed as have alterations around the
target site such as large deletions.

As with the movement of other mobile genetic ele-
ments, L1 insertions can lead to gene inactivation by
gene disruption and there are multiple examples of hu-
man disease resulting from de novo L1 insertions. As
with other mobile elements, regulatory signals within
L1 can also affect expression of adjacent genes.

L1 has very successfully colonized the human ge-
nome and many other genomes (Fig. 23). Sequences de-
rived from L1 make up about 17% of the human
genome. Although most of these sequences are inactive
L1 fossils, the human genome does contain about 80 to
100 L1 active elements. Although the great majority of
human L1s are fixed, that is, occurred before the emer-
gence of modern humans, the ongoing activity of some
L1s means that L1 retrotransposition does contribute
to human variation. Indeed, there may be millions of
“private” L1 elements that have recently transposed in
different human lineages. Comparison of multiple hu-
man genomes suggests that a new germline L1 insertion
occurs about once every 100 births.

L1 transposition in the human germline (or in very
early embryos) is required to pass new L1 insertions to
progeny. L1 transposition also occurs, however, in so-
matic cells. Notably, L1 transposition has been observed
in the human brain and in multiple tumor types, raising
interesting questions about the possible contributions of
L1 transposition to somatic phenotypic changes.

SINEs are Nonautonomous
Non-LTR Elements
L1 is an autonomous transposable element, that is, it
encodes its own mobility proteins as well as the mobile
element itself. The L1 retrotransposition proteins also
mobilize other nonautonomous, non-LINE RNAs, a
prominent class of which are short interspered elements
(SINEs) (as well as mRNAs, see below) (Fig. 23). RNA
copies of SINE elements transpose via TPRT that re-
quires only the L1 ORF2 and, like L1 insertions, are
flanked by variable target site duplications. SINEs do
not encode proteins and are derived from short (<400
bp) housekeeping RNAs, such as tRNAs, rRNAs, and
7SL RNA, the RNA component of the signal recog-
nition particle, that transpose repetitively (Fig. 23). A
very successful class of human SINE elements is derived
from 7SL RNA, which is called Alu because their DNA
copies contain an AluI restriction site and also have an
internal pol III promoter. The human genome contains
more than a million Alu elements, forming about 11%
of the genome.

There are multiple families of Alu elements but only
some are currently active. The frequency of Alu trans-
position is, however, higher than the frequency of L1
transposition. Alus continue to contribute to variation
within the human population again with likely millions
of “private” insertions. As with L1s, there are multiple
examples of de novo Alu insertions that have resulted
in human disease. In addition to insertional mutagene-
sis, Alu elements also contribute to human variation
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and cause disease by genome rearrangements that result
from nonallelic homologous recombination between
Alu elements that generate in chromosomal deletions,
inversions, and translocations.

Another active SINE element in the human genome
is SVA (Fig. 23), which is about 2 kbp long and is a
composite of other SINE elements. These are very
young elements and are present in only a few thousand
copies.

Processed Pseudogenes
Pseudogenes are nonfunctional copies of active genes,
which accumulate mutations as they are no longer
under selection. One class of pseudogenes called pro-
cessed pseudogenes (38), also called retrogenes (39),
have arisen by L1-mediated TPRT of mRNAs that
have had their introns removed by splicing (Fig. 23).
Pseudogenes do have the L1 TPRT hallmark of target
site duplications. Pseudogenes generally lack active
promoters, however, because the necessary regulatory
sequences are located upstream of transcription start
sites, and thus, are not present in mRNAs. Pseudogenes
are common in mammalian genomes. For example,
there are about 12,000 processed pseudogenes in the
human genome compared to about 20,000 protein cod-
ing human genes. These elements are polymorphic in
the human genome, indicating ongoing insertion.

Mobile Group II Introns: Back to the Future
Group II introns are both introns, which splice from
mRNA, and mobile genetic elements, which reverse-
splice into target DNA sites where they are converted
to DNA via reverse transcription (see Chapter 52).
They are widespread in bacteria and are also found in
mitochondrial and chloroplast genomes. Notably, they
are also the likely progenitors of eukaryotic splice-
osomal introns, having invaded the nuclear genome
from organelle genomes.

Figure 26 The non-LTR element R2 inserts site-specifically
into rDNA by target-primed reverse transcription. R2 inserts
into a specific site in the rDNA genes, which is determined by
the target-site selectivity of its own endonuclease. Retrotrans-
position begins with the formation of a RNP containing R2
RNA and two R2 proteins. The R2 subunit bound to the 3´
end of the RNA nicks the target DNA at a specific sequence.
The resulting target 3´-OH is used as a primer for reverse
transcription (green) by the element-encoded RT that uses R2
RNA as a template. Reverse transcription extends to the end
of the RNA template, followed by cleavage of the top strand
by the other subunit. DNA synthesis (green) of the other R2
DNA strand completes insertion of the element.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f26
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Introns encode an RNA that can auto-catalytically
excise (Fig. 28). They also encode a multifunctional
ORF called an intron-encoded protein (IEP), or some-
times called a maturase, that assists with both RNA-
splicing from mRNA and reverse splicing of the RNA
into DNA. The IEP also encodes a reverse transcriptase
and sometimes an endonuclease that facilitates TPRT
by cleaving the target DNA to release a 3´-OH, which
will be the primer for reverse transcription of the ele-
ment RNA.

Following transcription of a parental mRNA, the
intron folds into an elaborate structure, which is a self-
splicing ribozyme in which intron sequences pair spe-
cifically with the exon-intron boundaries. The IEP
interacts with the RNA to form a RNP. This ribozyme
is highly similar in structure and enzymatic activity to
the spliceosomal machinery. Facilitated by the IEP, RNA

splicing joins the exonic RNA and generates the spliced
lariat RNA.

The mobile group II intron inserts into an intron-less
allele of the donor gene.

Bound tightly to the IEP, intron boundary sequences
in the RNA base pair specifically with exonic sequences
on a single strand of the target DNA, leading to reverse
splicing of the RNA into the target DNA. Conversion
of this RNA strand into a DNA strand occurs by IEP-
mediated TPRT. The 3´-OH DNA required as the primer
for reverse transcription is generated by the endonucle-
ase, which cuts the unpaired target DNA strand, or, in a
clever variation, the 3´-OH of an Okazaki fragment if
reverse splicing occurs into a target single strand adja-
cent to a replication fork. A wide variety of bacterial
proteins, including RNases and DNases, are needed to
generate intact duplex DNA at the target site (40).

Because of base pairing between the RNA and the
DNA target during reverse transcription, group II retro-
mobility is usually highly target site-specific, the intron
inserting into the intron-less allele of its parent gene in
a process called “retrohoming.” At lower frequency,
group II introns insert into targets with relaxed se-
quence specificity in a process called “retrotransposi-
tion.” Deliberate manipulation of the intron sequence
can result in targeted insertion into a chosen site.

Although the mechanism of group II intron mobility
is well understood, the cellular regulation of mobility is
relatively unexplored. Intriguing recent work suggests
that they may be activated to move under conditions of
stress (41).

PLEs are Another Class of Retroelement
Penelope-like elements (PLEs) are a widespread class
of retroelement named after Penelope, an element iso-
lated from Drosophila virilis (42), that have, to date,
been observed only in eukaryotes. Penelope encodes a
single ORF that has a reverse transcriptase domain and
usually an endonuclease domain that is related to a
homing endonuclease. Both activities have been shown
to be functional in Penelope (43). PLEs also often en-
code spliceosomal introns, which is unusual for an ele-
ment that presumably moves by a RNA intermediate.
The ends of PLEs are usually direct repeats several
hundred base pairs long that encode self-splicing ham-
merhead ribozymes (44), which may mediate the exci-
sion of the Penelope RNA from a larger transcript as
occurs with R2 (see Chapter 49).

An intriguing class of PLEs, which lack an obvious
endonuclease domain, are associated with telomeres in
diverse species (45) and have been postulated to move
using the 3´ chromosome ends as a priming site. The

Figure 27 Long interspersed elements (LINE) elements insert
by target-primed reverse transcription into target sites cleaved
by ORF2 endonuclease. Transcription of the L1 element
initiates retrotransposition. Following synthesis of ORF1 and
ORF2 proteins, which associate preferentially with L1 RNA,
the RNP enters the nucleus where the ORF2 APE endonucle-
ase makes a nick in the AT-rich target site. Nicking releases a
T-rich strand that pairs with the polyA tail of the L1 RNA
and the 3´-OH of the target DNA is used as the primer for
reverse transcription (green) of the template L1 RNA. Fol-
lowing multiple other processing steps, a new copy of L1
occupies the target DNA.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f27
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PLE reverse transcriptase is closely related to the
reverse transcriptase of telomerase and it has been sug-
gested that PLEs may be a missing link between telo-
merase and modern retroelements (46). Interestingly,
the non-LTR elements Het-A and TART form the telo-
mers of chromosomes in Drosophila.

DOMESTICATED
REVERSE TRANSCRIPTASES

Bacterial Reverse Transcriptases
It is generally thought that reverse transcriptase origi-
nated in bacteria. group II introns are the only known
mobile retroelements in bacteria, but they are not
the only source of bacterial reverse transcriptase (see
Chapter 54).

Retrons: A Retroelement Without a Function
The first reverse transcriptase to be identified in bacte-
ria is encoded by an element called a “retron” (47). A
retron is an unusual DNA-RNA molecule in which sin-
gle strand DNA is covalently linked at its 5´ end to sin-
gle strand RNA in what is called multicopy single
strand DNA (msDNA). msDNA has been found in a
number of bacteria including Escherichia coli B and
can be present in hundreds of copies per cell but its
function remains underdetermined.

Diversity-Generating Retroelements
While group II introns and retrons account for about
90% of bacterial reverse transcriptases, there are other
reverse transcriptases. Some of these are found in diver-
sity generating retroelements (DGRs) (see Chapter 53),
which generate high frequency, targeted mutagenesis
into particular gene segments to generate very high
levels of sequence diversity. This mutagenesis results
from error-prone reverse transcription that changes an
A in the mutagenized region to any other nucleotide.
Similar to TPRT in the movement of non-LTR
elements, a region of the template RNA is used as the
template for error-prone reverse transcription. It is not
yet known, however, how the mutagenized DNA re-
places the original coding region. DGRs have been
characterized that diversify phage tail fibers, which me-
diate phage binding to variable surface proteins in
Bordatella, and which diversify surface lipoproteins in

Figure 28 Mechanism of group II intron mobility. Transpo-
sition begins with transcription of the gene containing the
intron, followed by synthesis of the multifunctional intron-
encoded protein (IEP) protein that assists in RNA splicing
and reverse splicing into the target DNA and has reverse tran-
scriptase and endonuclease activity. After RNA splicing, the
excised lariat RNA remains bound to IEP and then reverse
splices into an allele of the gene that lacks the intron. This is
highly site-specific, being mediated by base pairing between
the intronic sequences and exonic sequences in the target

DNA. A 3´-OH on the target DNA provides the primer for
reverse transcription (green) of the intron, which generates a
target gene containing the intron.
doi:10.1128/microbiolspec.MDNA3-0062-2014.f28
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Legionella. Genome sequencing has identified hundreds
of DGRs in phage and bacterial genomes whose func-
tions remain to be determined.

Domesticated Reverse Transcriptases
in Eukaryotes
The most widespread domesticated reverse transcrip-
tase in eukaryotes is telomerase, the ribonucleoprotein
complex containing reverse transcriptase that uses an
RNA template to add DNA sequences called telomers
to the tips of linear chromosomes to complete their end-
replication. As noted above, the reverse transcriptase
of Penelope elements may be a link between ancient
retroelements and teleomerases (48). Other eukaryotic
genes called RVT genes appear to be domesticated
reverse transcriptases (45) but their functions are not
yet known.

PERSPECTIVE: “ALLTHAT WE KNOW IS
STILL INFINITELY LESS THAN ALL
THAT REMAINS”

William Harvey, 17th century scientist
Although Mobile DNA III includes much about

what is known about many interesting aspects of mo-
bile DNA, what is unknown, of course, remains most
intriguing and exciting.

Although multiple types of DNA breakage and join-
ing reactions have been analyzed in vitro at the bio-
chemical and structural level, we have only a few
snapshot views of a limited number of steps in what are
active and dynamic processes. Structural analysis of
multiple steps in these reactions, as well as single mole-
cule approaches, will provide deeper insights. Biochem-
ical and structural analysis, even of relatives of already
known systems, will also be valuable. It is notable that
an entirely new class of transposases has been discov-
ered in the past year. Other systems, such as Helitrons,
seem poised for in vitro analysis.

The conditions of in vitro reactions are, however,
quite different from the cellular environment. Much
remains to be learned about mobile DNA in the context
of chromatin and three- and four-dimensional genomes.
Other than retroviruses and retroviral-like transposons,
few genome-wide screens for host factors have been
done even in well-developed model organisms. New ge-
netic, biochemical, and proteomic methods will be very
useful for such investigations. Advances in microscopy
and in vivo imaging should also allow more “real-
time” analysis of mobile DNA rather than assays that
depend on many generations of cell growth.

No doubt, genome sequencing, especially of single
cells from different environments in multicellular orga-
nisms, as well as genomes of newly discovered orga-
nisms, in particular eubacteria and archaea from novel
environments, will reveal more examples of mobile
DNA. As viruses are the most numerous entities in the
biosphere and they are intimately dependent on their
hosts, these interactions, both in facilitating and block-
ing viral growth, are likely to be rich sources of infor-
mation about DNA rearrangements. It will be especially
important to look de novo for novel types of mobile
DNA rather than just identifying new relatives of
already known elements.

One already very well known mechanism for DNA
rearrangement is DNA breakage and joining via cova-
lent protein-DNA intermediates of the tyrosine and ser-
ine recombinases. These systems are wide spread in
eubacteria and archaea. The very successful use of these
recombinases for genome engineering in a variety of
eukaryotes raises the question of why endogenous sys-
tems of this type are not more widespread in eukaryotes.

Another interesting issue concerns the role of RNA in
DNA mobility. Certainly, RNA is a very useful template
for reverse transcription and various types of retroele-
ments have been extremely successful mobile DNAs.
Reverse splicing of group II intron RNA into DNA re-
veals the awesome power of RNA-DNA chemistry and
the accuracy and efficiency of RNA-templated CRISPR-
Cas DNA cleavage is also notable. The apparent in-
volvement of RNAs as guides for some aspect(s) of gene
assembly in ciliates is also intriguing. Perhaps RNA can
play an, as yet unknown, intimate role in templating
and/or executing the DNA cleavage and even DNA join-
ing reactions that underlie some DNA rearrangements.

Many adventures in mobile DNA await!
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INTRODUCTION

Tyrosine family site-specific recombinases (YRs), named
after the active site tyrosine nucleophile they utilize for
DNA strand breakage, are widely distributed among
prokaryotes. They were thought to be nearly absent
among eukaryotes, the budding yeast lineage (Saccha-
romycetaceae) being an exception in that a subset of its
members houses nuclear plasmids that code for YRs
(1, 2). However, YR-harboring DIRS and PAT families
of retrotransposons and presumed DNA transposons
classified as Cryptons have now been identified in
a large number of eukaryotes (3, 4). The presence of
functional YRs encoded in Archaeal genomes has been
established by a combination of comparative genomics
and modeling complemented by biochemical and struc-
tural analyses (5, 6). Over 1300 YR sequences mined
from bacterial genome databases have been organized
into families and subfamilies, providing a better under-
standing of the evolutionary relationships among them
(7). These classifications also encourage investigations
into the potential functional significance of YRs whose

genes are present as pairs or trios in bacterial and plas-
mid genomes.

YRs are remarkable enzymes that utilize a common
chemical mechanism to bring about a wide array of bi-
ological consequences. They range from the choice of
lysogenic or lytic developmental pathways in phage λ
and related phage, equal segregation of phage, plasmid
and bacterial chromosomes by resolving genome di-
mers or multimers formed by homologous recombi-
nation into monomers, to the resolution of hairpin
telomeres that mark the termini of certain bacterial and
phage genomes (8, 9, 10, 11, 12). In addition, YRs pro-
mote the transposition of conjugative mobile elements,
the resolution of cointegrate intermediates formed by
the Tn3-related toluene catabolic transposon Tn4651,
the unidirectional insertion of the Vibrio cholerae
phage CTXϕ into the host chromosomes and the copy
number control of budding yeast plasmids (13, 14, 15,
16, 17). A subset of YRs has been utilized as tools for
directed genome manipulations with potentially im-
portant biotechnological and medical applications (18).
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In this overview of tyrosine site-specific recombination,
we present our current understanding of the mecha-
nism of the reaction from biochemical, chemical, struc-
tural and topological perspectives, and highlight the
utility of this knowledge in addressing problems of
fundamental importance in biology and in developing
new technologies for biomedical engineering (see also
chapters by M. Boocock, A. Landy, A. Segall, G. van
Duyne, D. Mazel, F-X Barre, J. Gardner, and G.
Chaconas).

THE RECOMBINATION REACTION:
SYNAPTIC ORGANIZATION OF
DNA PARTNERS AND STRAND
EXCHANGE MECHANISM

The biochemically and structurally most well character-
ized YRs are phage λ integrase (λ Int), phage P1 coded
Cre, Flp coded for by the Saccharomyces cerevisiae
plasmid 2 micron circle and XerCD of Escherichia coli
(10, 19, 20, 21, 22, 23). They have provided the
templates for the chemical and conformational attri-
butes of the strand cleavage and strand exchange steps
during tyrosine recombination. The reaction is executed
in the context of two core DNA target sites, each bound
by two recombinase monomers, brought together in
a synaptic complex by protein–protein interactions
[Fig. 1(A)].

The association of a recombinase, a monomer in so-
lution, with its binding element (a little over one turn
of DNA) activates the scissile phosphate adjacent to it.
The amino- and carboxyl-terminal domains of the
recombinase cradle the DNA between them through a
small number of base-specific and many more phos-
phate contacts. Recognition specificity is imparted to a
significant degree through indirect readout. The 13 bp
Flp binding element, for example, contains an A/T-rich
segment with a characteristically narrow minor groove,
and A to T changes within it are well tolerated with re-
spect to binding (24). At the same time, C to G changes
are detrimental to binding, and replacement of guano-
sine with inosine alleviates this negative effect by elimi-
nating the obstructive 2-amino group from the minor
grove. Within a DNA substrate, the scissile phosphates
are positioned 6 to 8 bp apart (depending on individual
systems) on opposite strands, specifying the extent of
the strand exchange region. In general, two identical
monomers of a recombinase occupy the two binding
elements flanking the strand exchange region in a head-
to-head (inverted) fashion. In rare instances, as with
XerCD, a target site is bound by one monomer each of
XerC and XerD.

Strand cleavage by the active site tyrosine nucleo-
phile utilizes the type IB topoisomerase mechanism,
yielding a 3´-phosphotyrosyl intermediate and an adja-
cent 5´-hydroxyl group (20). Strand exchange involves
the nucleophilic attack by the 5´-hydroxyl group on the
phosphotyrosyl bond across DNA partners to reseal
the strand breaks in the recombinant configuration.
The reaction is completed in two temporally separated
cleavage-exchange steps, the first yielding a Holliday
junction intermediate and the second resolving it into
reciprocal recombinants.

INHIBITION OF TYROSINE
RECOMBINATION BYAGENTS
THAT TARGET HOLLIDAY JUNCTIONS

Short synthetic hexapeptides rich in aromatic amino
acids inhibit tyrosine recombination by trapping the
Holliday junction intermediate (25, 26, 27) (also chap-
ter by A. Segall). The current model for peptide action,
based on gel mobility shift and fluorescence quenching
results, together with crystal structure data for a Cre
recombinase-Holliday junction-peptide ternary com-
plex, posits that the binding of a peptide dimer across
the junction core stabilizes the junction in a nearly
square-planar (but nonfunctional) conformation (27,
28, 29). More recent analyses of peptide–junction in-
teractions by a combination of single molecule FRET
(fluorescence resonance energy transfer), SAXS (small
angle X-ray scattering) and gel mobility shifts suggest
that peptide binding yields an ensemble of highly
dynamic junction conformations that do not fit the
canonical square-planar and stacked X-conformations
(unpublished observation). The induced conforma-
tional heterogeneity likely results from multiple stack-
ing arrangements of aromatic amino acids with the
bases surrounding the junction core, perhaps reflecting
an intrinsic property of positively charged hydrophobic
peptides. Peptide association with a protein–Holliday
junction complex may inhibit subsequent reaction steps
by inducing global changes in the junction conforma-
tion or local changes in the active site environment. Al-
ternatively, peptide binding could accelerate protein
dissociation from the junction, and then inhibit further
reaction by inducing unfavorable junction conforma-
tions. The concept of inhibiting biologically important
nucleic acid transactions by enhancing, rather than
constraining, conformational freedom may be broadly
applicable to peptide and nonpeptide ligands that rec-
ognize specific nucleic acid structures. In addition to
inhibiting tyrosine recombination, hexapeptides also
impede the unwinding of branched DNA structures by
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the RuvG helicase of E. coli, and interfere with
Holliday junction resolution by the RuvABC complex
(28). Consistent with these properties, the inhibitory
peptides appear to hold promise as potential antimicro-
bial agents (30).

SIMPLE AND COMPLEX YRs:
CONTROLLING THE DIRECTIONALITY
OF RECOMBINATION

Simple YRs such as Cre and Flp are not particular
about DNA topology or target site orientation. They

Figure 1 Tyrosine family site-specific recombination. (A) The two target sites, each bound
by two recombinase monomers across the strand exchange region, are arranged within the
recombination synapse in an almost perfectly planar, antiparallel fashion. The left and right
arms of the sites are marked as L1, L2 and R1, R2, respectively. The reaction proceeds by
the cleavage/exchange of one pair of strands to form a Holliday junction intermediate, isom-
erization of the junction, and exchange of the second pair of strands to give the recombinant
products (L1R1 + L2R2 → L1R2 + L2R1). The scissile phosphates engaged by the “active”
active sites at distinct stages of the reaction are indicated by the filled circles. (B) The “half-
of-the-sites” activity, responsible for the two-step strand exchange mechanism, is revealed by
the crystal structure of the Flp-DNA complex (34, 36). Within each recombination partner
(left), the green Flp monomer (bound at R1 or R2) is poised to promote the cleavage of the
scissile phosphate adjacent to it (red circle). The tyrosine nucleophile for cleavage is donated
in trans by the neighboring Flp monomer (bound at L1 or L2; magenta). Following isomeri-
zation of the Holliday junction intermediate (right), there is a switch between the active and
inactive Flp pairs, signifying the imminent cleavage of the scissile phosphates adjacent to Flp
monomers bound at L1 and L2. The tyrosine nucleophiles are donated across DNA partners,
in the R1 to L2 and R2 to L1 configuration.
doi:10.1128/microbiolspec.MDNA3-0021-2014.f1
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can act on supercoiled or nicked circles as well as linear
molecules, and promote intra- and intermolecular reac-
tions. They bring about DNA inversion between a pair
of sites in head-to-head (inverted) orientation and DNA
deletion between sites in head-to-tail (direct) orienta-
tion. More complex YRs (λ Int and XerCD, for exam-
ple), depending on the reaction context, may require
DNA supercoiling, and may utilize the interaction be-
tween accessory factors and their cognate sites to regu-
late the reaction and/or impart directionality to it. The
crystal structures of λ Int tetramers bound to synapsed
DNA partners and the Holliday junction intermediate,
together with biochemical data, suggest how interac-
tions of the amino-terminal domains of Int with the
‘arm-type’ sequences (which also include multiple bind-
ing sites for the accessory proteins: IHF, Xis and Fis)
can stabilize 2-fold symmetric configurations of the re-
combination complex (21, 31). The cumulative DNA–
protein and protein–protein interactions thus coordi-
nate Int activity at the core recombination sites as well
as bias strand exchange towards a particular outcome.
Consistent with this model, when the amino-terminal
domain of λ Int is fused to the normally unregulated
and bias-free Cre, the latter acquires the regulatory
features and directionality of Int (32, 33). The action of
the Int-Cre chimera on attenuated core target sites con-
taining appropriate embellishments with the arm-type
sequences is controlled by the accessory factors as if re-
combination were being performed by native Int. The
conversion of a simple recombinase, whose origin likely
traces back to an ancestral type IB topoisomerase, into
a complex one by just the addition of a peptide do-
main suggests a possible “self-promoting” evolutionary
scheme for the emergence of the latter class of recom-
binases. The relevant gene fusion may be performed by
the recombinase itself via low frequency crossover
events between suitably positioned secondary target
sites, which are fortuitously scattered within a genome
and may be harbored by the recombinase gene. Alter-
natively, the “complexity” domain may be acquired via
the action of the host’s recombination machinery. λ Int
may thus be a representative of the evolutionary trajec-
tory from topoisomerase to simple and then complex
recombinases (see chapter by A. Landy).

HALF-OF-THE-SITES ACTIVITY
OF THE YR ACTIVE SITE

Within the recombination synapse, which has a 2-fold
symmetry, only two of the four potential active sites are
active at any one time (34, 35) [Fig. 1(B)]. The two ac-
tive sites responsible for the first cleavage-exchange

step become inactive following the isomerization of the
Holliday junction intermediate. The other two active
sites, which now become activated, resolve the junc-
tion into recombinant products. This “half-of-the-sites”
activity accounts for the two-step, single-strand ex-
change mechanism of recombination. Consistent with
this mechanism, three Cre or Flp recombinase monomers
bound to a three-armed DNA substrate (Y-junction)
can yield two functional active sites capable of resolving
the junction into a linear and a hairpin product (36,
37, 38).

THE LOCAL GEOMETRY OF PARTNER SITES
WITHIN THE RECOMBINATION SYNAPSE

The DNA target sites are almost entirely planar in their
paired state, and are arranged in an antiparallel fashion
[Fig. 1(A)]. Topological analyses and crystal structure
data support this synapse geometry, with strand cleav-
age and exchange occurring in a diagonal fashion (31,
34, 39, 40, 41, 42, 43, 44). However, a few experi-
ments based on electron microscopy, proximity of
DNA ends reported by ligation, and a combination of
atomic force microscopy, tangle analysis (see below un-
der “Topological and chiral features of tyrosine recom-
bination”) and modeling suggest parallel arrangement
of sites or their nonplanar configuration with a poten-
tial tetrahedral geometry for the Holliday junction in-
termediate (45, 46, 47). These could represent transient
or intermediate states that precede the functional syn-
apse or isomerization of the Holliday junction. Or, they
could be comprised of aberrant complexes. The reac-
tive orientation of key catalytic residues with respect to
the scissile phosphates in the crystal structures strongly
imply that the antiparallel disposition of the partner
sites revealed by them represents the functional geome-
try of the recombination synapse (19, 31, 39).

THE YR ACTIVE SITE:
KEY CATALYTIC RESIDUES

The signature active site motif of YRs consists of a
tyrosine nucleophile assisted by an invariant or highly
conserved catalytic pentad: Arg, Lys, His, Arg, and His/
Trp (23). In addition, a sixth conserved residue, Asp/
Glu, appears to contribute indirectly to transition state
stabilization by hydrogen bonding to catalytic residues
and promoting the integrity of the active site (39). In
Flp, the catalytic hexad is comprised of Arg-191, Asp-
194, Lys-223, His-305, Arg-308, and Trp-330 with
Tyr-343 providing the cleavage nucleophile (Fig. 2). In
Cre (see chapter by G. van Duyne), the corresponding
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Figure 2 Organization of conserved catalytic residues within the recombinase active site.
The arrangements of the catalytic hexad (Arg-Asp/Glu-Lys-His-Arg-His/Trp) and the tyro-
sine nucleophile in Cre, Flp and λ Int active sites are shown (31, 34, 36, 52, 94, 147). The
states of the active site with the scissile phosphate uncleaved and cleaved are shown at the
left and right, respectively. The role of the conserved Asp/Glu of the hexad in transition state
stabilization is likely indirect, by promoting the structural integrity of the active site.
doi:10.1128/microbiolspec.MDNA3-0021-2014.f2
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residues are Arg-173, Glu-176, Lys-201, His-289, Arg-
292, Trp-315, and Tyr-324. In λ Int, the second and
sixth conserved positions are aspartic acid (Asp-215)
and histidine (His-333), respectively. Mutational analy-
ses combined with structural data have provided insights
into the mechanistic roles of several of these residues.

As would be expected from chemical principles, the
two invariant arginine residues balance the negative
charges on the nonbridging oxygen atoms of the scissile
phosphate group (31, 34, 39). In Cre, Lys-201 appears
to function as the general acid that stabilizes the leav-
ing 5´-hydroxyl group during strand cleavage. The ab-
sence of this residue can be rescued when the leaving
group pKa is decreased by substituting the 5´-oxygen by
sulfur (5´-thiolate) (48). The potential general acid
function of Lys-223 of Flp has not been similarly test-
ed. In the type IB vaccinia topoisomerase, Lys-167
(which corresponds to Lys-201 of Cre) collaborates
with Arg-130 (corresponding to Arg-173 of Cre and
Arg-191 of Flp) to facilitate leaving group departure,
perhaps by a proton relay mechanism (49, 50). His-305
of Flp may serve as the general base that abstracts
the proton from Tyr-343 to activate it as a nucleo-
phile (51). A tyrosine mimic with reduced pKa (3-
fluorotyrosine, pKa = 8.2 as opposed to tyrosine, pKa =
10.0), when supplied in the context of a short native
peptide, can restore the cleavage potential of Flp

(H305Q) to a large extent. The predominant majority
of YRs contain a histidine rather than tryptophan at
the final hexad position. The hydrogen bonding be-
tween the indole-nitrogen of Trp-315 and the scissile
phosphate observed in the Cre crystal structure (52)
seemed to suggest that either histidine or tryptophan at
this position helps catalysis through their hydrogen
bonding potential. However, this is not the case for Cre
or Flp, as replacement of Trp-315 or Trp-330, respec-
tively, by histidine results in lower recombination activ-
ity compared to replacement by phenylalanine or
tyrosine in Cre and phenylalanine in Flp (39, 53). Con-
sistent with these biochemical results, structural data
for Flp suggest that hydrophobic/van der Waals con-
tacts made by Trp-330, over a hydrophobic surface of
∼380 Å2, help position Tyr-343 in its active orientation
(53) (Fig. 3). In addition, Trp-330 appears to play a
secondary role in stabilizing the 5´-hydroxyl leaving
group, as suggested by the stimulation in the cleavage
activities of Flp mutants lacking this residue on 5´-
thiolate substrates (54). The vanadate transition state
mimic structure of Cre-DNA reveals Trp-315 to be lo-
cated on a turn between two helices (αL and αM), pro-
viding a sizable hydrophobic surface on to which the
αM helix carrying the Tyr-324 nucleophile docks
through van der Waals contacts (39) (see chapter by G.
van Duyne).

Figure 3 The assembly of the Flp active site in trans. (A) In the shared active site of Flp,
the tyrosine nucleophile (Tyr-343) is delivered by the donor Flp as part of the M helix
(shown in magenta) to the proactive site, whose residues are shown in green, of the recipient
Flp. The van der Waals’ contacts made by Trp-330 (recipient Flp) with Ser-336 and Ala-339
(donor Flp) are important for the positioning of Tyr-343 (donor) (53). The stacking of His-
309 (recipient) over Tyr-343 is stabilized by His-305 (recipient) and His-345 (donor).
(B) Consistent with the importance of Trp-330–Ala-339 interaction, the loss of active site
function resulting from the W330A substitution can be rescued by the second site A339M
mutation, which increases the side chain length at this position (54). The red circle in A and
B denotes the scissile phosphate. doi:10.1128/microbiolspec.MDNA3-0021-2014.f3
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HIDDEN RNA CLEAVAGE ACTIVITIES
OF THE YR ACTIVE SITE

When a ribonucleotide is substituted at the cleavage
position or immediately 3´ to it within the Flp target
(FRT) site, two latent RNase activities of Flp can be un-
veiled (55, 56, 57). The 2´-hydroxyl, when present as
part of the cleavage position nucleotide, can attack the
phosphotyrosyl intermediate formed by strand cleavage
to give a 2´,3´ cyclic phosphate. Subsequent attack of
the cyclic bond by a water nucleophile gives the 3´-
phosphate as the end product. This activity, which
closely follows the recombination mechanism, has been
termed type I RNase. When the 2´-OH is placed on the
nucleotide adjacent to the normal cleavage position, it
directly attacks the correspondingly shifted scissile phos-
phate to yield the cyclic phosphate intermediate, which
is then hydrolyzed to the 3´-phosphate. This activity,
which resembles the classical pancreatic RNase mecha-
nism, has been termed type II RNase. Perhaps the la-
tent RNase activities are the relics of the evolutionary
progression of Flp from an elementary nuclease to a
recombinase, likely via a topoisomerase. When the in-
teraction between two Flp monomers bound to an FRT
site is weakened by increasing the length of the strand
exchange region, a weak topoisomerase activity of Flp
can be unmasked. The type I, but not the type II, RN-
ase activity has been detected in Cre as well (58). The
ability of 2´-hydroxyl groups to compete effectively
with the tyrosine nucleophile (in the case of Flp) and
with the 5´-hydroxyl group (in the case of Cre and Flp),
as suggested by their latent RNase activities, speaks to
the considerable catalytic flexibility of the tyrosine
recombinase active site. These activities also expose
the potential threat to recombination by errant nucleo-
philes that might gain entry into the active site.

ASSEMBLY OF THE YR ACTIVE SITE
IN CIS OR IN TRANS

In general, the active site of a tyrosine recombinase is
assembled entirely within a monomer, although its
strand cleavage activity may be stimulated by allosteric
contact with an adjacent monomer. Flp and the related
subfamily of YRs coded for by 2 micron-like plasmids
of budding yeasts are unusual in that they assemble an
active site at the interface of two neighboring mono-
mers (34, 59, 60) [Fig. 1(B); Fig. 3]. Biochemical and
structural evidence suggests that the integrase of SSV1,
a virus that infects the extremely thermophilic archaeon
Sulfolobus shibate, may also harbor a shared active
site (61, 62). A cis active site (the Cre active site, for

example) is responsible for the activation and cleavage
of the scissile phosphate engaged by it. A trans active
site, exemplified by that of Flp, activates the scissile
phosphate but relies on the tyrosine nucleophile donat-
ed to it for strand cleavage. There are two trans modes
of DNA cleavage. For the first strand exchange step
and formation of the Holliday junction, the tyrosine
nucleophile performs cleavage across the strand ex-
change region within a DNA substrate [Fig. 1(B), left].
For the resolution of the Holliday junction and forma-
tion of the recombinant products, the cleavage by tyro-
sine occurs across partner substrates [Fig. 1(B), right].

Comparison of the crystal structures of Cre and Flp
synaptic structures suggests how a simple switch in the
connectivity of two helices can switch a cis active site
into a trans active site or vice versa. (23, 34). In the
shared active site, the Tyr-343 from an Flp monomer
gains entry into the proactive site of the second mono-
mer as part of the protruding “M” helix. Trp-330 of
the hexad in the proactive site of Flp may play a partic-
ularly important role in helping to dock the M helix by
packing against it through contacts with Ser-336, Ala-
339, and Tyr-343 (53) [Fig. 3(A)]. These interactions
are further augmented by the nearly perfect stacking
of His-309 from the recipient Flp over Tyr-343, with
likely assistance from His-345 (donor) and His305 (re-
cipient) (34, 63). The extremely weak recombination
activity of Flp(W330A) can be restored to nearly wild
type level by a second mutation that changes Ala-339
to methionine (54). The longer side-chain of Met-339
located in the M helix can compensate for the lack of
Trp-330 in the proactive site, further highlighting the
importance of interprotomer hydrophobic interactions
in the assembly of the trans active site [Fig. 3(B)].

From a purely mechanistic point of view, there is ap-
parently little advantage of a cis active site over a trans
active site or vice versa. By the “Cheshire cat” para-
digm, if one were to erase all the amino acid residues
from Cre and Flp structures, except for the tyrosine
nucleophile and its principal catalytic cohort, the ‘cata-
lytic grins’ of the two recombinases would look almost
identical (64, 65) (Fig. 2). However, the trans active
site offers considerable advantages in the analysis of re-
combination mechanism. For example, strand cleavage
can be performed by providing exogenous nucleophiles
such as hydrogen peroxide or tyramine or by supplying
chemically modified tyrosines embedded in a short
native Flp peptide (51, 66, 67). As already noted,
the potential general base/acid role of His305 of Flp
has been inferred from the ability of tyrosine analogs
with lowered pKa to confer cleavage competence on
Flp(H305Q).
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From a functional perspective, each type of active
site may have its strengths and weaknesses. The trans
active site will delay DNA cleavage until a target site
has been occupied by two monomers of the recombi-
nase. However, the time delay between the binding of
the two monomers may allow rogue nucleophiles, the
abundant water nucleophile for example, to attack the
activated phosphodiester bond (68). Since the cis active
site positions all the catalytic residues, including the
tyrosine nucleophile, in concert around the scissile
phosphate, the chances for aberrant strand cleavage are
minimized. However, cleavage could potentially occur
even before the full occupancy of a DNA site by the
recombinase. Premature strand breaks may be mini-
mized if the cleavage potential of the cis active site is
activated by allosteric interactions between recombi-
nase monomers within a DNA site or between partner
sites within a recombination synapse. For Flp, whose
physiological function is to trigger plasmid DNA
amplification by a replication-coupled recombination
event (14, 17), DNA cleavage in trans may hold special
significance. Should an Flp monomer covalently linked
to the cleaved phosphate be dislodged from its binding
element by the replication machinery, and be unfolded
or partially degraded by a protease as a consequence,
the Flp monomer bound to the other binding element
will be able to promote healing of the DNA break via
ligation.

REQUIREMENT OF HOMOLOGY BETWEEN
THE STRAND EXCHANGE REGIONS OF
RECOMBINATION PARTNERS

According to the generally accepted paradigm, based
on evidence from the λ Int, Cre and Flp systems, suc-
cessful recombination requires perfect homology in the
strand exchange regions of the DNA partners, even
though the sequence per se of the exchanged segment
can be altered in a number of ways without affecting
reaction efficiency. The original notion that homology
promotes end-to-end branch migration of the Holliday
junction through the strand exchange region (69, 70)
has been discounted by biochemical and structural evi-
dence (31, 34, 52, 71, 72, 73, 74). The cleaved strands
are swapped in a segmental fashion, perhaps as triplets
during the first and strand exchange steps (74). Non-
homology would disfavor stable strand exchange,
as mismatches in DNA hinder the ligation reaction
(73). In this model, recombination is blocked by non-
homology either because the Holliday junction is not
formed or because the junction with mismatched DNA
is quickly resolved in the parental mode. For Flp, which

mediates the exchange of 8 bp rather than 6 bp (the ex-
tent of exchange in the Cre system), the strand swaps at
the initiation and termination steps of recombination
may be separated by an intermediate step of limited
branch migration through the central base pairs (75).

The strict requirement of homology in strand ex-
change has been called into question as the mechanisms
of more YRs have been brought to light, in particu-
lar, the integrases of integrative conjugative elements
(ICEs), also referred to as conjugative transposons (16)
(see chapter by J. Gardner). These enzymes mediate
strand exchange across overlap regions that include
5 to 6 bp nonhomologies. IntDOT, the integrase of
the Bacteroides conjugative transposon CTnDOT, uti-
lizes a 2 bp homology within a 7 bp overlap region for
the first exchange step, and carries out the second
exchange in a homology-independent manner [Fig. 4
(A)]. The resulting heteroduplex DNA is resolved by
replication.

The CTXϕ phage of Vibrio cholera manipulates the
XerCD recombinase of its host for its integration in a
rather unusual reaction that also challenges the homol-
ogy rule in its conventional sense (13) [Fig. 4(B)] (see
chapter by F-X Barre). The + strand of the phage DNA
folds itself into a forked hairpin structure to generate a
pseudo XerCD target site within it. The first strand ex-
change between the phage and chromosome target sites
is mediated by XerC, and utilizes 3 bp of homology ad-
jacent to its cleavage site. The nonhomology adjacent
to XerD stops the reaction at this pseudo-Holliday
junction stage. Resolution of this structure by replica-
tion generates a chromosome with an integrated copy
of the phage. As the lysogen is not flanked by function-
al recombination sites, the integration reaction is irre-
versible, proscribing the excision of the replicative form
of the phage. However, tandem copies of the lysogen
generated by successive integration events permits the
production of + single-stranded phage genome by a
rolling circle type of replication. An analogous strategy
of integration via single-strand exchange by a tyrosine
recombinase, followed by replication-mediated resolu-
tion of the resulting Holliday junction, is also devised
during the capture of exogenous gene cassettes by
integrons (76), which are important not only for their
role in the spread of antibiotic resistance but also for
their potential relevance to bacterial genome evolution.
As in the case of the V. cholorae phage integration, the
recombination target site on the cassette is assembled
by the folding of a single-stranded DNA region. The
phage and integron systems, rather than breaching the
homology rule outright, seem to bend it by cleverly ma-
nipulating the strand exchange reaction in their favor.
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Even the archetypal YRs may violate the homology
rule in its strictest sense. Analysis of the Cre reaction be-
tween a wild type LoxP (the Cre target site) and mutant
LoxPs containing single bp substitutions of the 6 bp
strand exchange region reveals several types of out-
comes: significant amounts of the Holliday junction inter-
mediate without detectable recombinant product, small
amounts of the product with higher amounts of the
Holliday junction, small amounts of the Holliday junc-
tion with higher amounts of the product and small
amounts of the product with no detectable Holliday junc-
tion (77). The overall strand exchange, the sum of the
Holliday junction and recombinant yields, is most dimin-
ished for substitutions adjacent to the scissile phosphate,

whose cleavage initiates the first strand exchange step,
with one exception. The T to A transversion at position
2 from the initiation end gives a modest amount of the
product with much smaller amounts of the Holliday
junction. The accumulation of the Holliday junction as
nonhomology shifts from the initiation-proximal posi-
tions to the central and termination-proximal positions
of the strand exchange region is consistent with the nor-
mal execution of the first strand exchange step, while the
second exchange step is blocked or severely impeded by
nonhomology. Stable single-strand exchange by Cre, dic-
tated by the location of nonhomology, is thus somewhat
analogous to the formation of the pseudo-Holliday junc-
tion by XerCD during CTXϕ integration.

Figure 4 Challenges to the homology rule during tyrosine site-specific recombination.
(A) The integrase (IntDOT) of the conjugative transposon CTnDOT catalyzes exchange of
both strands between target sites that contain five consecutive nonhomologous positions
within the 7 bp segments swapped between them (16). (B) The folded form of the “+” strand
of the CTXϕ phage contains an imposter target site for XerCD recombinase of its host
bacterium, V. cholera. Single-strand exchange mediated by the XerC active site between the
phage DNA and the bacterial chromosome results in phage integration (13). The hetero-
duplex integrant in (A) and the pseudo-Holliday junction in (B) are likely resolved via repli-
cation. The flat horizontal arrows indicate recombinase binding sites. The short vertical
arrows denote points of strand cleavage. doi:10.1128/microbiolspec.MDNA3-0021-2014.f4
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NONHOMOLOGY INDUCED KNOTTING
OF SUPERCOILED PLASMIDS BYAYR

An even more flagrant violation of the homology rule
is brought to light by Flp reactions between two FRT
sites, nonhomologous at the central two positions of
their 8 bp strand exchange regions and located within
negatively supercoiled plasmids (44, 78). While no sta-
ble recombinant products result, the reaction ties the
plasmids into knots of wide ranging complexity, but all
in their parental configuration. When the two sites are
in head-to-head orientation (with respect to the six ho-
mologous bp), the knots are even numbered; when the
sites are in head-to-tail orientation, the knots are odd
numbered. The knotting may be explained by two or
repeated even rounds of recombination, giving rise ini-
tially to unstable recombinants containing mismatched
base pairs that then rapidly recombine back to the pa-
rental form.

An obvious question is whether the observed knot
complexity is due to DNA crossings added during an it-
erated series of recombination events occurring within
a given synapse. A similar increase in topological com-
plexity has been described for the serine recombinases
when they attempt to recombine sites that harbor
nonhomology in the overlap region (79, 80). However,
members of this recombinase family follow a com-
pletely different mechanism (see chapter by W. M.
Stark). They make concerted double-strand cuts within
target sites arranged in a parallel fashion, promote
right-handed rotation of the broken DNA through 180
degrees, and reseal the strands in the recombinant con-
figuration. Mismatches between partner strands impede
or reverse joining and encourage a second 180 degree
rotation to restore complementarity, which favors join-
ing. A repetition of these dual half-rotation steps will
progressively increase the complexity of products. Can
nonhomology alter the normal synapse geometry of ty-
rosine recombination and processively generate prod-
ucts of increasing complexity?

An alternative explanation for the knotting reaction
by Flp is that the complexity of the knots reflects the
topological complexity of the plasmid substrate from
which they are generated. Since the pairing of FRT sites
occurs by random collision, a range of supercoils
(crossings between the two DNA domains bordered by
the sites; blue × red in Fig. 5) can be trapped by the
synapse. The antiparallel geometry of the FRT sites re-
quires an odd number of such crossings between head-
to-head sites and even number of crossings between
head-to-tail sites (Fig. 5). Depending on the number of
trapped interdomainal crossings, the first recombina-
tion event will generate an unknotted inversion circle

plus 3-, 5-, 7- etc. crossing knots from the head-to-head
sites [Fig. 5(A)]. Similarly, the products from the head-
to-tail sites will be a pair of unlinked deletion circles
plus 2-, 4-, 6- etc. crossing catenanes (linked circles)
[Fig. 5(B)]. When the parental FRT sites are nonhomol-
ogous, these products contain mismatches, and are
prone to a second round of recombination after dissoci-
ation of the original synapse. The addition of one more
crossing during this step will convert the knots with
odd number crossings from the inversion reaction to
knots with even number crossings (4, 6, 8 etc.) [Fig. 5
(A)]. Similarly, the catenanes from the deletion reaction
will be converted to fusion knots with odd number
crossings (3, 5, 7 etc.) [Fig. 5(B)]. The prediction then is
that when the synapse topology is simplified and made
unique, the product topology must be correspondingly
simple and unique. This indeed is the case (44). When
Flp reaction is carried out after assembling the Tn3
resolvase synapse [which traps precisely three inter-
domainal negative supercoils, as in Fig. 5(A)], and tak-
ing care to minimize random entrapment of supercoils,
the product yielded by the head-to-head sites is pre-
dominantly a 4-noded knot; that yielded by the head-
to-tail sites is predominantly a 5-noded knot (44). The
topologies of the products from corresponding reac-
tions between two native (homologous) FRT sites are a
3-noded knot and a 4-noded catenane. The difference
of one in the crossing numbers between the knot and
the catenane is consistent with the need to arrange the
sites in the same functional geometry, antiparallel, for
them to recombine [Fig. 5(B)]. In addition to the three
crossings anchored by resolvase, a fourth crossing must
be trapped from the supercoiled plasmid substrate to
keep the head-to-tail sites antiparallel (see also the sec-
tion on “Difference topology”). Thus, nonhomology
does not block recombination by Flp; nor does it in-
duce processive recombination by altering the normal
reaction mechanism. The unstable (mismatched) recom-
binants resulting from the first recombination event are
restored to the more stable parental state by a second
dissociative recombination event.

PROBING ACTIVE SITE MECHANISM USING
CHEMICAL MODIFICATIONS OF THE
SCISSILE PHOSPHATE GROUP

Mechanistic analysis of strand breakage and joining
reactions in nucleic acids has greatly benefited from
chemical modifications of the phosphate group in the
nonbridging oxygen atoms to alter its electronegativ-
ity and/or stereochemistry, and in the bridging oxygen
atoms to manipulate leaving group properties. The po-

52 JAYARAM ET AL.



tential general acid role for Lys-201 and a subsidiary
role for Trp-330 in leaving group stabilization during
strand cleavage by Cre and Flp, respectively, have been
revealed with the help of 5´-thiolate substrates (48, 54).

Shuman and colleagues have successfully exploited
phosphorothioate (replacement of a nonbridging oxy-
gen by sulfur), methyl phosphonate (MeP; replacement
of a nonbridging oxygen by the methyl group) and 5´-

Figure 5 Flp-mediated knotting of supercoiled plasmids by recombination between two
FRT sites harboring nonhomology within the strand exchange region. (A) The first recombi-
nation event between two head-to-head (inverted) FRT sites from a synapse containing an
odd number of interdomainal (blue × red) supercoil crossings will generate a torus knot with
the same number of crossings. The product from a synapse with one blue × red crossing will
be an unknotted inversion circle, as it takes a minimum of three crossings to form the sim-
plest knot. In the example shown, a 3-noded knot is formed from a 3-crossing synapse.
A second recombination event after dissociation of the first synapse, and the assembly of a
de novo synapse, can give rise to a twist knot with four crossings. (B) For FRT sites in head-
to-tail (direct) orientation, the first recombination event from a synapse with an even num-
ber of interdomainal crossings yields a catenane with the same number of crossings. The
product from a synapse with no crossings will be two unlinked deletion circles. The diagram
illustrates the formation of a 4-noded catenane from a 4-crossing synapse. A second round
of dissociative recombination can convert the 4-noded catenane into a 5-noded knot. In the
reactions shown in (A) and (B), intradomainal supercoils (blue × blue or red × red crossings)
are omitted for clarity, as they do not contribute to knot or catenane crossings. The products
from the second rounds of recombination revert to the parental configuration. The non-
complementarity in the product formed by recombination between FRT sites containing
nonhomology in their strand exchange regions encourages a second recombination event
that restores base pairing and parental DNA configuration (44).
doi:10.1128/microbiolspec.MDNA3-0021-2014.f5
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thiolate substrates to investigate the active site mecha-
nisms of vaccinia topoisomerase (81, 82, 83, 84).

Recent studies employing MeP-substrates [Fig. 6(A)]
have revealed active site attributes of Cre and Flp
that could not have been deduced from reactions of
native phosphate containing substrates. These analyses
have been performed predominantly using half-site
substrates containing a single scissile phosphate or a
modified scissile phosphate [Fig. 6(B)], together with
recombinase variants harboring specific active site mu-
tations. The chemical synthesis of MeP-half-sites is con-
siderably easier than that of full-sites. Although the
half-site reaction involves the breakage of one scissile
phosphate within a substrate molecule, it faithfully
preserves the chemical mechanism of the normal re-
action. Associations of a recombinase-bound half-site
can give rise to dimers, trimers and tetramers (85),
so that the shared active site assembly and the trans
mode of DNA cleavage are obeyed during Flp half-site
reactions.

The reactivity of Flp variants on MeP-substrates
demonstrates that neutralization of the phosphate neg-
ative charge in its ground state permits transition state
stabilization in the absence of one of the two conserved
arginines (either Arg-191 or Arg-308) (68, 86). Flp
(R191A) and Flp(R308A) are active in the MeP reac-
tion [Fig. 7(A)], while both these variants are almost
completely inactive on phosphate containing DNA sub-
strates. The electrostatic suppression of the lack of a
positive charge in the recombinase active site by a
compensatory charge substitution in the scissile phos-
phate of the DNA substrate has been demonstrated
for the Cre recombinase as well (87, 88). Not only do
Cre(R173A) and Cre(R292A) yield strand cleavage
in an MeP-half-site, the double mutant Cre(R173A,
R292A) also mediates this reaction. Presumably, the
overall electrophilic character of the Cre active site is
sufficient to neutralize the diminished negative charge
present in the MeP, compared to the phosphate, transi-
tion state.

Figure 6 Reactions of half-sites containing methylphosphonate substitution at the scissile
phosphate position. (A) The structures of methylphosphonate (MeP) are compared to that
of the native phosphate in DNA. There are two possible stereoisomers of MeP (RP or SP).
(B) The possible reactions of a half-site containing MeP at the scissile phosphate position are
illustrated. The 5´-hydroxyl group on the bottom strand of the half-site is blocked by phos-
phorylation to prevent it from taking part in a pseudo-joining reaction. Attack of the MeP
bond by the active site tyrosine will give the MeP-tyrosyl intermediate, which may undergo
slow hydrolysis. The hydrolysis product may also be formed by direct water attack on the
MeP bond. The two-step (type I) and single-step (type II) reaction pathways are mechanisti-
cally analogous to the type I and type II RNA cleavage activities of Flp (see text).
doi:10.1128/microbiolspec.MDNA3-0021-2014.f6
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As the methyl substitution of one of the nonbridging
oxygen atoms turns the normally symmetric phosphate
group into an asymmetric center [Fig. 6(A)], an addi-
tional utility of the MeP substrates is in unveiling the
stereochemical course of the recombination reaction.
Stereochemically pure RP and SP forms of the MeP sub-
strates are currently being used to dissect the individual
stereochemical contributions of Arg-191 and Arg-308
in Flp, and to probe how other members of the cata-
lytic hexad might influence these contributions.

DISTINCTACTIVITIES OF Flp(R191A) AND
Flp(R308A) IN THE MeP REACTION

The absence of Arg-191 or Arg-308 has strikingly dif-
ferent effects on the activity of Flp on an MeP-half-site
[Fig. 7(A)] (68, 86). Flp(R308A) does not utilize the
Tyr-343 nucleophile, but promotes direct hydrolysis of
the MeP bond. Consistent with this mechanism, the
double mutant Flp(R308A,Y343F) also yields the hy-
drolysis product with similar kinetics and Vmax (maxi-
mal velocity) as Flp(R308A). Apparently, the lack of

Figure 7 Distinct activities of Flp(R191A) and Flp(R308A) on an MeP-half-site. (A) Flp
(R191A) cleaves the MeP-half-site (S) using Tyr-343 to form the protein–DNA adduct
(revealed by SDS-PAGE; top) (86). This intermediate is converted to the hydrolysis product
(HP) (revealed by denaturing PAGE; bottom) in a subsequent slow reaction. Flp(R308A), by
contrast, yields the hydrolysis product directly, without going through the MeP-tyrosyl inter-
mediate (68). (B) The binding of an Flp monomer to FRT activates the scissile phosphate,
leaving it exposed until the binding of a second Flp monomer delivers Tyr-343 to the active
site in trans. (C) Concomitant with the binding of a Cre monomer to the LoxP site, Tyr-324
engages the scissile phosphate in cis, thus protecting it against direct water attack. (D) As
vaccinia topoisomerase, like Cre, assembles its active site in cis, the scissile phosphate is
protected at the strand cleavage step during DNA relaxation. However, the protein’s grip on
DNA is loosened during the strand rotation step, leaving the phosphotyrosyl bond vulnera-
ble to attack by water. doi:10.1128/microbiolspec.MDNA3-0021-2014.f7
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Arg-308 permits the abundant water nucleophile to ac-
cess the reaction center, where it out competes Tyr-343
to give a dead-end product. However, the possibility
that Arg-308 is required for the positioning of Tyr-343
or its nucleophilic activation cannot be ruled out. The
corresponding arginines, Arg-292 of Cre and Arg-410
of Leishmania topoisomerase I, are hydrogen bonded
to the catalytic tyrosine in their respective vanadate-
transition state structures (39, 89). Flp(R191A), by
contrast, utilizes Tyr-343 as the cleavage nucleophile to
yield the tyrosyl intermediate. Direct hydrolysis in the
Flp(R191A) reaction is only a minor component. Cre
(R173A) and Cre(R292A) are mechanistically similar
to Flp(R191A) in that they promote Tyr-324-mediated
cleavage of MeP (87, 88).

POTENTIAL ROLES FOR ACTIVE SITE AND
PHOSPHATE ELECTROSTATICS IN
PREVENTING FUTILE
PHOSPHORYLTRANSFER

As suggested by the MeP reactions, in addition to bal-
ancing the phosphate negative charge, Arg-308 of Flp
appears to protect the normal reaction course from
abortive hydrolysis, perhaps by electrostatically mis-
orienting water nucleophile (which is a dipole) from the
activated phosphate. The phosphotyrosyl bond formed
by vaccinia topoisomerase during DNA relaxation is
apparently protected from hydrolysis by an analogous
mechanism, utilizing the negative charge on the scissile
phosphate (84). Furthermore, the potential role of the
Arg-308 side-chain in orienting or activating Tyr-343
(see above under “Distinct activities of Flp(R191A) and
Flp(R308A) in the MeP reaction”) suggests an alterna-
tive or collaborative mechanism for preventing futile
breakage of the DNA backbone by increasing the local
concentration of the tyrosine nucleophile. As noted ear-
lier, the need to shield the scissile phosphate from ex-
traneous nucleophiles would be more critical for Flp
because of its trans active site. The scissile phosphate,
activated by the proactive site of a bound Flp mono-
mer, stays exposed until Tyr-343 is provided in trans
[Fig. 7(B)]. Binding by a Cre or topoisomerase mono-
mer to DNA and the alignment of the tyrosine nucleo-
phile with respect to the scissile phosphate would be
nearly concomitant events because of their cis active
sites [Fig. 7(C)]. In the case of the topoisomerase,
which acts as a monomer, the strand rotation step may
open the phosphotyrosyl bond to attack by water
[Fig. 7(D)], which is prevented by phosphate electro-
statics. Such a protective mechanism is likely unneces-
sary for the recombinases, as the tight organization of

the recombinase tetramer-DNA complex (Fig. 1) and
the dynamics of strand exchange within it preclude
water from accessing the phosphotyrosyl bond. The ex-
trusion of the cleaved strand into the center of the
“strand exchange cavity” seen in the structure of the
Cre-recombination synapse (52) would be consistent
with strand swap being nearly concomitant with strand
cleavage.

TYROSINE RECOMBINATION
STEP-BY-STEP FROM START TO FINISH:
SINGLE MOLECULE ANALYSIS

Single molecule analysis of tyrosine recombination us-
ing real-time tethered particle motion (TPM), tethered
fluorophore motion (TFM) and fluorescence energy
transfer (FRET) have provided deeper insights into the
prechemical, chemical, and conformational steps of the
reaction pathway by revealing transient states as well
as long- and short-range movements of DNA (90, 91,
92, 93). The results of these studies reveal interesting
similarities and contrasts among Cre, Flp and λ Int.
The kinetics of recombinase binding to target sites and
the pairing of bound sites are quite fast in all three
cases, ruling out intrinsic barriers to synapsis, at least
in vitro. There is a strong commitment to recombina-
tion following the association of Flp with the FRT sites.
The formation of nonproductive complexes (those that
do not synapse) and wayward complexes (those that do
not form the Holliday junction intermediate or com-
plete recombination after synapsis) constitute only mi-
nor detractions from the productive pathway (91). The
stability of the synapse is enhanced by strand cleavage
in the case of Flp and λ Int. However, Cre forms stable
synapse even in the absence of strand cleavage (90). Re-
combination by Flp is efficient, and the frequency of
occurrence of the Holliday junction intermediate is
quite low (91). λ Int exhibits a strong and early com-
mitment to a directed reaction path, likely assisted by
its accessory factors bound to their cognate sites (92).
Unidirectionality of an initiated recombination event
would be a desirable attribute in vivo in bringing about
the desired DNA rearrangement, without reversing
course midway through a reaction. The Holliday junc-
tion formed during Cre recombination, however, is
long lived, thanks to a rate-limiting step that follows its
isomerization (93). This kinetic barrier affords the op-
portunity for the reaction to be interrupted and to go
backwards, at least in vitro. It is possible that the in
vitro Cre reaction fails to recapitulate the native regula-
tory features of recombination occurring within the P1
phage genome organized into a nucleoprotein complex.
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SINGLE MOLECULE TPM AND FRET
ANALYSES AS PROBES FOR THE GEOMETRY
OF SITE-PAIRING AND ORDER OF
STRAND EXCHANGE

TPM analysis is based on the rationale that the Brownian
motion (BM) amplitude of a small polystyrene bead
(∼200 nm in diameter) attached to one end of a DNA
molecule, whose other end is held in place, will be de-
termined by the length of the DNA (Fig. 8). Since indi-
vidual steps of recombination (binding of recombinase
to target sites and their bending, synapsis of two bound
sites by DNA looping, formation of the Holliday junc-
tion, and excision of DNA between two head-to-tail
sites) are accompanied by characteristic changes in
DNA length, TPM is well suited for the stepwise analy-
sis of recombination (90, 91, 92). The pre- and post-

chemical changes in DNA length can be distinguished
by challenging the reaction with SDS. Upon protein
dissociation, the prechemical states and completed
inversion reactions (from head-to-head sites) will re-
turn to the length of the substrate DNA molecules. The
Holliday intermediates from the inversion or the exci-
sion reaction and the linear product from the latter will
retain their reduced “tether” lengths. By performing the
excision and inversion reactions in parallel using DNA
substrates identical in length and in the location and
spacing of the recombination sites, a complete analysis
of the reaction path is possible. TPM is also useful for
verifying the geometry of a pair of target sites within
the recombination synapse, as described below.

For sites in head-to-head orientation, the entry and
exit points of the DNA will be at the same end of
the synapse if the sites are aligned in a parallel fashion
[Fig. 9(A)]. If the sites are in antiparallel alignment, the
DNA will enter and exit the synapse from opposite
ends. These situations will be reversed for a pair of
sites in the head-to-tail orientation [Fig. 9(B)]. The
proximal disposition of the entry and exit points im-
poses a stronger constraint on the DNA than their dis-
tal configuration, and makes it effectively shorter by
a small amount. A significant difference in the BM
amplitudes of two DNA molecules of identical length
harboring a pair of equally spaced recombination sites,
head-to-head in one case and head-to-tail in the other,
would indicate preferential synapsis in one geometry.
If the BM amplitude of the synapsed state is larger for
the head-to-head sites, the preferred geometry is anti-
parallel. This is indeed the observed result for FRT sites
synapsed by Flp (44). This conclusion is supported by
single molecule FRET measurements in two FRT sites
whose synapse geometry is restricted to being either
parallel or antiparallel by a short single-stranded tether
joining them (44) (Fig. 10). A change in the FRET state,
in the expected direction, upon binding of Flp(Y343F)
is observed only for the pair of FRT sites constrained in
the antiparallel sense.

Given the approximate 2-fold symmetry of the core
recombination sites, one might have imagined that they
would synapse in a parallel or antiparallel fashion, even
if only one of the two arrangements was productive for
recombination. Topological and FRET results argue for
preferred antiparallel synapsis of FRT sites even in the
absence of the chemical steps of recombination (41,
44). Perhaps an asymmetric DNA bend within the
strand exchange region of an Flp bound FRT site may
preclude two similarly bent sites from occupying the
synapse in a parallel fashion. A sharp bend located at a
single bp step at one end of the strand exchange region

Figure 8 Stepwise analysis of recombination by TPM. The
DNA molecule containing two recombination target sites
(open boxes) in head-to-head or head-to-tail orientation is at-
tached to a glass slide at one end and tethered to a polysty-
rene bead at the other. The change in DNA length occurring
at individual steps of recombination is reported by the corre-
sponding changes in the BM amplitude of the bead (schemati-
cally indicated by the dashed lines with arrowheads at either
end). The bending of the sites bound by the recombinase
(shown as globules) causes a shortening of DNA, which is
magnified upon synapsis. Chemical steps of recombination
within the synapse can result in Holliday junction formation
or completion of recombination (DNA excision in the case of
head-to-tail sites and DNA inversion in the case of head-to-
head sites). Upon dissociation of the recombinase from DNA
by SDS treatment, the Holliday junction intermediate and the
linear excision product will retain their low BM amplitude.
The inversion product has the same length, and hence the
same BM amplitude, as the starting DNA molecule.
doi:10.1128/microbiolspec.MDNA3-0021-2014.f8
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has been observed in the structures of LoxP complexed
with cleavage-incompetent mutants of Cre (94).

The synapse geometry raises the question of “order
of strand exchange” during recombination. Depending
on the location of the asymmetric bend with respect
to the scissile phosphate, there are two geometrically
equivalent and chemically competent configurations of
the antiparallel synapse. One would correspond to “top
strand” cleavage, and the other to “bottom strand”
cleavage [Fig. 11(A)]. If one of the two synaptic config-
urations is preferred, the order of strand cleavage/ex-
change will reflect this preference. Current evidence
suggests that Flp performs strand exchange without ob-
vious bias (95, 96), indicating that the two modes of
antiparallel synapsis are equally likely. Cre, by contrast,

performs ordered strand exchange. FRET analysis with
donor–acceptor dye pairs suitably positioned with re-
spect to the strand exchange region demonstrates a pre-
ferred synapse, the DNA bend within which is
consistent with the biochemically mapped preference in
strand cleavage [Fig. 11(B), (C)] (48).

Ordered strand exchange is the norm in the λ Int
and XerCD systems as well. The constraints imposed
by high-order protein assemblies and DNA topology on
the synapsis of the Int-bound core sites can dictate
which pair of scissile phosphates is primed for initial
cleavage (31, 70, 97). In the case of XerCD, depending
on the reaction context, cleavage susceptibility may be
determined by the synapse topology organized by ac-
cessory factors or may be altered by the presence or ab-
sence of an interacting regulatory protein (98, 99).

TOPOLOGICAL AND CHIRAL FEATURES OF
TYROSINE RECOMBINATION

Tyrosine recombinases (Cre, Flp and λ Int) in general
assemble the synapse by random collision of their tar-
get sites (see chapter by M. Boocock). In the case of Int,
this randomness appears to be superposed over an in-
trinsic topological specificity (see below). As noted
in discussing the role of homology in Flp recombina-
tion, it is the interdomainal crossings trapped during
synapsis (blue × red in Fig. 5) that appear as knot or
catenane crossings in the recombination products. As
pointed out earlier, the inversion reaction results in an
unknotted circle (with the blue domain inverted with
respect to the red) together with a range of increasingly
complex knots; the deletion reaction produces un-
linked circles as well as a range of increasingly complex
catenanes.

The topology of Cre recombination is sensitive to re-
action conditions. Relatively high pH tends to increase
the complexity of the products, while lower pH has the
opposite effect (43). Computer simulations, combined
with DNA cyclization assays, suggest that the topologi-
cal difference between Cre and Flp can be accounted
for by the difference in the presynaptic bends that
they induce in their target sites (∼35˚ for LoxP and
∼78˚ for FRT) (100). The larger bend tends to localize
two presynaptic FRT sites within separate branches of
a plectonemically supercoiled circle [Fig. 12(A)], while
the smaller bend tends to place two presynaptic LoxP
sites in the same branch [Fig. 12(B)]. Interbranch recom-
bination results in topologically complex products; in-
trabranch recombination gives simple products. Thus,
protein-induced local changes in the statistical proper-
ties of large DNA molecules can strongly influence

Figure 9 Effect of synapse geometry on the BM amplitude
of DNA. (A) The DNA contours for a pair of synapsed head-
to-head sites are outlined for their alignment in parallel (left)
or antiparallel (right) geometry. (B) Similar diagrams as in (A)
represent the antiparallel (left) and parallel (right) synaptic
configurations for head-to-tail sites. The effective length of
DNA is slightly larger when its entry and exit points are at
opposite ends of the synapse than when they are at the same
end. For two DNA substrates that differ only in the relative
orientation of the recombination sites, a difference in the BM
amplitudes of synapsed head-to-head versus head-to-tail sites
signifies a preferred geometry of the synapse.
doi:10.1128/microbiolspec.MDNA3-0021-2014.f9
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their global topology, and dictate the outcomes of the
reactions they partake in.

The topological outcomes of XerCD recombination
are dictated by the contexts in which the reaction
occurs. Recombination between dif sites (utilized for
the resolution of E. coli chromosome dimers) requires
the ATP driven DNA translocase FtsK (99). The reac-
tion yields topologically simple products from nega-
tively supercoiled substrates. When dif-recombination
is activated by the carboxyl-terminal γ-domain of FtsK,
which lacks the ATPase function, the products are to-
pologically complex. The topology of recombination
between two cer sites or two psi sites (utilized for the
resolution of plasmid dimers) is dictated by accessory
protein factors (101). The reaction normally occurs be-
tween sites in head-to-tail orientation, and requires
negative supercoiling. The unique right-handed 4-cross-
ing catenane produced from psi × psi recombination, as
well as the structure of the Holliday junction formed by
cer × cer strand exchange, conforms to a three-crossing
synapse topology. According to tangle analysis, the re-
combination synapse fits a unique three-dimensional
model, with three solutions that correspond to three dis-
tinct views obtained by rigid body movements of the
synapse and projection on to a planar surface (102).

The FtsK-dependent topology simplification by XerCD
recombination is also manifested in the unlinking of cate-

nanes harboring dif sites, either in the parallel or anti-
parallel sense (103). Catenanes with parallel dif sites
are topologically analogous to catenanes resulting from
the replication of circular plasmids and chromosomes,
which are unlinked by the type II topoisomerase Topo
IV (104). Rather surprisingly, XerCD-FtsK can support
the resolution of chromosome catenanes in vivo when
Topo IV activity is compromised (105). The recombi-
nation mechanism would suggest that unlinking by
XerCD-FtsK proceeds by removing one crossing at a
time (Fig. 13). This intuitive model, based on product
distributions observed in in vitro reactions with plas-
mid substrates, has been validated mathematically by a
combination of tangle analysis and knot theory under
the assumption that each recombination event reduces
the topological complexity of the substrate (106, 107).

An intriguing aspect of tyrosine recombination,
brought to light primarily from the analysis of λ Int re-
actions is the apparent chirality of the reaction (108).
The chirality of knots and catenanes formed from inver-
sion and deletion reactions, respectively, in negatively
supercoiled substrates follows from the right-handed
chirality of plectonemic negative supercoils. However,
quite unexpectedly, even reactions of nicked substrates
turn out to be chiral. In the reactions between attP
and attB sites in nicked substrates, two inter-domainal
right-handed crossings are trapped by the DNA Inter-

Figure 10 Preferred antiparallel synapsis of a pair of tethered FRT sites. (A) The two FRT
sites, whose orientation is indicated by the arrowheads, are constrained by a single-stranded
tether (wavy line) to align only in the antiparallel geometry. The positions of the donor (Cy3)
and acceptor (Cy5) fluorophores are indicated by the green and red circles, respectively. The
shift towards lower FRET upon Flp(Y343F) binding is consistent with the synapsis of the
FRT sites as schematically diagrammed (44). (B) In the tethered DNA substrate, analogous
to that diagrammed in (A), the FRT sites are constrained to pair only in the parallel geome-
try. Flp(Y343F) binding produces no change in FRET, suggesting the absence of parallel syn-
apsis. doi:10.1128/microbiolspec.MDNA3-0021-2014.f10
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actions of Int and its accessory factors; in the reactions
between attL and attR sites, the corresponding number
is one. It would take only a single additional right
handed DNA crossing randomly trapped in the sub-
strate to generate a chiral three-noded knot as the
product of an attP-attB inversion reaction. During attP-
attB reactions in negatively supercoiled molecules, Int
(in conjunction with accessory factors) traps three right
handed DNA crossings, one more than that deduced
for the same reactions in nicked circular molecules.
However, for attL-att R reactions, this number is still

one, unchanged between nicked and negatively super-
coiled substrates.

The topological and chiral features of a recombi-
nation reaction are conveniently and succinctly sum-
marized by tangle diagrams such as those illustrated
in Fig. 14. A tangle may be perceived as a three-
dimensional ball within which strings representing
double stranded DNA may cross in a variety of ways.
In the two dimensional projection of a tangle, the entry
and exit points of DNA are placed at the NE, NW, SE
and SW corners (in a geographical sense). The Ob and

Figure 11 The preferred assembly of one of two possible types of antiparallel synapse
can specify the order in which strands are cleaved and exchanged during recombination.
(A) A LoxP site bound by Cre is bent asymmetrically, the bend center being located close to
one end of the strand exchange region. The two possible asymmetric bends would specify
the cleavage of the bottom (blue) or the top strand (red). The scissile phosphates primed for
cleavage are indicated by the filled circles; the quiescent ones are shown as open circles.
For convenience of orienting the sites, the DNA arms are labeled as L (left) and R (right) as
in Fig. 1. (B) Based on the structure of the Cre-LoxP complex, fluorophores can be so posi-
tioned as to minimize donor (green)–acceptor (red) distance, and induce efficient FRETwhen
the synapse favoring bottom strand cleavage (shown at the left) is assembled by Cre. In this
fluorophore configuration, the FRET efficiency will be low for the synapse favoring top
strand cleavage (shown at the right). (C) By reversing the left–right orientation of the
fluorophores with respect to the strand exchange region, while maintaining their relative po-
sitioning, the synapsis favoring top strand cleavage (right) can be made to acquire the high
FRET state. Experimental results indicate a clear preference for the synapse shown at the left
in (B) suggesting that recombination is initiated by bottom strand cleavage and exchange
(48). doi:10.1128/microbiolspec.MDNA3-0021-2014.f11
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Of tangles harbor DNA constrained by protein binding
and ‘free’ DNA, respectively. The P and R tangles con-
tain the DNA segments that engage in crossover in
their parental and recombined states, respectively. Ob

for attL-attR reactions, containing one right-handed
crossing, is a +1 tangle for nicked as well as negatively
supercoiled substrates (as shown In Fig. 14 A, B). For
attP-attB reactions in nicked substrates, the Ob tangle is
+2; for the same reactions in negatively supercoiled
substrates, the Ob tangle is +3.

Most surprisingly, recombination reactions from
nicked substrates by Cre and Flp also appear to be chi-
ral, trapping one right-handed inter-domainal crossing
in the synapse. This crossing is proposed to predispose
the reaction towards a chiral product via a right-hand-
ed Holliday junction intermediate. The near perfect
planarity of the DNA arms in the crystal structures
of Cre and Flp (34, 52) challenges this postulate.
Nevertheless, the slight out-of-plane disposition of the
Holliday junction arms in the Flp crystal structure is
consistent with the proposed right-handed chirality.

An irksome aspect of chirality is the difficulty in ac-
commodating the experimental observation that the
linking number change (ΔLk) associated with Flp- or λ
Int-mediated inversion reactions between FRT sites
and attL-attR sites, respectively, is either +2 or −2 (41,
109), and the two outcomes are equally likely for a

nearly perfectly relaxed substrate. The right-handed
chirality would predict a ΔLk of exclusively +2. For ex-
ample, the right-handed crossing (a – node) trapped by
Int would change its sign (a + node) as a result of DNA
inversion (ΔLk = +1 – (−1) = +2). The tangle diagram
depicting this change in the node sign in Ob is shown in
Fig. 14A. The two suggested tangle solutions to resolve
this paradox are shown in Fig. 14B, C. In Fig. 14B, the
substrate DNA enclosed by the Of tangle harbors two +
crossings, one to compensate for the – crossing trapped
by Int (in the Ob tangle) and an additional one to ar-
range the recombination sites with the antiparallel ge-
ometry in the P (parental) tangle. The inversion of each
of these crossings would give ΔLk = –2, [(+1 – (−1)] +
[(−2) – (+2)]. The problem, though, is that the energetic
cost of introducing additional Of crossings should
make ΔLk = −2 less likely than ΔLk = +2, in violation
of the experimental result. In Fig. 14C, the P tangle is
switched from an ∞ tangle to a 0 tangle, so as to pre-
serve the tangle notation in Ob, and still produce a
ΔLk = −2, [−1 – (+1)]. This is also unsatisfactory, as it
accommodates ΔLk = −2 by a sleight of hand(edness).
If one follows the contour of the DNA circle, it is obvi-
ous that the crossing in Ob is left-handed, not right-
handed. Chirality of tyrosine recombination and the
ΔLk paradox arising from it remain an enigmatic curi-
osity that calls for further exploration.

Figure 12 The magnitude of the DNA bend at the recombination target sites influences
their localization within the branches of plectonemically supercoiled DNA. (A) The large
DNA bend induced by Flp tends to localize presynaptic FRT sites in separate plectonemic
branches. Recombination between such sites yields topologically complex products. In the
example shown, the excision reaction yields a 4-noded catenane. (B) The relatively small
DNA bend induced by Cre tends to place presynaptic LoxP sites within the same plecto-
nemic branch, thus simplifying the topology of recombination products. The excision reac-
tion shown here yields two unlinked deletion circles.
doi:10.1128/microbiolspec.MDNA3-0021-2014.f12
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CONTRIBUTIONS OF YRs
TO BASIC BIOLOGYAND
BIOENGINEERING APPLICATIONS

Biochemical, biophysical, and structural studies of YRs
have been seminal to unveiling the mechanisms of an
important class of phosphoryl transfer reactions in
nucleic acids and to understanding conformational dy-
namics associated with strand exchange between two
DNA partners (20, 21, 23, 90, 91, 92, 93). The simple
requirements of Cre and Flp have been exploited to
carry out specific genetic rearrangements in bacteria,
fungi, plants, and animals. By combining the DNA de-
livery properties of mobile group II introns in bacteria
and the DNA exchange potential of tyrosine recombina-
tion, a new platform for genome editing via targetrons
and recombinases (GETR) has been developed (110). In
general, prokaryotic and eukaryotic cells engineered to
express a recombinase and harboring its target sites in
the genome or housed in an extrachromosomal vector
carry out the expected reaction with high efficiency.
Directed insertion of a desired foreign DNA into a ge-
nome as well as inversions, deletions, or translocations
of selected genomic segments can thus be accomplished
with reasonable ease. These manipulations have been

particularly helpful in addressing fundamental prob-
lems in cell and developmental biology. The utilization
of controlled and efficient site-specific recombination
between homologous chromosomes to generate mosaic
flies has provided a technical breakthrough for tracking
cell lineages in Drosophila (111). Analogous strategies,
in conjunction with multicolored reporter genes and
live-cell imaging, have expanded the power and range
of lineage tracking to higher organisms and facilitated
its integration with the monitoring of intracellular sig-
naling pathways (112). Methodologies for tissue-, cell
type- and stage-specific induction of recombination ac-
tivity make it possible to analyze spatial and temporal
controls of developmental programs in intricate detail
(113, 114). Another, perhaps less widely publicized,
utility of Cre and Flp in basic biology is exemplified by
“difference topology,” an analytical method for tracing
the topological path of DNA within high-order DNA–
protein complexes (115, 116). Finally, Cre, Flp, and to
a limited extent, λ Int have been put to practical use in
a number of biotechnology-related applications. A brief
description of the principles and practice of difference
topology and of the potential impact of site-specific re-
combination on biotechnology is given below.

Figure 13 Unlinking of replication catenanes by XerCD-FtsK. (A) The unlinking of replica-
tion catenanes in E. coli is normally carried out by the type II topoisomerase Topo IV. For a
4-noded replication catenane containing parallel dif sites, unlinking by Topo IV will be com-
pleted in two steps (the straight path), removing two crossings at each step. Unlinking of the
same catenane by FtsK-XerCD-mediated recombination at the dif sites requires four steps
(the zigzag path), by removal of one crossing at a time. (B) The mechanisms for topology
simplification by Topo IV and FtsK-XerCD are illustrated.
doi:10.1128/microbiolspec.MDNA3-0021-2014.f13
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DIFFERENCE TOPOLOGY:
DECIPHERING DNATOPOLOGY
WITHIN DNA–PROTEIN MACHINES

The elimination of topological randomness from Cre
and Flp reactions by assembling a unique synapse with
the assistance of protein factors (40, 41, 42, 43) is the
basis for the analytical tool called difference topology.
The method is useful for determining the number of
supercoils sequestered by two DNA sites when they
functionally interact with each other. As we have seen
already, when three negative supercoils are trapped

adjacent to Cre or Flp synapse, say by utilizing the
resolvase synapse, the inversion and deletion reactions
yield a 3-noded knot and a 4-noded catenane, respec-
tively (Fig. 5). The inversion knot faithfully preserves
the number of DNA crossings in the external synapse,
as three (or an odd number) crossings would bring
head-to-head LoxP or FRT sites in the antiparallel
geometry that promotes recombination. A fourth cross-
ing, easily provided by the negatively supercoiled sub-
strate, is necessary for the deletion reaction, as it takes
an even number of crossings to confer antiparallel

Figure 14 Tangle diagrams of attL- attR recombination performed by λ Int; ΔLk associated
with DNA inversion. The λ Int mediated inversion reaction between attL and attR sites in
three relaxed circular substrate molecules is represented by tangle diagrams (A-C). The Ob

tangle contains inter-domainal DNA crossings trapped by Int (likely assisted by the accessory
factors). Of contains randomly trapped crossings in the ‘free’ DNA. The core recombina-
tion sites reside in the P tangle in anti-parallel geometry. The R tangle represents the post-
recombination state of the sites. The tangle notations are shown at the top in bold; the corre-
sponding DNA crossing (node) signs are given at the bottom in parentheses. The convention
for the crossing signs (+1 or −1) is illustrated at the right, with the arrow heads denoting the
direction (arbitrarily assigned) for the circular DNA axis. The simplest tangles (0, +1, −1,
∞) are diagrammed at the far right. A. In the DNA molecule shown here, one right-handed
crossing is trapped in Ob, and none are contained in Of. In tangle parlance, recombination
changes P(∞) tangle to the R(0) tangle, yielding an unknotted inversion circle. Note that a
right-handed crossing in Ob in the substrate is +1 by the tangle convention, but −1 by the
sign convention. In the recombinant product, the crossing sign in Ob becomes +1 because of
DNA inversion. The linking number change (ΔLk) accompanying the attL-attR reaction is
+2. B. The same reaction as in B is shown for a molecule with two left-handed crossings
present in Of. The ΔLk for the reaction is −2. C. A molecule performing the same reaction as
in A and B is represented with P(∞) and R(0) switched to P(0) and R(∞), respectively. The
ΔLk associated with recombination is −2 in this case as well. The ΔLk changes are explained
in more detail in the text. doi:10.1128/microbiolspec.MDNA3-0021-2014.f14
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geometry on head-to-tail sites. By similar arguments,
two external negative supercoil crossings would be re-
vealed in the difference topology analysis as a 2-noded
catenane for the deletion reaction and a 3-noded knot
for the inversion reaction. Random entrapment of super-
coils in the hybrid synapse can be avoided by suitable
placement of the recombination sites with respect to
the external synapse. The crossings in the inversion
knot and the deletion catenane, analyzed by gel electro-
phoresis and electron microscopy, would thus accu-
rately report on the DNA topology of the external
synapse. A simplified description of the concepts and
experimental applications of difference topology can be
found in a recent review (2). Using this analysis, the to-
pology of the interactions among the left and right ends
of phage Mu and its transposition enhancer element with-
in the transposition complex organized by the MuA pro-
tein has been mapped as a three-branched, five-crossing
plectoneme (117) (see chapter by R. M. Harshey).

ENGINEERING OF EUKARYOTIC
GENOMES USING YRs

Before the practical utilities of site-specific recombina-
tion came into prominence, genome manipulations in
higher eukaryotes relied either on nonhomologous or
homologous recombination. Nonhomologous recombi-
nation promotes the efficient integration of linear DNA
molecules into most genomes, but does so randomly.
Homologous recombination permits modification of
genomic loci with high specificity, but suffers from very
low efficiency. Site-specific recombinases circumvent
the drawbacks of both inefficiency and promiscuity,
but require the prior integration of their cognate target
sites into the genome to be modified. Furthermore,
targeting multiple loci within a genome is limited by
the number of available recombinases with the desired
properties. This problem can at least be partly circum-
vented by taking advantage of the homology rule that
dictates successful recombination. Mutually incompatible,
but individually functional, target sites may be designed
by introducing nonhomologies within their strand ex-
change regions. An even better solution, at least in princi-
ple, is the directed evolution of recombinases with altered
target specificities (118, 119, 120, 121). Among YRs, Cre
and Flp have been, by far, the enzymes of choice for
applications in biotechnology. Variants of λ Int that are
not functionally limited by cofactor requirements (122)
have so far been running a rather distant third. The
integrase of the Streptomyces phage ϕC31 and chimeras
derived from an activated form of the Tn3 resolvase
represent serine recombinases that have shown promise

as tools in applied genetics (123, 124). Zinc finger nu-
cleases (ZFNs), transcription activator effector-like nu-
cleases (TALENs) and clustered regulatory interspersed
short repeats (CRISPR)-Cas based RNA guided nucle-
ases have complemented and augmented site-specific
recombinases in the bioengineer’s arsenal for analyzing
and reshaping genomes (125, 126, 127).

The optimal performance of a recombinase and the
tight regulation of its activity in a given biological con-
text often require amino acid substitutions in the native
protein sequence and/or the introduction of allosteric
control regions. For example, the preferred growth
temperature of budding yeast (∼30 ˚C), in which Flp
normally functions, differs from that of mammalian
cells (37 ˚C). A thermo-tolerant variant of Flp (Flpe),
with higher activity at 37 ˚C than Flp, was obtained by
mutagenesis coupled to selection (128). Flpe harbors
four amino acid changes from Flp: P2S, L33S, Y108N,
and S294P. Flpe, which still underperforms Cre in
mammalian cells, has been further improved by adding
a nuclear localization signal and by ‘humanizing’ its
codons (129). The new variant Flpo is comparable to
Cre in its activity in mammalian cells. Continuous ex-
pression of a recombinase from a constitutively active
promoter could be counterproductive because of the
likelihood of the intended reaction being reversed
and potential toxic effects arising from rare off-target
recombination events. These impediments can be over-
come or minimized by conditional recombinase expres-
sion from a regulatable promoter (Tet-on or Tet-off, for
example) (130). Small molecule effectors are also useful
for controlling recombination activity. The recombina-
tion potential of Flp or Cre fused to the ligand binding
domain of the steroid hormone receptor is activated
only in the presence of natural estrogens or synthetic
estrogen receptor antagonists (131, 132, 133, 134).

Attempts to increase the target repertoire of a re-
combinase by generating variants with nonoverlapping
specificities have been moderately successful. The basic
strategy involves the screening of a large pool of the
mutagenized recombinase gene for those that code for
“shifted” or “switched” specificities. Simple bacterial
genetic assays or more rapid high-throughput cell
sorting screens, based on chromogenic reporter genes,
have been effectively employed for identifying recom-
binases with the desired recombination potential (119,
121). Substrate designs that place the target sites and
the recombinase genes in cis so as to link them by the
act of recombination (substrate linked protein evolu-
tion; SLiPE) can accelerate screening by simple PCR-
based protocols (135). In a distinct cell-free approach,
in vitro compartmentalization (IVC) has been used to
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obtain altered specificity variants of λ Int (120). The
IVC method relies on compartments of an oil-in-water
emulsion in which in vitro expressed Int variants and
the target sites are encapsulated.

In the Flp system, the strategy of mutagenesis
followed by a bacterial dual reporter screen yielded
recombination capability initially towards FRT sites
containing single point mutations in the Flp binding
element and subsequently towards sites containing
combinations of these mutations (121, 136). It was fur-
ther demonstrated that hybrid FRT sites, harboring dis-
tinct specificities in their two binding elements, can be
recombined by a binary combination of Flp variants,
each with the appropriate monospecific recognition
potential (118). A step-wise directed evolution scheme
with intermediate DNA shuffling steps is necessary to
progressively coax Flp into accepting multiple changes
within the FRT site. Consistent with the array of DNA
contacts made by Flp, and the rather complex mode of
substrate recognition, mutations involved in the acqui-
sition of new specificities are distributed among amino
acids that directly contact DNA as well as those that
are located at monomer–monomer interfaces or in the
proximity of catalytic residues.

Altered specificity variants of Cre have been evolved
by structure-based substitution of base pairs recognized
by Cre and randomization of selected amino acid posi-
tions in close proximity to them (119). Structural anal-
ysis of a subset of these variants suggests that two
target sequences can be functionally recognized by a
Cre variant through similar backbone contacts in con-
junction with distinct base-specific contacts (137).
These alternative modes of recognition are facilitated
by a network of water-mediated contacts and an unex-
pected shift in the DNA backbone configuration. The
contributions of water networks and macromolecular
plasticity to DNA–protein interactions may thus com-
plicate efforts to evolve new target specificities based
on predictive schemes.

Directed evolution of recombinases that can act on
naturally occurring sequences in their native biological
context would signify a giant step forward in site-
specific genome remodeling. Search algorithms such as
Target Finder and TargetSiteAnalyzer have been devel-
oped to identify genomic sequences that match the size
of a given recombination target site, and rank them
according to the degree of their resemblance in organi-
zation and sequence to the chosen site (138, 139).
There are >600,000 potential FRT-like sequences in
the human genome (roughly one such sequence per
5,000 bp). Their distributions are inversely correlated
to the average G/C content of individual chromosomes,

in agreement with the A/T richness of the FRT site. The
highest density (one FRT-like sequence per ∼4 kb) is in
chromosomes 4 and 13 with an average G/C content
of 38%, and the lowest (one FRT-like sequence per
∼8 kb) is in chromosomes 19 and 22 with an average
G/C content of 48%. The majority of duplicate FRT-
like sequences are located in the copies of LINE1, while
others form part of the LTRs (long terminal repeats) of
endogenous retroviruses, Alu repeats and other repeti-
tive DNA sequences. The potential genomic target sites
located by search algorithms not only facilitate the
manipulation of genetic loci of interest but also pro-
mote stringent specificity by providing sequences for
counterselection during the steps of directed evolution
of novel specificity recombinases.

Once an appropriately placed “high-ranking” site
has been identified, the procedures of progressive di-
rected evolution of the recombinase, aided by structural
information in at least some of the cases, can be em-
ployed to turn it into an authentic recombination tar-
get. This strategy has produced Flp variants that utilize
an FRT-like sequence located upstream of the human
IL-10 gene and analogous sequences found in the hu-
man β globin locus (138, 139). Members of the latter
set of sites perform well in mammalian cells when they
are present on episomal vectors (139). However, fur-
ther optimization of specificity, recombinase expres-
sion, and activity will be required before the system
operates efficiently in the native chromosomal context.
The step-wise evolutionary approach has proven to be
powerful enough to yield a Cre variant capable of de-
leting a proviral DNA of HIV-1 pseudotype by recom-
bination between LoxP-like sequences located in the
LTRs (140).

An important and frequently employed genome en-
gineering reaction is recombinase-mediated cassette ex-
change (RMCE), a replacement reaction that exchanges
two DNA fragments by a double recombination event
between sites flanking them at either end (141, 142)
(Fig. 15). The two sites harbored by each DNA partner
are designed to be incompatible (heterotypic) for intra-
molecular recombination but compatible (homotypic)
for intermolecular recombination in one configuration
of the partners. In its early formats, RMCE reactions
utilized a single recombinase such as Cre or Flp to per-
form exchange at both DNA ends (141, 143) [Fig. 15
(A)]. In more recent versions of RMCE, referred to as
dual RMCE (144), recombination at each end is medi-
ated by a separate recombinase, Flp and Cre or Flp and
the integrase of the λ related HK022 phage [Fig. 15(B)].
To obtain the best replacement results by dual RMCE,
the relative expressions of the two recombinases have
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to be carefully optimized (145, 146). The Cre-Flp pair
can yield RMCE in up to 35 to 45% of the transfected
cells, while the corresponding yield for the Flp-HK022
Int pair is ∼12%.

The Cre-Flp based dual RMCE system is being suc-
cessfully employed by several mouse genome engineer-
ing programs for systematically knocking out protein
coding regions, expressing reporter cassettes from cellu-
lar promoters, and for amino-terminal protein tagging
of gene trap clones in situ. The organizations leading
these efforts are the International Mouse Phenotyping
Consortium (IMPC; www.mousephenotype.org), the
European Conditional Mouse Mutagenesis Program
(EUCOMM; www.eucomm.org), the KnockOut Mouse
Project (KOMP; www.knockoutmouse.org) and the
German Gene Trap Consortium (www.genetrap.de).
The beneficiaries from these endeavors will be high-
throughput genomics and proteomics related to molec-
ular medicine.

EPILOGUE

The intellectual seed for the advances in our under-
standing of site-specific recombination was sown more
than fifty years ago by a simple and elegant model pro-
posed by Allan Campbell for the integration of the
phage λ genome into the E. coli chromosome. Over
these five decades, the study of recombination has been
transformed from a geneticists’ sanctuary to the playing

fields of biochemists and to the roaming grounds
of crystallographers and biophysicists. Their collective
contributions have unveiled the chemical simplicity,
mechanistic elegance, and structural sophistication of
the reaction. Genome engineers, biotechnologists, and
system biologists have now almost completely taken
over the field and seem poised to lead it in new
directions.
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W. Marshall Stark1

3The Serine Recombinases

INTRODUCTION

Site-Specific Recombination:
A Brief Primer
The term site-specific recombination encompasses a
group of biological processes that, unlike homologous
recombination, promote rearrangements of DNA by
breaking and rejoining strands at precisely defined se-
quence positions. In a canonical site-specific recombi-
nation event, two discrete sites (sequences of DNA,
typically a few tens of base pairs long) are broken,
and the ends are reciprocally exchanged and rejoined,
resulting in recombinant products (Fig. 1). Site-specific
recombination does not require extensive sequence ho-
mology; the sites are identified and brought together
by protein–DNA and protein–protein interactions in-
volving specialized recombinase proteins, unlike homol-
ogous recombination where DNA–DNA interactions
define the loci of strand exchange. “Conservative” site-
specific recombination systems form recombinants with-
out any requirement for DNA synthesis or high-energy
cofactors. Some other biological processes such as trans-
position are sometimes categorized with site-specific
recombination because of common features including
cleavage and rejoining of DNA strands at precise posi-
tions defined by protein–DNA interactions, but these
processes may require DNA synthesis and/or ligase-
mediated rejoining of DNA strands. The systems dis-
cussed in this chapter conform to the strict “conservative”

definition. General aspects of site-specific recombination
have been reviewed elsewhere (1, 2, 3).

Site-specific recombination can have different out-
comes depending on the nature of the DNA substrate(s)
(Fig. 2). Recombination between two sites, each on
a separate linear DNA molecule, results in linear re-
combinants. Two outcomes are possible, depending
on which “half-site” is joined to which, as shown in
Fig. 2a. However, typical sites have a polarity, such that
the “left half” of one site is joined to the “right half” of
the other, and vice versa; thus, only one of these possi-
bilities normally occurs. The origin of the site polarity
is discussed below. If the two sites are on separate mol-
ecules but one or both molecules are circular (Fig. 2b),
recombination will join the two molecules together
(this is called integration or fusion). The product mole-
cule contains two sites, oriented in a direct repeat
(head-to-tail) relationship. Conversely, recombination
of this two-site molecule splits it into two products
(this is called excision or resolution). If two sites within
a single DNA molecule are in an inverted relationship
(Fig. 2c), recombination inverts the orientation of one
DNA segment bounded by the sites, relative to the
other. In most real site-specific recombination systems,
restrictions imposed by the mechanism of recombinase-
mediated catalysis allow only some of these possibili-
ties (see below). Site-specific recombination is seemingly
isoenergetic; the products, like the substrates, are nor-
mal double-stranded DNA molecules. Reactions might
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therefore be expected to reach a 1:1 equilibrium of sub-
strates and recombinants. However, natural systems
have evolved strategies to bias the reaction toward the
desired products; some examples are described in the
sections that follow.

Conservative site-specific recombination has been
adopted widely for diverse programmed DNA rearrange-
ments essential to the biology of bacteria, archaea and
the mobile DNA elements that infest them (bacterio-
phages, plasmids and transposons) (2, 4, 5, 6). Curiously,
however, there are only a few known conservative

site-specific recombination systems in eukaryotes, and
some of these may be associated with bacterial sym-
bionts or bacterial-derived organelles, or may be recent
acquisitions from horizontal transfer of mobile DNA
(1, 5, 6, 7, 8). Roles of site-specific recombination sys-
tems include temperate bacteriophage DNA integration
and excision from the host bacterial genomic DNA,
transposon cointegrate resolution, monomerization of
plasmid multimers, switching of gene expression by in-
version of regulatory sequences relative to coding se-
quences and developmentally programmed excision of
intervening genomic sequences. There is no clear dis-
tinction of the biological functions of systems based on
serine recombinases, the subject of this chapter, from
those based on the other large family, the tyrosine
recombinases (see Chapter 2, this volume). It seems that
Nature has evolved two quite different ways of doing
site-specific recombination, both of which are sufficiently
“fit for purpose” to survive and prosper in present-day
organisms.

Figure 1 Site-specific recombination. Two sites (pointed
boxes) in double-helical DNA (shown as double lines) are
recognized by a recombinase protein (not shown), and then
cut and rejoined to form recombinants.
doi:10.1128/microbiolspec.MDNA3-0046-2014.f1

Figure 2 Site-specific recombination outcomes. (a) Recombination between two sites in
separate linear DNA molecules results in two linear recombinant products. Usually, the sites
have a polarity (indicated by the pointed boxes) such that the lower pathway (red arrow) is
forbidden. (b) Recombination between two sites in separate DNA molecules, when one or
both of the molecules is circular, results in a single product molecule containing two sites in
direct repeat. This is called integration or fusion. The “reverse” reaction splits a molecule
containing two sites into two product molecules, one or both of which are circular. This is
called resolution, excision, or deletion (depending on the biological context). (c) Recombina-
tion between two sites in inverted repeat in a DNA molecule inverts the orientation of one
segment of DNA relative to the other. This is called inversion.
doi:10.1128/microbiolspec.MDNA3-0046-2014.f2
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Mechanistic Nuts and Bolts
In this section, I will give a brief overview of the molec-
ular mechanisms of conservative site-specific recombi-
nation.

In many systems, recombination takes place between
two identical sites, and two identical sites are re-
formed in the recombinants. However, there are ex-
amples (notably bacteriophage integrase systems; see
“Regulation of recombination by large serine recom-
binases” below) where recombination is between two
different sites. Sites range in length from about 25 up
to several hundreds of base pairs. The shortest sites typ-
ically have imperfect 2-fold (dyad/palindrome) DNA
symmetry, consistent with their observed or inferred
property of binding a symmetric dimer of recombinase.
The specific phosphodiester linkages that are cut and
rejoined during recombination are located close to
the center of the site (Fig. 3). Longer sites comprise a
“crossover site” conforming to the above description,
which binds a recombinase dimer and within which
are the points of strand exchange, as well as adjacent
“accessory sequences” on one or both sides of the
crossover site, which may include binding sites for ad-
ditional recombinase subunits or other “accessory pro-
teins,” or for looping interactions with recombinase
subunits bound at the crossover site (Fig. 3a). The roles
of the accessory sequences are in regulation of recom-
binase activity; initiation of catalysis typically depends
on their presence and their correct interactions with
other components of the system (1, 2, 3).

Recombinases do not cut the two DNA strands at
the precise center of the site. Instead, the break points
are symmetrically positioned off-center, so that there
are a few base pairs between the top strand and bottom
strand break points. These base pairs are often referred
to as the “overlap sequence” because the top and bot-
tom strands of this sequence in the recombinant sites
originate from different parent sites. All serine re-
combinase systems examined in this respect have 2 bp
overlap sequences with the strand breaks staggered
as shown in Fig. 3b; in contrast, the overlap sequences
for tyrosine recombinases vary in length (typically 6
to 8 bp), and the stagger is in the opposite direction.
If the “half-sites” that are to be joined to form recom-
binants do not have complementary overlap sequences,
the products would have mismatched base pairs.
This scenario can arise if two identical crossover sites
are misaligned in the catalytic intermediate such that
strand exchange pairs two identical, noncomplemen-
tary ends. Serine recombinases do not normally form
mismatched recombinants; this is one origin of the
site polarity discussed above. However, reactions of
“mismatched” sites can have other consequences (see
“Subunit rotation” below).

Each crossover site binds a recombinase dimer. A
critical subsequent step is when two crossover sites
come together; this is called synapsis. The “synapse” or
“synaptic complex” that is thus formed comprises the
two crossover sites bridged by a recombinase tetramer,
and it is in this intermediate that the chemical steps of
strand cleavage, exchange and ligation will take place.
In regulated systems, crossover-site synapsis is typically
a control point that depends on interactions with acces-
sory factors.

In any conservative site-specific recombination event,
there are eight chemical steps: four strand cleavages
and four ligations. Cleavage occurs when a nucleophilic
amino acid functional group at the recombinase active
site attacks the scissile phosphodiester bond of a DNA
strand; for the serine recombinases, this is the hydroxyl
group of a serine residue. The immediate product of
cleavage has a broken DNA strand, with a covalent
phosphodiester linkage between one DNA end and the
recombinase at the break point. Serine recombinases
become linked to the 5´ end of the DNA, leaving a 3´-
hydroxyl group on the other end at the break. Serine
recombinases cleave all four DNA strands in the synap-
tic complex, creating double-strand breaks at the center
of each crossover site. Each half-site thus formed has a
recombinase subunit covalently attached to its 5´ end,
and 2-nt single-stranded protrusions terminated by a
3´-OH group (Fig. 4). The half-sites are then exchanged

Figure 3 Recombination sites. (a) A typical recombination
site. The crossover site, where strand exchange takes place
(at the position marked by the staggered red line), binds a
recombinase dimer and typically has partial dyad symmetry
(indicated by the blue arrows). “Accessory sites,” which may
be adjacent on one side of the crossover site (as shown), on
both sides or more distant, may bind additional recombinase
subunits or other proteins, or may make looping interactions
with recombinase bound at the crossover site. (b) Example
of a real crossover site (hixL, a site acted upon by Hin recom-
binase). The colors and symbols are as in part (a). Hin, like
all serine recombinases characterized to date, cuts the DNA
at the center of the crossover site with a 2 bp “stagger” as
shown. doi:10.1128/microbiolspec.MDNA3-0046-2014.f3
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and re-ligated, creating recombinants. This mechanism
contrasts with that of the tyrosine recombinases, which
become linked to the 3´ end of the DNA at the strand
break and do not make double-strand break intermedi-
ates. Instead, they cleave, exchange and re-ligate pairs
of single DNA strands; thus, strand exchange proceeds
via a “four-way junction” intermediate with two recom-
binant and two non-recombinant strands (see Chapter 2
of this volume).

SERINE RECOMBINASES

Some History
Following the discovery of the first site-specific recom-
binase, λ Int, in the 1970s, it was realized that the
product of the tnpR gene encoded by the bacterial peni-
cillin resistance transposon Tn3 has a similar function
(9, 10). Detailed characterization of the tnpR gene
product (resolvase) and the recombination site (res)
soon followed (11, 12, 13). It quickly became apparent
that there was a group of enzymes related to Tn3
resolvase, encoded by other bacterial transposons and
DNA inversion systems. The group came to be known
as the resolvase or resolvase/invertase family (14, 15).
Pioneering in vitro studies of the γδ transposon resolv-
ase (closely related to Tn3 resolvase) by Reed and
Grindley revealed basic mechanistic differences from
λ Int and its relatives (16, 17, 18). It was later shown
that the resolvase–DNA linkage is via a serine residue,
unlike the tyrosine that is used by λ Int and its brethren
(19, 20, 21, 22). In the 1990s, the two families came to
be referred to as the “serine” and “tyrosine” recom-
binases (23, 24).

Serine Recombinase Proteins
All serine recombinases possess a characteristic cata-
lytic domain, which implements the chemical steps of
strand exchange. I will call it the “SR” (serine recom-
binase) domain throughout this review. The size of the

SR domain is remarkably constant (usually about 150
amino acid residues). Several of its amino acid residues
are highly conserved and are now known to contribute
to the structure of the active site (3). All known serine
recombinases have “attachments” to the SR domain,
usually at the C terminus; these vary substantially and
their specific properties have roles in definition of the
recombinase function (25, 26) (Fig. 5). The recombi-
nases studied in the early days (transposon resolvases
and invertases) have a simple configuration with the SR
domain at the N-terminus linked to a small C-terminal
helix–turn–helix (HTH) DNA-binding domain, giving
a total length of ∼180–200 residues. These have come
to be known as the “small serine recombinases”. How-
ever, as identification of putative serine recombinases
by sequence analysis gathered pace, the diversity of the
family became apparent (25, 26) (Fig. 5). Many se-
quences could be aligned with the entire length of the
small serine recombinases but have extensions at the
C-terminal end, such as the ISXc5 resolvase. Others
have large C-terminal extensions immediately after the
SR domain, in place of the HTH domain. An important
subgroup of these “large serine recombinases” includes
the bacteriophage serine integrases, the first to be iden-
tified being that of the Streptomyces phage ɸC31 (28).
These proteins (∼400 to 700 amino acids) have an
N-terminal SR domain followed by a complex, variable
multidomain region with DNA-binding and regulatory
functions, which are still only partially characterized
(27). At first, it seemed that a “rule” was that the SR do-
main should be at the extreme N terminus of the pro-
tein, but proteins with a HTH domain preceding the
SR domain were then identified and are now known to
be transposases (29, 30).

Biological Roles of Serine Recombinases
The role of the patriarchs of the serine recombinase
family, the transposon resolvases, is to divide (“re-
solve”) a large circular DNA molecule into two smaller

Figure 4 The serine recombinase strand-exchange mechanism. A synaptic complex of two
crossover sites bridged by a recombinase tetramer (yellow ovals) is shown. The four subunits
are spaced out, so that the catalytic steps can be seen clearly. The catalytic serine residues are
indicated by S-OH. The scissile phosphodiesters are represented as circled Ps, and in the first
and last panels the 2-bp overlap sequence is indicated by vertical lines. For further details,
see text. doi:10.1128/microbiolspec.MDNA3-0046-2014.f4
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circles. The natural substrate is a “cointegrate” mole-
cule formed by replicative transposition, which con-
tains two transposons, each with a res recombination
site (31, 32). Closely related resolution systems are en-
coded by some bacterial plasmids and act to reduce
plasmid multimers to monomers. DNA invertases pro-
mote flipping of the DNA sequence between two sites,
thereby switching between different modes of gene ex-
pression (often to evade host defenses against infection).
The activity of one invertase, Hin, from Salmonella
typhimurium, is responsible for the phenomenon of fla-
gellar phase variation studied since the 1920s. Other
invertases are encoded in bacterial, bacteriophage and
plasmid genomes (33). Bacteriophage serine integrases
integrate and excise the DNA genomes of “temperate”
or “lysogenic” phages to/from the bacterial host chro-
mosomal DNA, like the famous tyrosine recombinase-
based phage λ system (34, 35). Recently, some small
serine recombinases with similarity to the DNA inver-
tase group have also been shown to be phage integrases
(36). As noted above, a group of transposases have an
SR domain with a HTH domain at the N terminus
(30). In addition, substantial numbers of proteins in the
databases have homology to the SR domain but have
unknown functions (M. R. Boocock, personal commu-
nication); there may still be surprises in store. More de-
tails on the functions of particular groups of serine
recombinases are given in Chapters 9, 10 and 11, this
volume.

Serine Recombinase Structures
There is now a substantial bank of structural data at
atomic resolution on members of the serine recom-
binase family. In particular, a series of groundbreaking
crystal structures of γδ resolvase obtained by the Steitz
laboratory in Yale has gone hand in hand with our
developing understanding of serine recombinase mech-
anisms (37, 38, 39, 40, 41, 42). Recently, crystallo-
graphic studies of a distantly related serine resolvase,
Sin, have transformed our understanding of the regula-
tory mechanisms and catalytic active site (43, 44).
Chapter 10 (this volume) gives an in-depth review of
these data. Further insights have come from the struc-
tures of the “attachments” to the SR domain. Table 1
summarizes the crystallographic and nuclear magnetic
resonance (NMR) structural data on serine recombi-
nases available at the time of submission of this review
(45, 46, 47, 48, 49, 50, 51, 52). Small-angle scattering-
based methods have also provided important structural
information (53).

As an example, Fig. 6a shows the structure of a γδ
resolvase dimer bound to the crossover site of the γδ
res recombination site (40). Each subunit (183 amino
acids) comprises an SR domain connected via a short
linker peptide to a C-terminal HTH domain. The HTH
domains recognize sequence motifs at the ends of the
crossover site. Each SR domain comprises a core
β-sheet decorated with α-helical and irregular regions,
and ends in a long α-helix whose C-terminal region

Figure 5 Domain structures of serine recombinases (26). The SR (catalytic) domain (shown
in pink; typically ∼150 amino acids) is common to all serine recombinases and contains
the active site (red star). Small serine recombinases (including resolvases and invertases) have
a helix–turn–helix DNA-binding domain (blue; ∼40 amino acids) at the C terminus. Some
related recombinases such as ISXc5 resolvase have additional C-terminal domains (orange)
of unknown function. Serine transposases have a similar helix–turn–helix domain at the
N terminus. Large serine recombinases have multiple domains at the C terminus of the SR
domain (27). doi:10.1128/microbiolspec.MDNA3-0046-2014.f5
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contacts the DNA minor groove near the center of the
crossover site. The linker between this helix and the
HTH domain lies in the minor groove and bears a
structural resemblance to the “AT-hook” motif found
in other DNA-binding proteins (54). The two SR do-
mains make a complex network of interactions to form
a dimer with imperfect 2-fold symmetry. The crossover
site DNA is significantly bent but essentially “B-form.”
The positions of the catalytic serine residues are shown
in Fig. 6a; like other putative active-site residues, they
are not in contact with the DNA in this structure. The
resolvase is therefore considered to be bound to the
DNA in a precatalytic conformation. However, subse-
quent structures, also solved by the Steitz group using
“activated” γδ resolvase variants (see below), revealed
a catalytic intermediate containing a resolvase tetramer

bridging two crossover sites that have each been
cleaved in both strands (Fig. 6b) (41, 42).

Taken together, the structural data (Table 1) show
that the SR-domain fold is very well conserved through-
out the serine recombinase family, despite substantial
amino acid sequence divergence.

Serine Recombinase Mechanism
The early studies of Reed and Grindley demonstrated
that the resolvase catalytic mechanism was significantly
different from that of λ Int, Cre and other members
of the “integrase family” (now tyrosine recombinases)
(17, 18). DNA cleavage and rejoining by γδ resolvase
occur at precise positions within the 28-bp crossover
site of res. Alteration of the reaction conditions allowed
isolation of products with double-strand breaks at the

Table 1 Structural data for serine recombinases

PDB accession no. Description Reference(s)

2RSL γδ resolvase; supersedes 1RSL 37, 39

1GDR γδ resolvase 38

1GDT γδ resolvase dimer bound to res site I DNA 40

1GHT, 1HX7 γδ resolvase catalytic domain (NMR structures) 45

1RES, 1RET γδ resolvase DNA-binding domain (NMR structures) 46

1ZR2, 1ZR4 γδ resolvase activated mutant tetramer in cleaved-DNA

synaptic intermediate

41

2GM4 γδ resolvase activated mutant tetramer in cleaved-DNA

synaptic intermediate

42

2GM5 γδ resolvase mutant tetramer 42

1HCR Hin invertase C-terminal domain bound to DNA motif 47

1IJ6+ Hin C-terminal domain bound to wild-type and mutant DNA

motifs (also 1IJW, 1JJ8, 1JKO, 1JKP, 1JKQ, and 1JKR)

48

3UJ3 Gin activated mutant tetramer. Supersedes 3PLO 49

4M6F Gin dimer bound to gix site DNA 50

2R0Q Sin tetramer in synaptic complex with res site II DNA 43

3PKZ Sin activated mutant tetramer 44

4KIS Bacteriophage A118 integrase (C-terminal part bound to

att site DNA)

51

4BQQ Bacteriophage ΦC31 integrase (N-terminal part) McMahon SA, McEwan AR, Smith MCM,

and Naismith, JH, unpublished data

3GUV Large serine recombinase from Streptococcus pneumoniae Bonanno JB, Freeman J, Bain KT, Do J,

Sampathkumar P, Wasserman S, Sauder JM,

Burley SK, and Almo SC, unpublished data

3BVP Bacteriophage TP901-1 integrase catalytic domain 52

3G13 Transposase from CTn7 of Clostridium difficile Bagaria A, Burley SK, and Swaminathan S,

unpublished data

3ILX TnpA transposase from Sulfolobus solfataricus ISC1904 Chang C, Bigelow L, Bearden J, and Joachimiak A,

unpublished data

3LHF TnpA transposase from Sulfolobus solfataricus IS1921 Stein AJ, Osipiuk J, Marshall N, Bearden J,

Davidoff J, and Joachimiak A, unpublished data

3LHK TnpA transposase from IS607-family element in

Methanocaldococcus jannaschii

Chang C, Chhor G, Cobb G, and Joachimiak A,

unpublished data
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center of the crossover site. A resolvase subunit is cova-
lently linked to each 5´ end of the linearized DNA (18)
(Fig. 4). The protein–DNA linkage was shown later to
be a phosphodiester bond with the resolvase Ser10 (19,
21). The in vitro reaction is very efficient; under stan-
dard conditions, nearly all the substrate is converted
into recombinant products within a few minutes. No
cofactors or metal ions such as Mg2+ are required for
activity. The analysis of Reed and Grindley also revealed
that the product of resolution of a supercoiled plas-
mid substrate in vitro was a specific simple catenane in
which the two product circles are linked as in a chain,
an intriguing observation that led to many further stud-
ies and insights (see “Topological studies” below) (16).

Studies on related systems, including the resolution
systems of Tn3 and Tn21, and the DNA invertases Gin,
Hin and Cin, confirmed the generality of the mechanis-
tic insights from the γδ resolvase system (32, 33). How-
ever, the products of the inversion systems, their site
structures and their regulation are substantially differ-
ent, as will be discussed below.

The products with DNA double-strand breaks were
presumed to be derived from a recombination interme-
diate, and suggested a simple “cut-and-paste” mecha-
nism of strand exchange (Fig. 4). Together with the
specific, simple catenane or unknotted circle product
topologies of resolvases and invertases, respectively, the
data suggested that exchange of DNA ends by serine
recombinases is a well-ordered process, taking place
within a synaptic complex of two crossover sites and a

recombinase tetramer, after double-strand cleavage of
both sites (55, 56).

Topological Studies
In the absence of protein structural information, most
early analysis of the mechanism focused on the DNA
reaction products. Analysis of the product topologies
from supercoiled circular (plasmid) substrates was
especially significant (57). Studies with the tyrosine
recombinase λ Int (and later FLP and Cre) had revealed
that a supercoiled two-site substrate could give prod-
ucts with a wide range of knot/catenane topologies.
These results were interpreted by a “random collision”
mechanism of synapsis; that is, the sites collide due to
natural random motions of the supercoiled substrate
molecule. Various numbers of coils/tangles are trapped
as the two sites synapse. A subsequent simple strand
exchange mechanism results in products with a range
of topologies (Fig. 7). Consistent with a random colli-
sion synapsis mechanism, these tyrosine recombinase
systems did not distinguish between substrates with
sites in different relative orientations: both “head-to-
tail” (direct repeat) and “head-to-head” (inverted re-
peat) arrangements of sites were recombined equally
well (57). The serine resolvases and invertases were
clearly different. Resolvases yield almost exclusively
simple catenane recombination products (Fig. 7a), and
invertase recombination products are almost exclu-
sively unknotted circles. Furthermore, resolvases only
recombine substrates with sites in direct repeat, and

Figure 6 Crystal structures of γδ resolvase–NA complexes. (a) Wild-type γδ resolvase dimer
bound to crossover-site DNA (PDB 1GDT; 40). The subunits are in cartoon representation
(green and orange). The active site serine residues (α carbons) are indicated by magenta
spheres. (b) Activated mutant γδ resolvase tetramer in a cleaved-DNA synaptic intermediate
(PDB 1ZR4; 41). The resolvase is rendered as in (a). The active-site serines are covalently
linked to DNA ends (see Fig. 4); only two are visible. This view emphasizes the flat interface
(marked by a dashed red line) between “rotating pairs” of resolvase subunits. The red
arrows indicate positions of double-strand breaks in the DNA. The structure corresponds to
the intermediates cartooned in the two central panels of Fig. 4.
doi:10.1128/microbiolspec.MDNA3-0046-2014.f6
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invertases only recombine sites in inverted repeat.
These selectivities are very strong (for example, a >104-
fold rate difference for Tn3 resolvase), and persist even
when the sites are separated by several kilobase pairs
of DNA. Neither resolvases nor invertases recombine
sites on separate supercoiled plasmids. The question
therefore arose: how and why do these systems avoid
the formation of random collision products? The
phenomenon, which became known as “topological se-
lectivity,” has been reviewed (57), this volume. To sum-
marize very briefly, the catalytic activity of these serine

recombinases is strictly regulated so as to take place
only when an elaborate synaptic complex is properly
formed. This structure includes the accessory DNA se-
quences and protein subunits, and involves intertwining
of the sites (as shown for resolvase in Fig. 7). The twist-
ing/writhing of the DNA involved in synaptic complex
formation is energetically favorable only when the sites
come together in a specific way, in a substrate with the
correct relationship between the two sites. The regula-
tory properties of synaptic complexes are discussed fur-
ther below.

Figure 7 Topologically selective recombination by Tn3/γδ resolvase. (a) The reaction path-
way of resolvase (lower row) is contrasted with that of a non-selective recombinase (upper
row). Random collision of sites results in products with a variety of topologies (a 6-noded
catenane is shown as an example here). Selective synapsis by resolvase results in a product
with a specific topology (2-noded catenane). (b) Architecture of the synapse. The Tn3/γδ res
site is diagrammed on the left. On the right, the arrangement of DNA in the synapse is
shown. The catalytic tetramer bound to the crossover sites (the “catalytic module”) is
represented as an orange oval, and the eight resolvase subunits bound at the accessory sites
(the “regulatory module”) are collectively represented by the pink oval. Chapter 10, this vol-
ume, gives more details on the structures of this and other synaptic complexes.
doi:10.1128/microbiolspec.MDNA3-0046-2014.f7
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Subunit rotation
Pioneering electron microscopy studies by Cozzarelli’s
group revealed the precise topologies of a series of mi-
nor resolvase reaction products (Fig. 8a). These were
proposed to be made by repeated rounds of strand
exchange equivalent to half-turns of one pair of DNA
ends relative to the other, in an intermediate with
double-strand breaks in both crossover sites (58, 59,
60). The changes in DNA linkage that accompany the
first round of the series (the standard resolution reac-
tion) and its reverse reaction (catenane fusion) were de-
termined and are consistent with this “simple rotation”
mechanism (61). However, the simple hypothesis that
the recombinase subunits attached to the half-sites
rotate along with the DNA ends (“subunit rotation”;
Fig. 8b) was difficult for many to accept, because of
its radical biochemical implication; one half of the
recombinase tetramer must rotate through 180˚ relative
to the other half, but somehow disastrous dissociation
of the two halves must be avoided. There is no bio-
chemical precedent for this model; it was a “unicorn in

the garden,” which would require extraordinarily rigor-
ous testing.

A synapse with the recombining crossover sites on
the outside of a recombinase tetramer core (“DNA-
out”) was argued to be most consistent with the sub-
unit rotation model (61). Later, alternative models that
retained a fixed tetramer structure (and thus avoid the
dissociation issue) were proposed. Some models placed
the two recombining DNA double helices close to each
other near the center of the tetramer (“DNA-in”). How-
ever, it was very difficult then to account for the ob-
served topological changes after DNA strand exchange.
Another model proposed that part of the DNA-out tet-
ramer remains fixed, while the N-terminal parts of two
subunits rotate with their attached DNA ends (38, 31).

A strange property of serine recombinase-mediated
recombination, first discovered in the Gin DNA inver-
tase system, led to strong experimental support for sub-
unit rotation. If two recombining sites have different
2-bp sequences at their central “overlap,” the recombi-
nants that would have mismatched base pairs are not

Figure 8 Subunit rotation mechanism of resolvase. (a) Topologies of first round and “itera-
tion products” observed by Cozzarelli’s group (58, 59, 60). The upper part shows the prod-
ucts predicted by a rotation mechanism in a resolvase synapse with topology as shown in
Fig. 7. The lower panels show the simplified topologies of these products. “Mismatched”
substrates (see text) form only the nonrecombinant knot products, starting with the 4-noded
knot. (b). Cartoon illustrating the proposed subunit rotation mechanism. DNA is repre-
sented as ribbons and recombinase subunits as ovals. The crystal structure of a proposed in-
termediate in subunit rotation is shown in Fig. 6b.
doi:10.1128/microbiolspec.MDNA3-0046-2014.f8
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formed (see above). Instead, a second round of strand
exchange ensues, restoring the ends to a nonrecombi-
nant configuration but leaving a record of the transac-
tion as a change in the DNA topology (knotting) (62,
63, 64, 65). This behavior has since been shown to be
general to many if not all serine recombinases, and per
se suggests subunit rotation. In the case of resolvase, re-
action of a “mismatched” substrate leads to a 4-noded
knot product, consistent with a 360˚ rotation, and fur-
ther double rounds of strand exchange give more com-
plex knotted products (65; Fig. 8a). Further analysis of
the products supported subunit rotation, but not alter-
native mechanisms (66, 67, 68, 69, 70). It was shown
that knotting of a mismatched substrate proceeds with
the DNA linkage changes predicted for subunit rota-
tion, that the recombinase subunits move in concert
with the DNA ends to which they are bound and that
the knotting reaction of a mismatched substrate pro-
ceeds without any intermediate rejoining of the DNA
ends that would allow a “reset” of the protein subunits,
as would be necessary for all nonrotary mechanisms.

The dimer interface seen in the early γδ resolvase crys-
tal structures (37, 40) is quite rugged and apparently
incompatible with subunit rotation. The structural
breakthrough came from further crystallographic stud-
ies using “activated” γδ resolvase variants. Activated
serine recombinase mutants (first identified in the Gin
and Cin invertase systems) have lost their dependence
on regulation by accessory factors (71, 72, 73, 74). Ac-
tivated resolvase variants were shown to form synapses
in vitro, comprising two crossover sites bridged by a
resolvase tetramer (75, 76), and low-resolution struc-
tural studies confirmed that the sites were bound on
the outside of the tetramer (53). The resolvase–DNA
cocrystal structures of Li et al. and Kamtekar et al. (41,
42) revealed a synaptic intermediate with both cross-
over sites cleaved at their centers and resolvase subunits
covalently attached to each 5´ end via the active-site
serines, in line with the earlier biochemical experiments
(Figs 4 and 6b). The conformation of the resolvase
SR domains is dramatically different from that in the
dimer structures; the tetramer has a remarkably flat,
hydrophobic surface between the two “halves” that are
predicted to rotate with respect to each other (Fig. 6b).
It is proposed that a flat, greasy interface is maintained
throughout rotation, and structure-based modelling has
demonstrated that there would be no major energy
barriers to this process (41).

Biochemical studies on invertases (69, 70, 77) and
serine integrases (78, 79) have provided further support
for a subunit rotation mechanism, and recent crystal
structures of activated Sin resolvase and Gin invertase

variants show recombinase tetramers with flat hydro-
phobic interfaces but different rotational relationships
of the “rotating dimers” compared with the γδ resolv-
ase structures (44, 49). It looks like all serine recom-
binases work this way.

The Active Site
Each of the four active sites in a serine recombinase tet-
ramer has to perform two chemical steps during a
round of recombination (a strand cleavage and then a
ligation). We would like to understand the mechanism
of catalysis, the contributions of individual subunits,
and the choreography and reversibility of the reac-
tion steps.

Alignments of serine recombinases reveal about a
dozen well-conserved polar or charged residues that
might contribute to catalysis at the active site, and
studies involving mutagenesis and in vitro biochemical
analysis have identified six key residues including the
nucleophilic serine (3, 80, 81). Proposed roles for these
residues include those typical of phosphoryl transfer
enzymes: generation of a strong base to increase the nu-
cleophilicity of the very weakly acidic serine hydroxyl
(cleavage reaction) and deoxyribose 3´-hydroxyl (re-
ligation reaction) groups, stabilization of the transition
state geometry and/or charge, and provision of an acid
for protonation of the leaving group during cleavage
and re-ligation (82). Other active-site features that
must be present include interactions to guide the in-
coming nucleotide bearing the 3´-OH to the active site
for ligation and contacts that detect base pairing (or the
lack of it) in the product overlap sequence.

REGULATION OF
RECOMBINATION ACTIVITY

Introduction
The “programmed” DNA rearrangements promoted by
natural site-specific recombinases typically involve so-
phisticated regulation to ensure that strand cleavages
and subsequent events happen only at the right times
and places. Serine recombinase-based systems adapted
for resolution, inversion and integration have evolved
distinct regulatory strategies, as will be discussed in the
following sections.

All site-specific recombinases must have high fidelity
for their target sites; off-target reactions are very likely
to be deleterious. The C-terminal HTH domains of
small serine recombinases recognize sequence motifs
at the ends of the crossover site, but their sequence
specificity is limited (83) and DNA contacts by the SR
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(catalytic) domains make a substantial additional con-
tribution to specificity (84). Even so, some variation of
the crossover site sequence is tolerated (85, 86). The
observed high site specificity of the complete systems
is presumably due to tight dependence of catalytic ac-
tivity on cooperative assembly of all the components
including accessory factors.

Formation of the “catalytic module” by bringing to-
gether two recombinase dimer-bound crossover sites
may be a key regulatory step for most systems. For ex-
ample, the crossover-site DNA-bound γδ resolvase di-
mers in the crystals studied by Yang and Steitz (40)
do not make a synaptic interaction despite their ex-
tremely high concentration, whereas “activated” mu-
tants that are defective in regulation readily form
tetramer-containing synaptic complexes (75, 87). This
checkpoint apparently prevents wild-type resolvase ca-
talysis until the full synaptic complex including the
accessory sites and their bound subunits is correctly as-
sembled (88) (see below).

Regulation of Resolvase Recombination
The serine resolvase systems are described in detail in
Chapter 10, this volume. Recombination by resolvases
takes place following formation of a specific synaptic
complex involving intertwining of the res recombina-
tion site accessory sequences. As noted above, this com-
plex forms only when the two res sites are in direct
repeat in a negatively supercoiled DNA molecule. The
synaptic complex also plays an important but as yet
mysterious role in restricting strand exchange to a sin-
gle half-turn, so that the first-round simple catenane
resolution product is released and inert to further reac-
tion (see Figs 7 and 8). The resolvase-bound accessory
sites of Tn3/γδ res can pair and intertwine to form a
“regulatory module” even in the absence of the cross-
over sites (“site I”) (Fig. 7b); this property has been
used to impose topological selectivity on normally non-
selective recombinases (such as Cre) by putting their
crossover sites in place of res site I (89, 90). The de-
tailed molecular architecture of the Tn3/γδ regulatory
module is still unclear. However, it has been shown that
a specific protein interface between resolvase subunits
plays a key role in coupling accessory site synapsis to
synapsis of the crossover sites and activation of cataly-
sis (43, 88, 91, 92). One hypothesis is that crossover-
site synapsis and the dramatic concomitant protein
conformational changes (see “Subunit rotation” above;
Fig. 6b) are brought about simply by forcing the
recombinase dimers into close proximity by their inter-
actions with accessory subunits (“extreme mass ac-
tion”). Alternatively, the interactions with accessory

protein subunits might play an essential role in promot-
ing the required conformational changes.

The arrangements of protein-binding sites within
res-type recombination sites are quite diverse (93), as
exemplified by Sin res, which contains just a single
accessory binding site for Sin resolvase and a site for
an “architectural” DNA-bending protein (HU/IHF). A
crystal structure of Sin in a synaptic interaction with
accessory DNA has led to a model for the complete
synaptic complex formed by that system (43). The
intertwining of the DNA and the contacts between Sin
subunits bound at the crossover and accessory sites are
strikingly similar to the corresponding features in cur-
rent models of the Tn3/γδ resolvase complex. It seems
plausible that many resolution systems adopt a similar
strategy for activation of catalysis, despite significantly
different regulatory module architectures.

Regulation of Invertase Recombination
The serine invertase systems are described in detail in
Chapter 9, this volume. Most research on invertase
mechanism has been on the Hin, Gin and Cin systems
(33). Like resolvases, the invertases recombine at pre-
cise positions within dimer-binding crossover sites, but
unlike the resolvases there are no adjacent accessory se-
quences. However, it was discovered that a sequence
quite far from the crossover sites (called the enhancer,
or sis) which binds an Escherichia coli protein FIS (fac-
tor for inversion stimulation) was essential for efficient
recombination in each system (94, 95, 96, 97, 98). The
lengths of DNA between the crossover sites and the en-
hancer could be varied without loss of activity (99).
It is proposed that the invertase-bound crossover sites
and FIS-bound enhancer come together to form a syn-
aptic complex, as shown diagrammatically in Fig. 9.
The molecular architecture of this complex is still in-
completely understood, but structure-based models
have been built following characterization of specific
invertase–FIS interfaces, and it has been shown recently
that Hin subunits make direct contacts with the en-
hancer DNA (100).

Like resolvases, invertases selectively recombine sites
within the same supercoiled molecule, in a specific rela-
tive orientation, in this case inverted repeat. However,
there is a notable difference. Resolvase has no activity
at all on substrates with two res sites in an inverted re-
peat, whereas Hin (or Gin) invertase substrates with
hix (or gix) sites in a direct repeat do not give recombi-
nants but do undergo efficient double rounds of rota-
tional strand exchange, giving knotted nonrecombinant
products (62, 63, 64). It was concluded that the synap-
tic complex (Fig. 9) is formed regardless of relative
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site orientation, but sites in a direct repeat are thereby
misaligned in “antiparallel” such that strand exchange
would give recombinants with mismatched base pairs;
instead, double rounds of strand exchange give knotted
nonrecombinant products (62) (see “Subunit rota-
tion” above).

Regulation of Recombination by
Large Serine Recombinases
Serine integrases and other large serine recombinases
are the subject of Chapter 11 of this book. The in-
tegrases do not display topological selectivity; they
adopt a quite different strategy to ensure correct prod-
uct formation. The phage (attP) and bacterial genome
(attB) crossover sites are not identical, and recombina-
tion results in two further nonidentical sites attL and
attR, flanking the integrated prophage DNA (Fig. 10).
Unlike phage tyrosine integrases related to λ Int, the
large serine integrases (and other large serine recom-
binases such as the Clostridium transposase TnpX)

apparently do not have accessory DNA sequences (35,
101, 102). The details that follow derive from in vitro
studies on the two best-characterized serine integrases,
ɸC31 Int and Bxb1 Int (35). The att sites (∼40 bp) each
bind an integrase dimer and have an asymmetric cen-
tral 2-bp overlap sequence, which has been shown to
be the sole determinant of site polarity in attP×attB re-
combination (103, 104). An attP site only recombines
with an attB site, not with another attP, attL or attR
site; likewise, attB only recombines with attP. Synapsis
is a key selective step; only the “correct” pair of sites
(attP and attB) forms a stable complex (105, 106). The
integrase alone does not recombine the “lysogen” sites
attL and attR at all. However, a phage-encoded recom-
bination directionality factor (RDF) protein binds to
and transforms integrase so that it efficiently and spe-
cifically recombines attL×attR, whereas attP×attB re-
combination is inhibited (107, 108, 109) (Fig. 10).
Recent crystallography of the C-terminal part of A118
integrase bound to DNA (51) has led to a structure-
based hypothesis for integrase att site selectivity (27).
Unlike the small serine recombinases, integrases do not
require specific connectivities between sites or DNA
supercoiling, making them attractive for applications
in biotechnology and synthetic biology (see “Serine
recombinases in biotechnology and synthetic biology”).

PROTEINS RELATED TO
SERINE RECOMBINASES

There are no other families of proteins with known
functions that can be unambiguously shown to be relat-
ed to the serine recombinases. The SR fold has similari-
ty to the structures of a group of 5´-to-3´ exonucleases
and to the TOPRIM domain of type IA and type II
topoisomerases (110, 111), but the active site residues
(and thus presumably the catalytic mechanisms) are
quite different, so it is not clear that there is any rela-
tionship by descent.

SERINE RECOMBINASES IN
BIOTECHNOLOGYAND
SYNTHETIC BIOLOGY

Many recombinase systems have been investigated as
possible tools for mediation of precise, inducible DNA
rearrangements in the fields of experimental genetics,
biotechnology and gene therapy (112). However, with
one notable exception (ɸC31 integrase), the utilization
of serine recombinases has been relatively limited.
ɸC31 integrase has been adopted for targeted trans-
gene integration in a number of organisms including

Figure 9 Cartoon of proposed inversion synaptic complex.
An invertase tetramer bridging the two crossover sites is
shown as an orange oval, and contacts the enhancer DNA
(brown) and a FIS dimer bound there (pink). The DNA in the
complex is intertwined as shown. Supercoiled loops of DNA
outside the complex are shown as dashed lines.
doi:10.1128/microbiolspec.MDNA3-0046-2014.f9
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humans, and it is now in widespread use in experimen-
tal research, notably in the Drosophila field (112, 113).

Serine recombinases are currently being exploited in
the field of synthetic biology, for construction of artifi-
cial genetic switches and circuits. Recent studies have
shown how all the standard Boolean logic operations
can be implemented on gene expression in E. coli by the
combined action of two orthogonal serine integrases
(ɸC31 Int and Bxb1 Int) (114). Other applications are
in the assembly and manipulation of metabolic path-
way genetic components (113, 115, 116).

ENGINEERING SERINE RECOMBINASES

Site-specific recombination has obvious potential as a
tool for “genomic surgery” in organisms of interest to
humans, but to realize this potential it will be necessary
to engineer recombinases so that they recognize and act
on sequences occurring in these organisms. Natural
recombinases often require long complex sites, accesso-
ry factors, and DNA supercoiling, making this task
seem quite daunting. However, the characterization of
activated variants of small serine recombinases, which
have simplified substrate requirements, has opened up
engineering possibilities (71, 74, 117). The small serine
recombinases are modular proteins with spatially dis-
tinct SR and HTH (DNA-binding) domains (see Fig. 6).
Some sequence specificity changes were made by mu-
tating the HTH domain or replacing it with a domain
from a related serine recombinase (118, 119, 120). How-
ever, much more dramatic retargeting was achieved by
linking the SR domain to a zinc-finger DNA-binding
domain (121). These “zinc finger recombinases” can be

adapted to use a wide range of new “crossover sites”
including natural genomic sequences, by engineering
zinc-finger-domain specificity, reducing or altering the
residual sequence specificity of the SR domain, or using
SR domains from different recombinases (86, 122, 123,
124, 125). Recently, transcription activator-like effector
(TALE) DNA-binding domains have been used instead
of zinc-finger domains to retarget SR domain activity;
the modularity of TALE domains and thus the ease of
creating new specificities may greatly enhance the ap-
plicability of these “designer recombinases” (126).

Acknowledgments. I apologize to readers that, in this over-
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future.
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Arthur Landy1

4The λ Integrase Site-specific
Recombination Pathway

INTRODUCTION

The λ site-specific recombination pathway has enjoyed
the sequential attentions of geneticists, biochemists,
and structural biologists for more than 50 years. It has
proven to be a rewarding model system of sufficient
simplicity to yield a gratifying level of understanding
within a single (fortuitously timed) professional career,
and of sufficient complexity to engage a small cadre of
scientists motivated to peal this onion. The initiating
highlight of the genetics phase was the insightful pro-
posal by Allan Campbell for the pathway by which
the λ chromosome integrates into, and excises from,
the Escherichia coli host chromosome (1). The break-
through for the biochemical phase was the purification
of λ integrase (Int) and the integration host factor (IHF)
by Howard Nash (2, 3). The first major step in the
structural phase was the cocrystal structure of IHF
bound to its DNA target site by Phoebe Rice and
Howard Nash (4). Although the crystal structure of na-
ked Fis protein had been determined earlier (5, 6), the
full impact of Fis on understanding the fundamentals
of the Int reaction did not come until much later (7, 8).

λ Integrase is generally regarded as the founding
member of what is now called the tyrosine recombi-
nase family, even though many family members are not
strictly recombinases. Family membership is defined by

the creation of novel DNA junctions via an active site
tyrosine that cleaves and reseals DNA through the for-
mation of a covalent 3´-phospho-tyrosine high-energy
intermediate without the requirement for any high-
energy cofactors. Other important, well studied, and
highly exploited family members each have their own
chapter in this volume of Mobile DNA III. Limitations
on space prevent the inclusion in this chapter of the
many other interesting family members, which com-
prise a wide range of biological functions and interest-
ing variations on the themes discussed here, including
other well-studied members of the heterobivalent sub-
family, such as Tn916 (9), HP1 (10), and L5 (11). For
previous reviews that include sections on the tyrosine
recombinase family and λ Int see references 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, and 27.
In this review, I will try to emphasize as much as possi-
ble those features of the λ Int pathway that have been
reported since, or were not the focus of, earlier reviews,
an intention that will consequently highlight recent
advances in structural aspects of the pathway.

OVERVIEW OF THE REACTION

The λ Int recombination pathway has evolved to pro-
vide a conditional, effectively irreversible, DNA switch
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in the life cycle of the virus. The “cost” (complexity)
associated with regulated directionality in the λ Int
pathway is what distinguishes it from its Cre and Flp
siblings (Fig. 1). As in most of the family members,
each recombining partner DNA contains a pair of
inverted repeat recombinase binding sites (called core-
type sites) that flank a 7 bp over lap region (O) (6 to

8 bp in other systems) that is identical in both DNAs.
(Evolution of new core-type and overlap DNA se-
quences has been proposed to proceed by low fre-
quency λ phage insertions at sites other than the
canonical attB [28].) DNA cleavage and exchange of
the top strands on one side of the overlap region by
two active Ints creates a four-way DNA junction

Figure 1 λ Integrase and the overlapping ensembles of protein binding sites that comprise
att site DNA. The left panel shows the structure of a single λ Int protomer bound via its
NTD to an arm site DNA and via its CTD to a core site DNA (adapted from the Int tetra-
meric structure determined by Biswas et al. [44], PDB code 1Z1G). The right panel shows
the recombination reactions. Integrative recombination between supercoiled attP and linear
attB requires the virally encoded integrase (Int) (2) and the host-encoded accessory DNA
bending protein integration host factor (IHF) (4, 177) and gives rise to an integrated phage
chromosome bounded by attL and attR. Excisive recombination between attL and attR to
regenerate attP and attB additionally requires the phage-encoded Xis protein (which inhibits
integrative recombination) (140) and is stimulated by the host-encoded Fis protein (8). Both
reactions proceed through a Holliday junction intermediate that is first generated and then
resolved by single strand exchanges on the left and right side of the 7 bp overlap region,
respectively. The two reactions proceed with the same order of sequential strand exchanges
(not the reverse order) and use different subsets of protein binding sites in the P and P´ arms,
as indicated by the filled boxes: Int arm-type P1, P2, P´1, P´2, and P´3 (green); integration
host factor (IHF), H1, H2, and H´ (gray); Xis, X1, X1.5, and X2 (gold); and Fis (pink). The
four core-type Int binding sites, C, C´, B, and B´ (blue boxes) are each bound in a C-clamp
fashion by the CB and CAT domains, referred to here as the CTD. This is where Int executes
isoenergetic DNA strand cleavages and ligations via a high-energy covalent 3´-phospho-
tyrosine intermediate. The CTD of Int and the tetrameric Int complex surrounding the two
overlap regions are functionally and structurally similar to the Cre, Flp, and XerC/D pro-
teins. Reprinted with permission from reference 36.
doi:10.1128/microbiolspec.MDNA3-0051-2014.f1
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[Holliday junction (HJ)] that is then resolved to recom-
binant products by the remaining pair of Ints cleaving
and exchanging the bottom strands on the other side of
the overlap region (Fig. 2). Appended to two of the
four core-type sites are additional DNA sequences that
encode binding sites for the second (NTD) DNA bind-
ing domain of Int and the accessory DNA bending pro-
teins, IHF, Xis, and Fis. As indicated by color coding in
Fig. 1, some sites are required only for integrative re-
combination between attP (on the phage chromosome)
and attB (on the bacterial chromosome), some are re-
quired only for excisive recombination between the
attL and attR sites (flanking the integrated prophage),
and some sites are required for both reactions. For
more detail, see reference 27. It has been suggested that
the additional complexity of the λ pathway evolved to

regulate the directionality of recombination in response
to the physiological state of the host cell (29), a notion
that is now well documented in latent human viruses,
such as the ubiquitous herpes virus, cf., “… the [herpes]
viral genome evolved to sense the infection status of
the host… through highly evolved pathogen genomes
with the capacity to sense host cytokines…” (30).

HOLLIDAY JUNCTION INTERMEDIATES

A hallmark of the tyrosine recombinase family, dis-
cussed here in terms of the λ pathway, is the formation
of a four-way DNA junction (HJ) intermediate. For a
long time, it was thought that this was a very unstable
intermediate because it was difficult to identify without
designing elaborate substrates (31, 32, 33). Only many

Figure 2 Formation, resolution, and trapping of Holliday junctions (HJ). (A) The top
strand of each att site is cleaved via formation of a high-energy phosphotyrosine intermedi-
ate and the strands are exchanged (three bases are “swapped”) to form the HJ, thus, creating
a branch point close to the center of the overlap regions. A conformational change of the
complex that slightly repositions the branch point and more extremely repositions the Int
protomers leads to the second swap of DNA strands and resolution of the HJ to helical
products (44, 178). These features of the reaction suggested the mechanism-based method of
trapping HJ complexes shown in (B). The left panel shows the DNA sequence changes made
in the 7 bp overlap regions to trap HJ intermediates (lower case letters). Following the first
pair of Int cleavages (via the active site Tyr) on one side of the overlap regions (arranged
here in antiparallel orientation), the “top” strands are swapped to form the HJ; this simulta-
neously converts the unpaired (bubble) bases to duplex DNA. On the other side, the se-
quence differences between the two overlap regions strongly disfavor the second (“bottom”)
strand swap that would resolve the HJ, because this would generate unpaired bubbles in
the product complex (36, 37, 38, 39). This diagram applies to both integrative and excisive
recombination (even though the labels refer to integrative recombination). Adapted in part,
with permission, from reference 36. doi:10.1128/microbiolspec.MDNA3-0051-2014.f2
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years later was it discovered that the standard sodium
dodecyl sulfate (SDS) treatment employed for visualiz-
ing naked HJ DNA gave misleading results because
SDS fails to quench Int ligation activity fast enough to
prevent reformation of the initial phosphodiester bonds
(see also below) (34).

A striking feature of HJ formation in the Int reaction
is that it is always initiated by cleavage and exchange
of the same (“top”) strands in both integrative and
excisive recombination (one of the facts indicating that
the two reactions are not the reverse of one another)
(Fig. 2) (31, 32, 33, 35). These features of the reaction
suggested a mechanism-based method of trapping HJ
complexes (outlined in Fig. 2) that would prove useful
in studies of the complete higher-order complexes (de-
scribed below) (36, 37, 38, 39).

Based upon structural snapshots from X-ray crystal-
lographic models, patterns of amino acid residues in
the active sites, mutational studies, and biochemical
analyses, it is supposed there are only small differences
between the pathways of λ Int, Cre, and Flp at the level
of HJ formation, structure, and resolution, and likely
only minor differences in their respective chemistries of
DNA cleavage and ligation. One exception to this gen-
eralization is the manner in which the active site tyro-
sine nucleophile is delivered to the active site. In the
case of Flp it is delivered in trans, that is, the tyrosine
of one protomer in the tetramer is activated as a nucle-
ophile in the active site of its adjacent neighbor (40,
41). While in both Int and Cre the tyrosine nucleophile
is in cis, its proper positioning within the active site
depends upon the nature of an interprotomer interac-
tion between adjacent protomers within the tetrameric
complex (42, 43, 44, 45), as discussed further below. In
the absence of the NTD DNA binding domain Int can
efficiently resolve HJs but it cannot carry out a recom-
bination reaction (discussed further below) (46, 47, 48,
49). It is also clear from mutational analyses that there
are Int residues that are specifically critical for HJ reso-
lution but not DNA cleavage (50).

HEXAPEPTIDE INHIBITORS

In a bold and formidable effort to find recombination
inhibitors that would trap the HJ intermediate, Anca
Segall and her collaborators used deconvolution of syn-
thetic hexapeptide libraries to search for hexapeptides
that would block recombination subsequent to the first
HJ-forming strand exchange(51, 52). Their most potent
peptide inhibitor, WRWYCR, whose active form is a
dimer assembled via a disulfide bridge between two
peptide monomers, stably traps HJ complexes in all

pathways mediated by Int as well as Cre (53, 54).
Using this inhibitor, they were able to study the kinetics
of HJ resolution under several different conditions and
in several different Int-mediated pathways (55, 56).
One of their conclusions from these studies was that
spermidine stabilizes the “second” HJ isomeric form
(the precursor to product formation) (57). Application
of a hexapeptide inhibitor to studying the Bacteriodes
NBU1 recombination pathway revealed that IntN1 re-
combinase is surprisingly more efficient when it forms
HJs in the presence of mismatches, although their reso-
lution to products does require homology (58).

In vitro, the hexapeptides inhibit a range of enzymes
involving tyrosine-mediated transesterification, such as
vaccinia virus topoisomerase and E. coli topoisomerase
I (59). Subsequently, they were shown to be bacterio-
cidal to both Gram positive and Gram negative bacte-
ria, presumably because they can interfere with DNA
repair and chromosome dimer resolution by XerC/D.
They were also shown to inhibit the excision of several
different prophages in vivo (60). The in vivo successes
of the hexapeptide inhibitors motivated the Segall
group to search for therapeutically more useful small
molecules with similar activities. Indeed, a search of
over nine million compounds yielded one potentially
interesting compound with properties that suggested
the possible value of further searches for functional
analogs of the hexapeptide inhibitors (61).

KINETICS

To overcome the difficulty of distinguishing kinetically
relevant intermediates from off-pathway species, single
molecule experiments were used to determine how bind-
ing energy from the multiple protein-DNA interactions
is used to achieve efficiency and directionality in the
overall Int recombination pathway (34). Protein bind-
ing (i.e., associated DNA bending), synapsis between
attL and attR, HJ formation, and recombination were
all monitored by changes in the length of a 1353 bp
DNA that served as a diffusion-limiting tether of a
microscopic bead to the flow chamber bed of a video-
enhanced light microscope. In these experiments it was
found that stable bent-DNA complexes containing Int,
IHF, and Xis form rapidly (<20 s) and independently on
attL and attR, and synapsis under these conditions is
extremely rapid (1.0 min−1). These single molecule ex-
periments strongly suggest there are no intrinsic mecha-
nistic features of the pathway that make synapsis slow.
While Int-mediated DNA cleavage, before or immedi-
ately after synapsis, is required to stabilize the synaptic
complexes, those complexes that synapsed (∼50% of
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the total) yield recombinant with an impressive ∼100%
efficiency. The rate-limiting step of excision occurs
after synapsis, but closely precedes or is concomitant
with the appearance of a stable HJ. This single mole-
cule result is consistent with the observation that in
solution rates of stable HJ formation are similar to the
rates of excisive recombination (62).

Given the reversibility of the underlying chemistry of
recombination, the apparent irreversibility observed in
these experiments of each step of the reaction (except
for synapsis) is notable. This result indicates that the
overall directionality of excisive recombination is a di-
rect consequence of the sequence of protein–protein
and protein-DNA interactions that efficiently drive the
reaction forward through nearly every step. It was pro-
posed that the slow step in the reaction is some confor-
mational change that stabilizes the HJ (34). Candidates
for this rate-limiting step, such as the scissoring move-
ment of the HJ arms, the shift in the localized bend of
the HJ, or the reorientation of the active and inactive
pairs of Int protomers, are suggested by comparison of
the different X-ray crystal structures of tyrosine family
recombinases complexed with their respective four-
armed DNAs (15, 22, 43, 44, 63).

A totally different aspect of the kinetics of recombi-
nation concerns the process by which λ DNA, once in-
side the cell, finds its cognate attB site. Surprisingly, λ
DNA does not carry out an active search but rather
remains confined to the point where it entered the cell;
it is the directed motion of the bacterial DNA during
chromosome replication that delivers attB to a waiting,
relatively stationary, attP (64).

STRUCTURE OF THE Int CTD

Among the most significant recent advances in our
understanding of λ Int recombination were those ema-
nating from the X-ray crystallographic studies by the
Ellenberger laboratory (44, 45, 65). The second Int
fragment to be used by the Ellenberger laboratory for
X-ray crystallography, lacked the NTD (arm binding
domain) and consisted of residues 75 to 356 (45). Re-
ferred to as C75 in the literature and here called the
CTD, it corresponds to the two domains comprising
the well-studied monovalent family members such as
Cre, Flp, and XerC/D. The λ Int CTD is not competent
for recombination but it is an efficient topoisomerase,
binds weakly to single core-type DNA sites, and re-
solves λ att site HJs (48, 66, 67). The weak binding of
the λ Int CTD to single core-type sites was circum-
vented by trapping covalent Int-att site complexes with
a “flapped” suicide substrate containing a nick within

the overlap region, three bases from the scissile phos-
phate (Fig. 3A).

As shown in Fig. 3, the λ Int CTD consists of a cata-
lytic domain that is joined to the central binding (CB)
domain by a flexible, interdomain linker, residues I160-
R176, that is extremely sensitive to proteolytic degra-
dation (45, 48). The CB and catalytic domains of Int
both contribute to recognition of the core site, although
the former, whose structure has also been determined
(68), confers most of the sequence specificity (69, 70).
Only two residues from each domain (K95 and N99 in
the CB domain and K235 and R287 in the catalytic do-
main) directly form hydrogen bonds with DNA bases.
Interestingly, one of them, K95, interacts with a base,
Gua30, that is absent in the B´ site, the weakest of the
four core sites (71). The base-specific interactions are
consistent with the effects of mutations of these and
nearby residues that affect DNA binding specificity (72,
73, 74).

In comparison to the monovalent family members,
Cre and Flp (41, 42, 43), the λ Int CTD displays fewer
hydrogen bonds and total direct contacts to DNA bases
in both its amino- and carboxy-terminal domains.
Additionally, the extended unstructured interdomain
linker of λ Int appears to be more flexible than the Cre
linker (43), suggesting an increase in entropic cost of
binding to DNA. Indeed, the helpful and informative
int-h mutant (E174K), which substitutes a lysine in the
middle of the interdomain linker adjacent to the site
of DNA cleavage, increases the DNA binding affinity
of λ Int and relaxes or eliminates the requirement for
IHF during recombination (75, 76). It was proposed
that the substituted lysine might enhance DNA binding
affinity by contributing a stabilizing interaction with
DNA, and/or by constraining the movement of the
interdomain linker (45).

A comparison of the structure of the CTD Int cova-
lently bound to DNA (45) with that of the unliganded
catalytic domain (65), revealed that the tyrosine342 nu-
cleophile had moved approximately 20 Å into the ac-
tive site where it forms a 3´-phosphotyrosine linkage
with the cleaved DNA (Fig. 4). Additionally, in the tet-
rameric complex, the eight carboxy-terminal residues
(349 to 356) of a protomer extend away from the pro-
tein and pack against a neighboring protomer, contrib-
uting in trans an additional strand (β7) to the sheet
formed by strands β1, β2, and β3 of the catalytic do-
main. This trans packing arrangement of β7 is required
for appropriate placement of the Tyr342 nucleophile
into the active site. This fact, in conjunction with the
phenotypes of a number of Int mutants, suggests a dual
role for the alternative stacking arrangements of β7.
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This also suggested an attractive explanation for the
findings that a carboxy-terminal deletion of seven resi-
dues (commencing with Trp350), and mutations in-
volving residues in or around β7 (all of which were
expected to untether the Tyr342) abolished recombina-
tion but enhanced the topoisomerase activity of mono-
mers (77, 78, 79). Because these same mutations

decrease recombinase activity, the C-terminal tail could
also be important in coordinating the catalytic activi-
ties of adjacent protomers, as seen in the X-ray crystal
structure of the tetrameric higher order recombination
complex (Fig. 4C) (44, 80).

In contrast to the large movement of the Tyr342 nu-
cleophile in transitioning from the unliganded to the

Figure 3 X-ray crystal structure of the Int CTD. (A) With this modified version of previ-
ously designed suicide recombination substrates (35, 47) covalently trapped CTD-DNA
complexes were stable for weeks. Formation of the phosphotyrosine bond and diffusion
of the three base oligonucleotide is followed by annealing of the three base flap to the three
nucleotide gap, thus, positioning the 5´-phosphate such that it repels water and shields the
phosphotyrosine linkage from hydrolysis. (B) Ribbon diagrams showing the central domain
(residues 75 to 160; above the DNA) and the catalytic domain (residues 170 to 356; below
the DNA) of λ Int, and their interactions with the major and minor grooves on the opposite
sides of the DNA. A long, extended linker (residues I160 to R176) connects these domains.
The scissile phosphate that is covalently linked to Y342 is shown as a red sphere. The central
domain inserts into the major groove adjacent to the site of DNA cleavage. The catalytic
domain makes interactions with the major and minor groove on the opposite side of the
DNA, straddling the site of DNA cleavage. (C) The solvent accessible surface of the Int
protein is shown, colored according to electrostatic potential. The DNA binding surface is
highly positive (blue) and makes numerous interactions with the phosphates of the DNA (cf.
Figure 3B). The polypeptide linker between domains joins the central and catalytic domains
on one side of the DNA. A salt bridge between the Nζ of K93 and the carbonyl oxygen of
S234 bridges between domains on the other side of the DNA, completing the ring-shaped
structure that encircles the DNA. (D) The architecture of the λ Int C-75 protein is shown
with cylinders and arrows representing helices and β strands, respectively. This view is ori-
ented similarly to that in (A) (right side). The central domain of λ Int lacks helix E, corre-
sponding to the fifth helix of Cre’s N-terminal domain, which is involved in subunit
interactions. Reprinted with permission from reference 45.
doi:10.1128/microbiolspec.MDNA3-0051-2014.f3
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Figure 4 A Remodeling of Int’s active site switches DNA cleavage activity on and off. (A) A
comparison of the DNA-bound (left), and unbound (right), structures of λ Int shows a dra-
matic reorganization of the C-terminal region spanning residues 331 to 356 (red). In the
absence of DNA, Y342 (yellow) is far from the catalytic triad of R212, H308, and R311
(magenta side chains). In the DNA complex (left panel), Y342 has moved into the active site.
Another consequence of the DNA-bound conformation is that the extreme C-terminal resi-
dues 349 to 356 extend away from the parent Int molecule and pack against another mole-
cule in trans. (B) A cartoon illustrating how the DNA-bound conformation of Int positions
the Y342 for cleavage of DNA. The isomerization from the inactive form, in which Y342 is
held some distance from the catalytically important Arg212-His308-Arg311 triad (65), to
the active conformation seen in complex with DNA, is accompanied by the release of strand
β7 and its repacking in trans against a neighboring molecule. (C) The assembly of active
(orange) and inactive (gray) catalytic sites results from a skewed packing arrangement of λ
Int subunits (residues 75 to 356) in the tetramer. The scissile phosphates bound by active and
inactive subunits are shown as red and gray spheres, respectively. Reprinted with permission
from references 44 and 45. doi:10.1128/microbiolspec.MDNA3-0051-2014.f4
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liganded Int, the other four catalytically important resi-
dues, R212, K235, H308, and R311, show less than
1 Å movement on average between the two structures,
as is also true for most of the other residues in the cata-
lytic domain. The role of these residues in catalysis was
established by mutational analyses of several tyrosine
recombinase family members, biochemical analyses (espe-
cially of topoisomerase I), sequence comparisons of other
family members, and shortly thereafter, comparisons with
the X-ray crystal structures of other DNA-bound family
members (41, 43, 81, 82, 83, 84, 85, 86, 87, 88).

ROLE OF THE Int NTD

The following experiments were carried out to prove it
was possible to “de-tune” a monovalent recombinase,
for example, Cre, and convert it to a regulated unidi-
rectional recombinase by appending an NTD (89). Cre
recombinase is bidirectional, unregulated, does not re-
quire accessory proteins, and has a minimal symmetric
DNA target. Rather than de-tuning the Cre recombi-
nase its DNA target was attenuated: a single base pair
change, previously shown to weaken the interaction be-
tween Cre and its DNA binding site (90) was intro-
duced into each of the inverted repeat Cre binding sites
and the DNA sequence and spacing between the DNA
cleavage sites (the “overlap” region) was changed to
the canonical seven base pair sequence of the λ att sites.
λ P and P´ arms were appended to the modified Cre tar-
get sites to generate analogs of the four λ att sites.

To complete the recombination pathway, a gene fu-
sion encoding the first 74 residues of λ Int was fused to
Cre. The resulting chimeric Cre protein product carried
out recombinations between the analogs of the four λ
att sites with all of the properties of canonical λ Int-
dependent pathways: reactions were dependent upon
IHF, Xis was required for the excision reaction but
inhibited the integration reaction, integrative recombi-
nation required the P1 but not the P2 sites, and the
excisive reaction required P2 but not P1 (cf. Fig. 1).

It appears from these experiments that the regulated
directionality of the λ Int pathway has been conferred
on Cre by the appended 74 N-terminal residues of λ Int
coupled with the reduction in DNA binding efficiency
between Cre and its DNA target sites. These experi-
ments suggest that two simple steps, in no specified
order, are all that is required for the evolution of the
heterobivalent recombinases from their monovalent
siblings. However, they do not rule out an alternative
evolutionary trajectory in which the monovalent and
heterobivalent site-specific recombinases evolved in par-
allel from a common, less efficient, precursor.

While the NTD of λ Int was able to confer regulated
directionality on the Cre recombinase, it is possible,
and even likely, that not all of the λ NTD functions
were revealed in these experiments. For example,
effects resulting from any interactions between the
NTD and the CTD were not studied in those experi-
ments and they would not likely even be manifest in the
hybrid protein. One example of such interactions came
from studies on the context-dependent effects of the
NTD. These studies were prompted by the unexpected
finding that the Int CTD (residues 65 to 356, called
C65) is more active as a topoisomerase, in binding to
core-type sites, cleaving DNA, and resolving synthetic
Holliday junctions, than the full length Int. In other
words, the NTD is an inhibitor of the primary Int func-
tions (49). Equally surprising was the fact that when
the cloned and purified NTD (residues 1 to 65) was
added to the cloned and purified CTD, it stimulated
all of the primary Int functions, well beyond the levels
observed for either CTD or full length Int. In other
words, when present in cis (i.e., in full length Int), the
NTD is an inhibitor of Int functions, but when present
in trans, it is a stimulator. Resolution of the apparent
paradox came with the finding that addition of an
oligonucleotide encoding the arm-type DNA sites (P´1–
P´2) to full length Int abolished the cis NTD inhibition
and resulted in the formation of a ternary complex be-
tween Int and core and arm-type DNAs.

These results led to the hypothesis of an enhanced
dual role for the DNA bending accessory proteins.
In addition to their structural function in facilitating
the Int-mediated arm-core bridges that comprise the
higher-order structure of recombinogenic complexes,
they should also be viewed as a requirement to over-
come the N-domain inhibition of recombinase func-
tions (49). These data and the resultant hypothesis are
consistent with the finding of mutants in one domain
that effect the activity of the other (72, 77), and the im-
portant observation of Richet et al. that Int does not
bind well to attB unless it part of a higher-order attP
complex (91).

Residues Met1 to Leu64 comprise the minimal Int
fragment that binds to arm-type sites and it does so
with almost the same efficiency as full length Int (66,
92). However, an additional six residues are required
(Met1 to Ser70) for cooperative binding to the adjacent
arm-type sites P´1, P´2, and P´3. The greatest cooper-
ativity in binding, which is between sites P´2 and P´3,
depends upon the single bp between them and is resis-
tant to an unopposed three base bulge in the top strand
but not in the bottom strand. The asymmetric effect of
the unopposed bulge is consistent with DNA bending
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upon Int binding to the P´ arm sites. Int’s affinity for
the single sites P´1 or P1 exceeds its net affinity for P´2–
P´3 (44, 93). It is interesting that the two lowest affinity
arm-type sites, P2 and P´3 are each required for only
one of the two recombination reactions, excision and
integration, respectively, and are also the outermost
sites in their respective pathways. Int binding at P2 is
greatly enhanced by its cooperativity with Xis binding
at X1, and Int binding at P´3 is enhanced (to a lesser ex-
tent) by its cooperativity with Int binding at P´2, thus,
rendering the excisive reaction very sensitive to Xis
concentration and the integrative reaction more sensi-
tive to Int concentration (66). The latter fit nicely with
a very early observation by Enquist et al. that integra-
tive recombination is more sensitive than excisive re-
combination to decreased intracellular levels of Int
(94). The Int 1-70 NTD is also equally as competent
as full length Int for cooperative interactions with
Xis when the two are bound at P2 and X1, respec-
tively (66).

STRUCTURE OF THE NTD

The first view of the NTD structure came from a nuclear
magnetic resonance (NMR) analysis of the Met1-Leu64
peptide, which revealed a fold structurally related to
the three-stranded β-sheet family of DNA-binding do-
mains. However, it was supplemented with a disordered
10 residue amino-terminal basic tail, that was shown
to be important for arm binding by its loss of function
upon removing a single positive charge (G2KΔ2R)
(92). The importance and role of the amino-terminal
basic tail was clearly shown in the subsequent NMR
structure of the NTD in complex with its DNA target
site (95). Only two other proteins containing this fold
have been visualized in complex with their DNA tar-
gets: the N-terminal domains from the Tn916 Int pro-
tein (96) and from the ethylene responsive factor from
Arabidopsis thaliana (AtERF1) (97). All three proteins
recognize DNA via their unique three-stranded anti-
parallel β-sheet that is inserted into the major groove
of their respective DNA targets. The smaller size of
the β-sheet-DNA interface in the λ NTD, relative to the
other two proteins, is presumably compensated by the
additional contacts of the 11 residue amino-terminal
tail that projects deep into the minor groove (95).

STRUCTURE OF A FULL Int
TETRAMER COMPLEX

A structural view of the full λ Int did not come until it
was cocrystallized with DNA bound at the NTD and

CTD, recognition domains for the arm- and core-type
DNA sites, respectively. These studies by the Ellenberger
laboratory were particularly informative because they
represented Int-DNA complexes at three different steps
along the recombination pathway (44). One of the struc-
tures, a synaptic complex between two COC’ core-type
sites bound by four CTDs (residues 75 to 356), rep-
resented an early step after the first DNA cleavage but
before strand exchange. A second structure, with full
length Ints in which the cleaved strands had exchanged
but ligation was prevented by a modified DNA sub-
strate, represented a post strand-exchange complex.
And the third structure was a synthetic Holliday junc-
tion intermediate bound by four full length Ints, carry-
ing the Tyr342Phe mutation, that were thus unable to
cleave the DNA into products. In the last two struc-
tures, the NTDs of the full length Ints were bound to
short oligonucleotides containing tandem P´1–P´2 arm-
type DNA binding sites. It is likely that the presence of
this arm-type DNA occupying the NTD domains was
a critical factor in the successful crystallization of the
full length Int, and additionally imposed a facilitating
(albeit unnatural) 2-fold symmetry. The other factor
critical for crystallization was the stable tetrameric
arrangement of protomers within each complex.

The tetrameric complexes with full length Int assem-
ble into three distinct layers. The NTD (residues 1 to
63) that binds to arm-type sites is joined to the core-
binding domain (CB domain; residues 75 to 175) by a
short α-helical segment (residues 64 to 74), and this, in
turn, is connected to the C-terminal catalytic domain
(residues 176 to 356) through another linker (residues
160 to 176). Together, the three domains of each Int
form an ensemble that engages the core and arm DNA
targets to form a tightly knit but flexible tetrameric
complex (Fig. 5) (44).

The four NTDs are bound by two antiparallel arm
DNAs that slightly bend towards each other, with each
pair binding the adjacent P´1–P´2 binding sites. The ba-
sic N-terminal segment (residues 2 to 10), that was dis-
ordered in the NMR structure but shown to be
required for recombination activity (92), tucks into the
minor groove adjacent to the 3´ side of the arm-type
consensus sequence (44).

As noted above, the CB and catalytic domains
(which are referred to together as the CTD in this re-
view) are structurally analogous to the full-length
monovalent tyrosine recombinases, Cre (42, 43), Flp
(41), and XerC/D (98). Thus, it is not surprising that λ
Int has a catalytic pocket that resembles the other fami-
ly members with nearly identical conserved residues
(Arg212, Lys235, His308, Arg311, and His333) that
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engage the scissile phosphate and Tyr342 nucleophile
(44, 45, 65).

Among the factors likely to contribute to λ CTD’s
lack of recombination function, is the linker (residues
160 to 176) between the CB and catalytic domains. In
contrast to the analogous linker in Cre, it lacks the αE
helix that contributes many intersubunit interactions
that stabilize the Cre tetramer (42, 43). Consequently,
the loosely packed CB domains of the λ Int tetramer
are able to rotate against each other by as much as 30˚
in the different isomers that were crystallized (44).

It was particularly interesting that each of the three
independent crystal structures determined by Biswas
et al. (44) illustrates a different conformation of the
core DNAs and different subunit packing interactions
(Fig. 6). The skewed packing of protomers generates
two very different subunit interfaces comprising active
versus inactive catalytic sites. In the former, the Tyr342
helix is well ordered and stabilized by electrostatic in-
teractions with two catalytically essential residues. In
the latter, the β9 is incompatible with these stabilizing
interactions and the region around Tyr342 is disor-
dered (see also Fig. 4C). It should be noted that an
α-helical conformation around Tyr342, that was not
seen in the active conformation of the earlier crystal
structure of the λ CTD (residues 75 to 356) (45), was
confirmed by additional crystal structures (in the pre-
sence of orthovanadate) to likely be the true active con-
formation (44).

In the crystal structure of the synaptic, prestrand-
exchange, complex, the tetramer deviates strongly from
4-fold symmetry: the scissile phosphates (which can be
visualized as the corners of a parallelogram) of the
cleaved DNA strands are 39 Å apart while those of
the uncleaved strands are 50 Å apart (Fig. 6A, D). This
translational offset brings the cleaved 5´ ends closer to
the phosphotyrosine of the synapsing partner, thus,
facilitating strand exchange and ligation. In the post
strand-exchange complex, the core DNAs resemble a
HJ intermediate with approximate four-fold symmetry.
Here the kink has moved to a more central position,
4 bp away from the cleaved site, bringing the cleavage
sites of the bottom strands closer together, and possibly
disfavoring reversal of the top strand cleavage (Fig. 6B,
E). In the complex with a synthetic preformed HJ, the
crossover point was fixed three nucleotides from one
pair of cleavage sites, and consequently, these sites are
used preferentially for resolution (67, 99). This com-
plex is also highly skewed such that the scissile phos-
phates, bound by the active protomers, are brought
close together (Fig. 6C, F). Although not apparent in
the crystal structures, mutational analyses also reveal

Figure 5 Structure of the λ Int tetramer bound to a Holliday
junction and arm DNAs. (A) The domains of Int pack to-
gether as three stacked layers, with the NTDs cyclically
swapped onto neighboring subunits. The NTD layer em-
braced by two antiparallel arm DNAs is linked through
short α-helical couplers to the CTD, which encircles the
branches of the Holliday junction. The active subunits are
colored red/green and the inactive subunits are blue/yellow.
(B) The 2-fold symmetry of the NTD layer is reflected in
the skewed arrangement of the CTDs and the shape of
the four-way junction (thick dark gray lines) in the bottom
strands reactive isomer. Reprinted with permission from re-
ference 44.
doi:10.1128/microbiolspec.MDNA3-0051-2014.f5
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nonequivalent interactions between the NTDs of neigh-
boring Int protomers during HJ resolution (100).

One of the features of the tetrameric Int crystal
structures, which was also inferred from solution stud-
ies of these small complexes (101), is a cyclically per-
muted topology, in which each NTD packs on top of
the neighboring CB domain. It is now thought that this
2-fold symmetric NTD arrangement does not reflect
that of a bona fide (integrative or excisive) recombi-
nogenic complex, but rather is a consequence of the
symmetric arm-type sites that are not connected by
DNA and bending proteins to the core region, as dis-
cussed further below.

INTEGRATION HOST FACTOR

Integration host factor (IHF) was discovered in the very
early studies of λ site-specific recombination by virtue
of its role as a host-encoded protein that was essential
both in vitro and in vivo for integrative and excisive re-
combination (102, 103). Its specific architectural role
was demonstrated by the observation that IHF bending
at the H´ site could stimulate Int binding and cleavage
at the low- affinity C´ core site (104). As has not infre-
quently been the case, an E. coli protein discovered for
its role in a phage life cycle, turned out to be an im-
portant player in the physiology of the cell. IHF is in-
volved in regulation of gene transcription, especially

Figure 6 Three different conformations of λ Int tetramers representing distinct steps of the
recombination reaction. The core DNAs within the λ-Int(75-356) synaptic complex (A, D), the
λ-Int post- strand exchange complex (B, E), and the λ-Int Holliday junction complex (C, F)
are shown along with schematic diagrams illustrating the interbranch angles and position of
branch points. The pair of Int subunits in the active conformation (orange/red) is positioned
closer to the center of each complex, whereas the inactive pair of subunits (gray) is further
apart. Scissile phosphates (spheres) activated for cleavage are colored in red. Reprinted with
permission from reference 44. doi:10.1128/microbiolspec.MDNA3-0051-2014.f6
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σ54 promoters (105), initiation of DNA replication
(106), transposition (107), and phage packaging (108)
(for reviews see references 109, 110, 111, 112, 113,
114, 115, 116).

To a large extent, the role and mechanisms of IHF
in λ site-specific recombination, the crystal structure of
IHF in complex with its DNA target, and the ways in
which the physiology and biology of IHF in the host
cell can impact recombination in vivo, have been re-
ported and discussed prior to, and within, a previous
review of λ site-specific recombination (27). More re-
cent studies of IHF have centered on details of its inter-
action with DNA (117, 118, 119) and the mechanics
and features of DNA bending by IHF (120, 121,
122, 123).

IHF is a hetero-dimeric protein consisting of two
highly basic polypeptides, α and β, with molecular
masses of 11,200 and 10,580 Da, respectively. These
two subunits share approximately 30% homology to
each other and also to the family of type II DNA-
binding proteins that includes major histone-like pro-
teins of E. coli such as HU.

The IHF structure, which is very similar to that of
HU, is a compact, globular domain, consisting of sym-
metrically intertwined α and β subunits, from which
two long β ribbon arms extend. The arms curl around
the DNA and interact exclusively with the minor
groove; most of the DNA bending (>160˚) occurs at
two large kinks, 9 bp apart (Fig. 7) (4). It has also been
possible to construct a functional IHF in which the two
chains have been fused into one (124).

The sequence preference displayed by IHF does not
come from specific side chain contacts: it makes no con-
tacts at all within the major groove and only a few hy-
drogen bonds to positions in the minor groove. Rather
its specificity comes from “indirect readout,” based on
the sequence dependent structural parameters of its tar-
get DNA. Indeed, biochemical and structural studies of
a relaxed-specificity mutant of IHF revealed how speci-
ficity is determined within the TTR portion of the con-
sensus sequence (117). Within certain constraints, the
structure of the DNA was driven by its own sequence
and the protein side chains had readjusted to accom-
modate the different DNA structures.

Evidence that formation of a distinct DNA path
was indeed the primary role of IHF came from “bend
swap” experiments, where one or more IHF sites were
replaced by unrelated DNA bending modules, either
intrinsically bent DNA or different DNA bending pro-
teins, such as HU (56, 125, 126). Although able to com-
plement the lack of IHF-induced bending, none of the
chimeric constructions performed as efficiently as the

wild-type arrangement. The inability of the bend swap
chimeras to achieve wild-type efficiency was evidently
due to a requirement for considerable precision, as
evidenced by the observation that an IHF bend wrongly
positioned by just 1 bp, in a loop of constant length be-
tween C´ and P´1 of attL, could severely reduce excisive
recombination efficiency (127).

It is attractive to propose that the evolution of Int’s
dependence on host-encoded accessory proteins derives,
at least in part, from the benefits of linking the regula-
tion and direction of recombination to the physiology
of the host cell (see also the discussion of Fis protein
below). In this regard, the changing levels of intracellu-
lar IHF are potentially interesting. The relative abun-
dance of IHF increases approximately 5- to 7-fold over
a 6 h span after entry into stationary phase (128, 129),
and decreases when stationary-phase cells are diluted
into fresh medium and cell mass begins to double
(130). It is interesting that in vitro high IHF concentra-
tions tend to inhibit the excisive reaction (131). The
in vivo downshift in IHF concentration is probably
not due to increased protein degradation, as IHF is
not unstable in its dimeric form (132, 133), but instead
appears to be a consequence of arrested transcrip-
tion upon entry into exponential phase and increased

Figure 7 Complex of integration host factor with H´1N.
The α and β subunits are shown in white and pink, respec-
tively. The consensus sequence is highlighted in green and
interacts mainly with the arm of α and the body of β. The
yellow proline at the tip of each arm (P65 α/P64 β) is interca-
lated between bp 28 and 29 on the left side and 37 and 38 on
the right. Reprinted with permission from reference 4.
doi:10.1128/microbiolspec.MDNA3-0051-2014.f7
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transcription of the individual subunits upon entry into
stationary phase (134). Additionally, there is evidence
that IHF may play an essential role in survival from cell
starvation: not only is IHF critical for induction of 14
proteins from the glucose starvation stimulon but mu-
tants lacking IHF appear to be severely compromised in
their ability to survive glucose starvation (135).

Xis

As noted above, the small phage-encoded Xis protein
is the key determinant of directionality in the λ path-
way. Essential for the excisive reaction and stimulating
more than 106-fold in vivo, it is also inhibitory for the
integrative reaction (136, 137). The NMR structure of
1-55XisC28S revealed an unusual “winged”-helix struc-
ture formed by two α-helices that are packed against
two extended strands. While this structure itself did not
afford critical insights into how Xis plays such a critical
role in the λ pathway, it did herald the start of a steady
progression towards this goal by the Johnson and
Clubb laboratories (138).

A 1.7 Å resolution cocrystal structure of 1-55XisC28S

complexed with a 15 bp DNA fragment containing its
cognate X2 binding site comprised the second step of
the Johnson/Clubb progression and provided a detailed
view of the complex, which was largely in accord with
their proposals based on the NMR structure of the free
protein (Fig. 8A) (139). Although, the Xis-X2 complex
is bent only modestly (approximately 25˚), and hardly
enough to account for the strikingly large curvature ob-
served for a larger Xis-attR complex (93), it did suggest
a molecular model for the Xis stimulation of Int bind-
ing to the adjacent P2 arm-type site (Fig. 8B).

A precursor to a larger and more informative co-
crystal structure was the finding that, counter to the
previous long-standing notion of two Xis binding sites
(X1 and X2), a third Xis was bound at a site between
them, called X1.5 (140, 141). The initial EMSA data
were supplemented with protein–protein crosslinking ex-
periments to further confirm the trimeric nature of the
complex (140). More useful insights for understanding
the role of Xis in directing recombination came from
the 2.6 Å cocrystal structure of Xis bound to a larger
DNA target comprising the entire 33 bp Xis binding re-
gion (Fig. 8C) (140). The three Xis proteins bind to this
DNA in a head-to-tail orientation that generates a
micronucleoprotein filament having approximately 72˚
of curvature and a slight positive writhe (Fig. 8D).

The differences in the specific interactions at X1 ver-
sus X2, combined with the observed nonspecific bind-
ing of Xis at the X1.5 site and the range of different

interactions at ostensibly similar protein–protein inter-
faces, foreshadowed experiments showing that the flex-
ible recognition surfaces of Xis result in a relatively
promiscuous binder of DNA. The propensity for non-
specific DNA binding was further characterized in an
Xis-DNA cocrystal with an 18 bp fragment of DNA
(8). While this flexibility of DNA recognition is impor-
tant for binding at the X1.5 site, where protein–protein
interactions with the X1- and X2-bound Xis protomers
provide additional stability, it also means that Xis is
easily distracted from its attR target in vivo, where
there is a huge excess of nonspecific DNA. Indeed,
this latter point explains why excisive recombination
in vivo is 50 to 200-fold lower in the absence of Fis (see
also below) (8). Correspondingly, the Fis dependence of
excisive recombination in vitro is only seen at limiting
concentrations of Xis (142).

Fis

It is ironic, but understandable with hindsight, that
although Fis protein was the first component of the λ
recombination pathway to be crystallized (5, 6), it was
the last component whose biological and molecular
role was elucidated (8). Throughout this 16-year period
(and beyond), the Johnson lab has played the leading
role in studying the many roles and mechanisms of the
Fis protein (112, 143, 144, 145). Fis was initially iden-
tified as a factor in promoting site-specific recombina-
tion by DNA invertases (146, 147) and was shortly
thereafter shown to bind cooperatively with Xis at attR
and to stimulate excisive recombination up to 20-fold
when Xis is limiting (142). In vivo, the absence of Fis
reduced attP formation from an induced lysogen by
100 to 1,000-fold (138, 148); it was also shown to be
required along with Xis for binding to the attR region
in the P22 challenge phage system (149).

Fis, like the other host-encoded accessory protein
in the λ Int pathway, IHF, is a nucleoid associated pro-
tein of global, structural, and regulatory importance.
Its role in determining overall chromosome structure is
exerted by contributing to the looped-domain architec-
ture of the nucleoid, and by influencing the regulation
of genes encoding topoisomerases (150, 151, 152). Fis
plays a role in the initiation of DNA replication, in sev-
eral transposition reactions, and in the regulation of
transcription at many different genes by several differ-
ent mechanisms (for reviews, see references 112, 143,
151, and 153). The large number of critical sites of ac-
tion for Fis becomes even more significant when con-
sidering how dramatically its intracellular levels vary as
a function of cellular physiology.
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Figure 8 Complex of Xis with DNA. (A) The structure of 1-55XisC28S specifically bound
to X2 DNA penetrates adjacent grooves of the duplex by fastening on the phosphodiester
backbone. The major groove is filled primarily with helix α2 with the side chains of Glu19,
Arg23, and Arg26 playing a major role in specific DNA recognition. The adjacent minor
groove is contacted by the “wing” which does not contribute significantly to the specificity
of complex formation but does contribute to binding affinity, although to a smaller extent
than helix α2. The side-chain of Arg39 (brown) extends along the floor of the minor groove
where it makes direct and water-mediated hydrogen bonds. (B) A model for the Int (NTD)-
Xis-DNA ternary complex. The Int (NTD) is modeled to interact with the TGA trinucleotide
(underlined) of the P2 site (blue) in the DNA major groove. Xis is modeled on the X1 site
(magenta) in the same manner as observed in the complex with the X2 site. The C-terminal
tail of Xis, which is disordered in solution (not shown), is located adjacent to the C-terminal
helix of the NTD of Int to make a protein–protein interaction as shown by mutagenesis and
NMR titration data (179). (C) X-ray crystal structure of Xis bound to the Xis binding region
reveals the structural basis of cooperative binding. Xis monomers bound to the X1, X1.5,
and X2 sites are colored dark salmon, green, and blue, respectively. (D) Structure-based
model of an extended Xis-DNA filament. Units of the Xis-DNAX1-X2 crystal structure were
stacked end-to-end by superimposing site X1 over X1.5 to assemble a pseudocontinuous
helix with a pitch of ∼22 nm. Proteins are blue; DNA is orange. Reprinted with permission
from reference 139 (A and B) and reference 140 (C and D).
doi:10.1128/microbiolspec.MDNA3-0051-2014.f8
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Thompson et al. (142) showed that Fis levels drop
dramatically when cells entered stationary phase and,
more significantly, that occupation of the Fis binding
site on att site DNA also drops in stationary phase
cells. More detailed studies revealed that from these
extremely low levels in stationary phase, Fis levels in-
crease 500-fold during the initial lag phase when cells
are diluted into fresh medium, and reach a peak of
50,000 to 100,000 copies per cell as the culture enters
exponential phase. The control of Fis protein synthesis
is at the level of mRNA where it is repressed by Fis
protein (154, 155, 156) and stimulated by IHF (157).
Transcription from the fis promoter, Pfis, is critically
influenced by DksA, a component of the transcription
initiation complex that is also required for negative reg-
ulation of rRNA promoters (158, 159). DksA, which
acts in part by reducing the half-life of (unstable) RNA
polymerase-Pfis promoter complexes, elevates the re-
quired concentration of the initiating NTP (CTP) and
amplifies the inhibitory effect of ppGpp on Pfis (154,
155, 158, 160). In so doing, it constrains fis expression
primarily to early log phase at high growth rates, and
it inhibits expression at low growth rates or following
amino acid starvation (154, 155). However, as normal
growth phase-dependent regulation of fis is observed
in a ΔrelA ΔspoT strain, other mechanisms can evi-
dently compensate for the role of ppGpp in the path-
way (154).

The crystal structures of Fis revealed a globular di-
mer composed of four tightly intertwined α-helices with
two helix-turn-helix (HTH) motifs in each monomer
(5, 6). One of the most striking features of the Fis struc-
ture was that the D helices, which were proposed to fit
into adjacent major grooves of the DNA helix, are only
25 Å apart, approximately 10 Å shorter than the pitch
of normal B DNA.

The long-standing hurdle to obtaining Fis-DNA co-
crystals was the weak similarity among the many 15 bp
sequences capable of forming stable complexes with
Fis, thus, making it extremely difficult to derive an op-
timal consensus sequence for Fis binding. This obstacle
was finally overcome by Stella et al. (7), who compiled
the results of many analyses of Fis binding affinities in-
to an informative hierarchy of DNA sequences, culmi-
nating in two 27 bp oligonucleotides whose Fis binding
affinities were sufficiently optimized for crystallogra-
phy (see Fig. 9A). Having established that compression
of the central AT-rich minor groove is a critical feature
of Fis binding, the authors went on to show that intrin-
sic DNA bends are unlikely to contribute significantly
to Fis binding. Rather, they proposed that Fis initially
searches for DNA with an intrinsically narrow minor

groove, where AT composition, not sequence, is the
critical determinant. Most recently, the Johnson lab has
shown that the primary molecular determinant modu-
lating minor groove widths is the 2-amino group on
guanine (145).

While intrinsic DNA bends are not very important for
targeting Fis binding, the bends induced by bound Fis
are critical for its many functions, including DNA com-
paction, assembly of invertasomes, regulating transcrip-
tion, and, most importantly for this article, directing the

Figure 9 X-ray crystal structure of a Fis dimer complexed
with DNA (A) and its relation to Xis binding (B). (A) The C-
terminal helix representing the recognition helix of the HTH
unit of each subunit is inserted into adjacent major grooves
on the concave side of the 21 bp curved DNA. Only base con-
tacts with a single residue, Arg85, are important for binding.
The DNA undergoes substantial conformational adjustments,
including adoption of ∼65˚ overall curvature, to fit onto the
Fis binding surface. The central 5 bp of the DNA interface
are not contacted by Fis, but compression of the central mi-
nor groove to almost half the width of canonical DNA at the
center enables the α-helices to insert into the adjacent major
grooves, which do not show any appreciable change in width.
(B) Model of the Fis-Xis cooperative complex. The X-ray
crystal structure of three Δ55Xis monomers bound to the X1
(magenta), X1.5 (blue), and X2 (gold) binding sites was
superimposed onto the model of the Fis K36E X-ray structure
docked to DNA representing the F site. Fis subunits are cyan
and yellow. The DNA recognition helices of Xis bound at X2
and the proximal Fis subunit nearly form a continuous pro-
tein surface within the major groove. Reprinted with permis-
sion from reference 7 (A) and reference 8 (B).
doi:10.1128/microbiolspec.MDNA3-0051-2014.f9
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curvature of the attR complex. The Johnson lab pro-
posed that cooperative DNA binding between Fis and
its partners, which bind immediately adjacent to Fis but
generate only a small number of interfacial amino acid
residues, is likely facilitated by mutually compatible
changes in DNA shape.

Early experiments indicating that the F and X2 sites
on attR overlap one another had been interpreted to
suggest that both sites could not be bound simulta-
neously by their cognate proteins. However, subsequent
experiments using quantitative gel shifts, stoichiome-
try determinations, nuclease footprinting and protein–
protein crosslinking clearly established that Fis and Xis
bind to the F and X2 sites simultaneously and coopera-
tively (8, 141). Most interestingly, Papagiannis et al.
showed that Fis binds to the attR site in vitro with
approximately 100-fold greater affinity than Xis alone,
and in vivo, the rate of excision is reduced approxi-
mately 100-fold when Fis is absent (8). They proposed
that in vivo Fis targets the otherwise peripatetic Xis to
the X2 site, which then recruits Xis to X1.5 and X1.
Based on their Xis-DNA microfilament cocrystal struc-
tures and their Fis crystal structures they built a model
of the Fis-Xis complex on attR DNA, in which their
observed protein induced DNA distortions are pro-
posed to favor the cooperative binding of Fis and Xis
(Fig. 9B).

PATTERNS OF λ NTD BINDING
AND BRIDGING

Prior to considering the patterns of λ NTD binding and
bridging in recombination reactions between canonical
pairs of att sites, it should be noted the λ Int is also
capable of efficiently carrying out an IHF-dependent
recombination between two identical attL sites lacking
a P´1 arm site (55). The existence of such a bidirec-
tional pathway lacking the usual complement of com-
ponents raises interesting questions about the kinds
of recombinogenic complexes Int is capable of forming
(161, 162, 163) and also underscores the caveat of off-
pathway reactions.

The caveat of off-pathway reactions was echoed by
a caveat about the artificially imposed symmetry of the
NTD domains of the complexes used for X-ray crystal-
lography of Int tetramers bound to Holliday junctions
(discussed above). Earlier genetic and nuclease protec-
tion experiments had suggested that the patterns of
NTD binding to arm-type sites were asymmetric (see
Fig. 1) (reviewed in reference 27) and these results were
subsequently reinforced by nuclease protection studies
on Holliday junction intermediates (trapped with a

hexapeptide inhibitor [51]) and biotin interference as-
says (BIA) (164). The latter, which probe the require-
ments for protein binding at a particular DNA locus by
obstructing the major groove with a biotin bound to
the C5 position of designated thymines, was particular-
ly compelling because it monitored a complete integra-
tive or excisive recombination reaction. From these
experiments, it became clear that any attempt to under-
stand the architecture and function of canonical recom-
binogenic complexes would require an analysis of the
full ensemble of proteins and DNAs.

A requisite step in moving towards a panoptic in-
vestigation of the recombinogenic complexes was the
deciphering of which “core-type” and “arm-type” bind-
ing sites are joined to one another by Int-mediated
bridges. Towards this end, a disulfide trapping technol-
ogy (165, 166) was used, in conjunction with trapped
Holliday junction complexes (see Fig. 2), to introduce
disulfide crosslinks at the protein-DNA interfaces be-
tween an Int NTD and its cognate arm-type site, and
between an Int CTD and its cognate core-type site (36).
Trapped nucleo-protein HJ complexes doubly cross-
linked to Int were only observed with those att sites in
which cystamine-labeled arm site and the cystamine-
labeled core site are “bridged” by the same Int molecule.

From such analyses, it was concluded that the Int
bridges between arm- and core-type sites in the integra-
tive HJ recombination intermediate are: P´1–C´; P´2–C;
P´3–B´; and P1–B. The Int bridges in the excisive HJ in-
termediate are: P´1–C´; P´2–B; and P2–B´. This leaves
the C core site as the one that does not form an Int
bridge with one of the three arm-type sites required for
excisive recombination.

The Int bridges determined by site-directed cross-
linking in HJ complexes were confirmed and comple-
mented in full recombination reactions by a genetic
approach using two chimeric recombinases. The first,
called Crn1, consists of a Cre recombinase fused to the
NTD of λ-integrase; it has all the properties of λ Int
(described above) (89). This was complemented by con-
struction of a second chimeric recombinase, Crn2, in
which the NTD and CTD domains recognized different
arm- and core-type DNA target sequences (36). A col-
lection of hybrid att sites was constructed in which one
of the bridged arm-core pairs (identified by the chemi-
cal crosslinking experiments) had the arm and core
sequences recognized by Crn2, while the remaining
arm-core bridges had the arm and core sequences rec-
ognized by Crn1. Using these substrates, it was shown
that Crn1 could not carry out recombination unless
Crn2 was also present (and vice versa). The results of
the chimeric recombination reactions confirmed, and
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also provided information complementary to, the re-
sults from chemical crosslinking (as discussed below).

These results argue strongly against models in which
regulated directionality of λ Int recombination depends
upon some degree of Int bridge remodeling during the
course of the reaction. Furthermore, the monogamous
relationship of each arm-core bridged pair throughout
the course of the recombination reaction makes it pos-
sible to extrapolate from the patterns observed in the
HJ recombination intermediate to those predicted for
the presynaptic recombination partners and the post
HJ recombination products. Inspection of Fig. 10 re-
veals that for excisive recombination, the presynaptic
partners have only intramolecular bridges, suggesting
that Int bridging is not a driving force in synapsis of
attL and attR. This is also likely to be the case for inte-
grative recombination, even though the capture of a
naked attB by a fully assembled (supercoiled) attP com-
plex requires two intermolecular bridges (91). It was
postulated that the reason attB cannot bind Int proto-
mers unless they are part of a higher-order complex
stems from the need to overcome the NTD inhibition
of CTD function, described above (49), and not from
any driving force by intermolecular bridges (see also
discussion below).

ARCHITECTURES OF
RECOMBINOGENIC COMPLEXES

In an attempt to derive architectural models for the HJ
recombination intermediates, the Int bridging results
were augmented with in-gel fluorescence resonance
energy transfer (FRET) experiments (101, 167, 168,
169) to determine the apparent distances between se-
lected positions within the excisive recombination HJ
intermediate (37).

Using the Int bridging data, the apparent FRET
distances for the HJ recombination complex, and the
3D structures for all of the protein components in
their DNA-bound forms (4, 7, 8, 44, 45, 139, 140), it
was possible to computationally build a model for the
architecture of the λ excision complex (Fig. 11A, B, C).
Insights gained from the excisive complex along with
the integrative Int bridging data and 3D structures were
used to generate a corresponding model of the integra-
tive complex (Fig. 11D, E, F). Considered individually
and together, the two architectures afford a number of
interesting insights, as discussed below and in the figure
legends (37).

In the excision complex, the P´ and B arms form a
left-handed crossing, while the overall path of attR DNA
indicates a left-handed, nucleosome-like, wrapping by

Figure 10 Schematic summary of the Int bridges in integrative and excisive recombination.
The middle panel diagrams the Int bridges of the Holliday junction (HJ) recombination in-
termediates determined by Tong et al. (36). In the integrative complex, all four core sites
and four of the five arm sites enjoy an Int bridge while the excisive complex engages three
of the four core sites and three of the five arm sites. The flanking panels (brackets) depict
extrapolations from the HJ complexes to the respective att site recombination partners (sub-
strates) and recombinants (products) based on the deduction that Int bridges are not broken
and reformed during recombination. doi:10.1128/microbiolspec.MDNA3-0051-2014.f10
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IHF, Fis, Xis, and Int. The model thus predicts a nega-
tive DNA crossing node in attL and left-handed sole-
noidal wrapping in attR, both of which are consistent
with negative supercoiling in the normal substrates. In
the integrative complex the asymmetric mode of bind-
ing to C´, C, and B´ by the P´ arm requires considerable
flexibility in the linker segments between the CTDs and
NTDs, and this model explicitly predicts the formation
of a negative DNA-crossing node in the recombination
complex, where the P-arm crosses over P´. The model
also features an unusual and flexible P-arm tether that
positions Int-B for attB binding.

ASYMMETRYAND FLEXIBILITY

The architectures proposed for the recombinogenic com-
plexes differ in several ways from the crystal structures
of the HJ-bound Int tetramers bound to arm site DNA
duplexes (44). While this would not necessarily have
been predicted, it is not surprising, as the crystal struc-
tures did not include accessory DNA bending proteins
or their cognate DNA sites, which join the core- and
arm-type sites. An additional compromise required to
form crystals was the substitution of a pair of P´1–P´2-
containing oligonucleotides for the canonical asym-
metric arrangement of arm-type binding sites. Indeed,
subsequent experiments involving biotin-interference
mapping of complete recombination reactions (de-
scribed above) are more consistent with the asymmetric
architectures than the symmetric arrangement in the
smaller complexes designed for crystallization (164). In
contrast to the symmetric and tightly packed NTD
organization observed in crystal structures, the models
for the architectures of the complexes feature highly
asymmetric arrangements of the NTDs. In the former,
the domains are swapped, with the NTD of one Int
subunit located above the CB domain of an adjacent
Int. The latter is incompatible with domain-swapped
NTDs and implies considerable flexibility in the CB-
NTD linkers.

TOPOLOGY

Excisive recombination between directly repeated attL
and attR sites results in a large fraction of free circles
when supercoiling levels are low, similar to that ob-
served for the Cre and Flp recombinases (170). Integra-
tive recombination between directly repeated attP and
attB sites results in catenated circles for supercoiled
substrates, implying that the recombination process
itself imposes a strand crossing (170, 171, 172). Seah
et al. (37) argue that the proposed architectures are

consistent with these results and explain many of the
other topological findings of Crisona et al. (170). Addi-
tionally, the tightly wrapped nature of the integrative
complex model and the inclusion of a negative DNA
crossing node are consistent with, and may explain, in
part, the requirement for negative supercoiling for effi-
cient integration (91).

CAPTURING THE HOST attB SITE

From the time Richet and Nash (91) first showed that
attB comes naked to a recombination with its fully dec-
orated attP partner there has been considerable specu-
lation about the details of this synaptic event. Because
of the pseudodyad symmetry of the core-type sites the
openings of the bound integrase C-clamps must face in
opposite directions (45). While this is not a problem for
the monovalent family members it implies that for the
fully assembled attP complex one of the Int subunits
(the one destined to bind the B core site of attB) must
have the flexibility to wrap around the host chromo-
some from the opposite face.

Indeed, the architecture proposed for the integrative
complex does contain an inherently flexible P-arm that
tethers the Int-B subunit and allows for the dynamic
binding required to engage the bacterial chromosome
and ultimately lock onto the attB sequence. The model
is also consistent with, and explains, a difference be-
tween the two kinds of Int bridging experiments reported
by Tong et al. (36). Whereas chemical crosslinking of
the P1–B Int bridge was the most robust of all the Int
bridges, in the genetic analyses, the P1–B Int bridge was
the weakest, precisely the difference expected for a
flexible arm.

ARCHITECTURAL BASIS
FOR DIRECTIONALITY

The source of the strong bias towards the top strands
being exchanged first in formation of the HJ (33, 35) is
evident from the models in Fig. 11 and Fig. 12. During
excisive recombination, both attL and attR are bent at
their core sites in order to promote the bridging inter-
actions that form between core and arm binding sites.
The core site bend directions that lead to stable com-
plexes are coupled to IHF-induced bends and commit
both attL and attR to top strand cleavage upon synap-
sis of the sites. Similarly, only one bend direction of the
attP core site will lead to stable bridging interactions
between C/C´ core sites and P´1/P´2 arm sites. This
direction commits attP to top strand cleavage in the
synaptic complex with attB. Thus, the order of strand
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Figure 11 Models of the λ excisive and integrative recombination complexes. (A) Schematic representation of the excisive
complex architecture. The excision reaction product resulting from Holliday junction (HJ) resolution is shown. Int subunits
(blue, green, magenta, brown) are represented by a small circle (NTD) and a large circle (CTD). Integration host factor (IHF)
heterodimers (gray) are shown bound to the H´ and H2 sites. Fis dimer (pink) and Xis (tan) subunits are indicated. (B) Model of
the excisive complex in the same “top view” orientation as the schematic drawing in panel A. The NTD of the Int subunit bound
at the C core site (NTD-C) is shown separated from the rest of the complex to improve clarity of the P-arm trajectory. (C) Side
view of the excisive complex, highlighting the trajectory of the P-arm. IHF bending of the P´ arm at H´ directs the DNA over the
CTD domains of the Int tetramer, facilitating engagement of the P´1 and P´2 arm sites by the Int subunits bound at the C´ and B
core sites, respectively. In the P-arm of attR the phasing of the IHF-induced bend at H2 is different from that at H´; at H2, the
P-arm is directed along the plane of the catalytic domain tetramer. An A-tract sequence that is stabilized by Fis binding (7, 8)
directs the P-arm upwards, towards the Int CB domains. The cooperative Xis filament (8, 140) then redirects the P-arm across the
top of the Int CTD domains, where the P2 site is bound by the Int subunit bound at the B´ core site. The Xis subunit bound at X1
resides close to the position where the NTD of the Int subunit bound at the C core site (Int-C) would be expected. The NTD of
Int-C was not docked in a specific location of the excisive complex model, but it seems plausible, even attractive, that this domain
could bind nonspecifically to the P-arm near the X1 site, perhaps interacting with Xis. (D) Schematic of the integrative complex
architecture. The arm-type binding sites engaged by the four Int subunits are indicated. (E) Model of the integrative complex in
the same “top view” as illustrated in panel B. In this orientation, the P-arm rises towards the viewer, crosses over the P´ arm, and
is directed back towards the Int tetramer by the IHF bend at the H1 site. (F) Side view of the integrative model, looking approxi-
mately down the B core site. The NTD of the Int subunit bound at the B core site (NTD-B) is shown bound at the P1 site, on the
flexible P-arm. The CB and catalytic domains of the Int subunit bound at the B site can be seen wrapped around the opposing face
of attB, with the interdomain hinge indicated. The CTD-NTD linkers were not modeled and are not shown. IHF bending at H´
directs the P´ arm over the CTD domains of the Int tetramer, but in this case the P´1, P´2, and P´3 binding sites are engaged by the
Int subunits bound to C´, C, and B´, respectively. As Xis is not present in the integrative complex, the P-arm is directed upwards,
parallel to the Int tetramer, and as Fis stimulation of integration has been reported (180, 181), it was included in the model. IHF
bound to the H1 site redirects the P-arm back towards the Int tetramer, crossing over the P´ arm in the process. The P1 arm-type
site is thereby brought to a position where it can bind the NTD of the Int subunit poised for capture of the B core half-site (Int-B).
Reprinted with permission from reference 37. doi:10.1128/microbiolspec.MDNA3-0051-2014.f11
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exchange in both pathways is determined prior to syn-
apsis by formation of specific attL, attR, and attP com-
plexes (34).

The architecture of the excisive complex provides a
bird’s eye view of how Xis mediates its critical role as
the regulator of directionality (137, 173) (Fig. 13A). In
the absence of Xis, the P-arm would not be directed
across the top of the Int CTDs to make the required
P2-B´ bridge and the P-arm would not be properly posi-
tioned to stabilize a functional attR. An additional crit-
ical role for Xis is to promote the cooperative binding
of the Int NTD at P2 (66, 130, 174).

The architecture of the excisive complex also ex-
plains the long-standing question of why the excision
reaction does not run efficiently in reverse once attB is
released (Fig. 13B). After dissociation of attB, the attP
complex is expected to be less stable because it now
only contains a single intramolecular bridge (P´1–C´).
Furthermore, this complex has the potential to rear-
range, such that the attP core bends in the opposite
direction and facilitates the formation two intramolec-
ular bridges (P´1–C´ and P´2–C). While this complex re-
sembles a portion of the attP substrate complex, it is
prevented from proceeding to a competent complex by

Figure 12 Schematic representation of the excisive and integrative reactions, based on the
structural models shown in Fig. 13. Coloring of the protein subunits matches that shown in
Fig. 11. Reprinted with permission from reference 37.
doi:10.1128/microbiolspec.MDNA3-0051-2014.f12
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