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The Overview of the Topic was the following:

“One of the most active areas of research in molecular microbiology has been the study of
how bacteria modulate their genetic activity and its consequences. The prokaryotic world has
received much interest not only because the resulting phenomena are important to cells, but
also because many of the effects often can be readily measured. Contributing to the interest of
the present topic is the fact that modulation of gene activity involves the sensing of intra- and
inter-cellular conditions, DNA binding and DNA dynamics, and interaction with the replication/
transcription machinery of the cell. All of these processes are fundamental to the operation of a
genetic entity and condition their lifestyle. Further, the discoveries achieved in the bacterial world
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have been of ample use in eukaryotes. In addition to the fundamental interest of understanding
modulation of prokaryotic lifestyle by DNA-binding proteins, there is an added interest from
the healthcare point of view. As it is well known the antibiotic-resistance strains of pathogenic
bacteria are a major world problem, so that there is an urgent need of innovative technologies
to tackle it. Most of the acquired resistances are spread by processes of horizontal gene trans-
fer mediated by mobile elements in which DNA replication and gene expression are of basic
interest. There is an imperative of finding new alternatives to the ‘classical’ way of treatment of
bacterial infections and these new alternatives include the discovery of new drugs and of new
bacterial targets. Nevertheless, these new alternatives will find a dead-end if we are unable to
obtain a better understanding of the basic processes modulating bacterial gene expression. Our
goal to achieve with this Topic of Frontiers is to accelerate our understanding of protein-DNA
interactions. First, the topic will bring together several very active researchers in the study of
gene replication, gene regulation, the strategies applied by the different proteins that participate
in these processes, and their consequences. We will also acquire an in-depth knowledge of some
of the mechanisms of gene regulation, gene transfer and gene replication. Further, the readers
of the papers will realize the importance of the topic and will learn the most recent thinking,
results, and approaches in the area”.

We are fully confident that we have exceeded our expectations. Now we are proud to present the
final output of the Topic, which is the eBook. It includes 24 articles contributed by 118 authors.
As of today, Monday, 16th, January 2017, the total number of readings has reached 19,284, 14,921
article views, and 2,944 article downloads.

Citation: Venkova, T., Juarez, A., Espinosa, M., eds. (2017). Modulating Prokaryotic Lifestyle
by DNA-Binding Proteins. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-105-0
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Editorial on the Research Topic

Modulating Prokaryotic Lifestyle by DNA-Binding Proteins: Learning from (Apparently)
Simple Systems

Within the research in Molecular Biology, one important field along the years has been the analyses
on how prokaryotes regulate the expression of their genes and what the consequences of these
activities are. Prokaryotes have attracted the interests of researchers not only because the processes
taking place in their world are important to cells, but also because many of the effects often
can be readily measured, both at the single cell level and in large populations. Contributing to
the interest of the present topic is the fact that modulation of gene activity involves the sensing
of intra- and inter-cellular conditions, DNA binding and DNA dynamics, and interaction with
the replication/transcription machinery of the cell. All of these processes are fundamental to the
operation of a biological entity and they condition its lifestyle. Further, the discoveries achieved in
the bacterial world have been of ample use in eukaryotes. In addition to the fundamental interest
of understanding modulation of prokaryotic lifestyle by DNA-binding proteins, there is an added
interest from the healthcare point of view. As it is well-known the antibiotic-resistance strains
of pathogenic bacteria are a major world problem, so that there is an urgent need of innovative
approaches to tackle it. Human and animal infectious diseases impose staggering costs worldwide
in terms of loss of human life and livestock, diminished productivity, and the heavy economic
burden of disease. The global dimension of international trade, personal travel, and population
migration expands at an ever-accelerating rate. This increasing mobility results in broader and
quicker dissemination of bacterial pathogens and in rapid spread of antibiotic resistance. The
majority of the newly acquired resistances are horizontally spread among bacteria of the same
or different species by processes of lateral (horizontal) gene transfer, so that discovery of new
antibiotics is not the definitive solution to fighting infectious diseases. There is an absolute need
of finding novel alternatives to the “classical” approach to treat infections by bacterial pathogens,
and these new ways must include the exploration and introduction of novel antibacterials, the
development of alternative strategies, and the finding of novel bacterial targets. However, all these
approaches will result in a stalemate if we, researchers, are not able to achieve a better understanding
of the mechanistic processes underlying bacterial gene expression. It is, then, imperative to continue
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gaining insight into the basic mechanisms by which bacterial cells
regulate the expression of their genes. That is why our Research
Topic hosted by Frontiers in Molecular Biosciences was timely,
and the output of it offers novel and up-to-date points of view to
the “simple” bacterial world.

THE RESEARCH TOPIC

From the beginning of announcing the present Topic, we
stated that “our goal to achieve with this Topic of Frontiers
was to accelerate and to broaden our understanding of gene
regulation in prokaryotes through knowledge on protein-DNA
interactions.” Thus, it was our aim that the topic would provide
us with the opportunity of bringing together a number of
very active researchers that were dealing with DNA replication,
genetic regulation, as well as the approaches taken by the
various proteins that play a role in these processes and their
consequences. The papers compiled in this Research Topic
will allow us to gain an up-to-date knowledge of some of the
mechanisms of genetic regulation, DNA transfer, and DNA
replication as well. Further, the readers will understand the
influence of the topic on the scientific world, and will learn
the most contemporary reasoning, results, and experimental
approaches in the area. The authors of the articles which
compose the Research Topic represent some of the top
laboratories in the world actively working on the Topic
of DNA-binding proteins from prokaryotic origin. We are
aware that the list of contributors is far from complete. But
logical limitations must be introduced. The present Research
Topic brings together important articles dealing with the
study of gene regulation and the mechanisms underlying,
including replication, transfer, segregation, and transcriptional
and post-transcriptional control of gene expression as well
as global regulatory networks in prokaryotes. Finally, we
envisage that a large number of people will notice the
topic subject and will thereby come to realize that it is of
great importance, broadening the expected impact. Hence, it
seems important to reunite, in a single and intense Research
Topic the articles written by researchers that give the latest
information from the various fields of structural analysis
with those who provide genetic, biochemical, and biophysical
information.

We have gathered a total of 24 articles written by a total
of 114 authors, thus we believe the joint contributions has
reached a high level of contributors that have achieved a high
scientific standard that will be difficult to overcome in future
attempts in this particular field. We are pleased to present articles
covering not only basic research, but also applied science. The
readers will be able to look at the bacterial replication control
in terms of time (Riber et al.), mechanistic concepts (Wegrzyn
et al.), novel ways to achieve DNA replication (Salas et al.),
basic principles of DNA strands’ opening (Jha et al.), and a
novel regulation of a replication initiator protein by inorganic
compounds (Ruiz-Maso et al.). Segregation and partition of DNA
copies to daughter cells (Oliva; Funnell et al.) will help the
readers to understand the basis of this fundamental process:
how cells receive copies of DNA lies at the basis of bacterial

life. Control of bacterial gene expression has been tackled at
different levels. Firstly, gene-expression control at the level of
transcription covers various aspects including RNA Polymerase
interactions (Lee and Borukhov), environmental signal sensing
(Hartman et al.), and genome-wide indirect regulation via
protein-DNA interactions at a distance causing large-scale
restructuring of the chromosome (Qian et al.). Secondly, global
regulatory networks (Solano-Collado et al; Erill et al; Cech
et al; Brandi et al.) as well as post-transcriptional control
(Amin et al.) that lead to intra-chromosomal communications
and structural arrangement by DNA-interacting proteins have
been a subject of very active research. And thirdly, the role
of bacterial operons encoding toxin-antitoxin genes, and how
they regulate their expression has been reviewed from the
structural and functional points of view by Chan et al. Deeper
understanding of general biological processes like replication
and transcription in bacteria favors the quest for novel anti-
bacterial agents, a life-saving area of research that is discussed
by the Lee and Borukhov. The bacterial conjugation studied
as a major pathway for horizontal gene transfer that leads to
the spread of antimicrobial resistance, has been approached
by Grohmann et al, Gruber et al., Ferndndez-Gonzdlez et
al., and discussed in detail by Fernandez-Lopez et al. On
the other hand, extensive research on human pathogens as
Salmonella (Lobato-Marquez et al.), Shigella (Letzia Di Martino
et al.), and Gram-positive bacteria (Albanesi and de Mendoza)
provides not only better understanding of their molecular
genetics, but also could become novel diagnostics, anti-virulence,
and biotechnological tools. The relatively recently discovered
bacterial immune system CRISPR, applied in eukaryotic genomic
engineering and soon in human medicine, is also tackled
in a theory article presenting a mathematical model on the
role of plasmid/phage copy number in the process (Severinov
etal.).

WHERE DO WE GO FROM HERE?

We have arrived in the post genomic era in a somewhat
embarrassing position. We now know the genomic content of
a large number of organisms and the gene expression patterns
in many of them. We indeed are in the situation of trying
to handle big data buried within the many little crevices and
nooks of the Internet resources. However, for the minority
of gene products whose cellular function is presently known,
only occasionally we know how the protein product of a gene
actually works or how it interacts with other components in
the cell. This situation is equivalent to being able to understand
Morse code, but not yet understanding the language of the
person sending us the telegraphic message. We should aim
to a comprehensive view of regulatory systems which for
the most part are not yet fully understood. In addition, we
should learn more from the mechanisms of action of some of
proteins that play central roles in global regulation of cellular
function. Prokaryotic systems need to be emphasized because
in general these systems are considerably better understood
than their eukaryotic counterparts are. This is because work
with prokaryotes allows highly sophisticated genetic analyses,
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complex and sensitive physiological measurements, and detailed
biochemical and biophysical studies of the components of
regulatory systems. It is with prokaryotic systems that the
goal, now distantly visible on the horizon, of achieving a basic
understanding of all the biological processes within a cell and
their interactions, will first be achieved. Novel search engines
must be developed, so that we can use the many data that
are nowadays at our disposal, but we must find ways and
procedures on how to dig them out, how to order them
and clarify their meaning and how to be able to develop
models in which we can express or views of the prokaryotic
world. Sharing this information among scientists that try to
understand the complexity of the prokaryotic world should
constitute the next generation of knowledge and toward the
today science, in our opinion, should devote the next coming
years.
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Opening the Strands of Replication
Origins —Still an Open Question
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Laboratory of Biochemistry and Molecular Biology, Center for Cancer Research, National Cancer Institute, National Institutes
of Health, Bethesda, MD, USA

The local separation of duplex DNA strands (strand opening) is necessary for
initiating basic transactions on DNA such as transcription, replication, and homologous
recombination. Strand opening is commonly a stage at which these processes are
regulated. Many different mechanisms are used to open the DNA duplex, the details of
which are of great current interest. In this review, we focus on a few well-studied cases
of DNA replication origin opening in bacteria. In particular, we discuss the opening of
origins that support the theta (6) mode of replication, which is used by all chromosomal
origins and many extra-chromosomal elements such as plasmids and phages. Although
the details of opening can vary among different origins, a common theme is binding of
the initiator to multiple sites at the origin, causing stress that opens an adjacent and
intrinsically unstable A+T rich region. The initiator stabilizes the opening by capturing
one of the open strands. How the initiator binding energy is harnessed for strand opening
remains to be understood.

Keywords: replication origins, DNA melting, bacterial origins, lambda origin, plasmid origins

INTRODUCTION

A remarkable feature of double stranded DNA (dsDNA) is its ability to undergo denaturation,
whereby its strands can be completely separated into single strands, and renaturation, whereby
the two complementary strands can be annealed back to form dsDNA. In vitro, DNA can undergo
denaturation or renaturation simply in response to a change in salt concentration, temperature, pH
or the presence of mild reagents such as formamide (Inman, 1966; Westmoreland et al., 1969). The
reversibility of strand separation is the basis of hybridization techniques such as Southern blotting
and PCR.

Strand opening usually refers to situations where the stability of duplex DNA is altered locally
and for a limited period by DNA binding proteins. Complementary strands of DNA are most
stable in the double helical B-form as modeled by Watson and Crick. Opening of the strands is
thus energetically unfavorable. Active processes are involved in making the opening site-specific,
and of significant length and duration so that the downstream events become feasible. In the
case of replication initiation, the immediate downstream event is the loading of the replicative
helicase. The helicase enlarges the opening and mediates loading of the primase and the replisome
machinery that are required for duplicating the DNA (Bell and Kaguni, 2013).

Among different origins, the structure and the process of strand opening vary significantly, but
there are several commonalities (Bramhill and Kornberg, 1988b; Figure 1). Common elements
include: (1) The presence of multiple initiator protein binding sites (9-mers) within the origin.
The binding of the initiator allows site-specific opening, which enables helicase loading. (2)
The presence of A+T-rich DNA sequences (13-mers) within the origin where the opening

Frontiers in Molecular Biosciences | www.frontiersin.org

September 2016 | Volume 3 | Article 62 |11


http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org/Molecular_Biosciences/editorialboard
http://www.frontiersin.org/Molecular_Biosciences/editorialboard
http://www.frontiersin.org/Molecular_Biosciences/editorialboard
http://www.frontiersin.org/Molecular_Biosciences/editorialboard
http://dx.doi.org/10.3389/fmolb.2016.00062
http://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2016.00062&domain=pdf&date_stamp=2016-09-30
http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive
https://creativecommons.org/licenses/by/4.0/
mailto:chattoraj@nih.gov
http://dx.doi.org/10.3389/fmolb.2016.00062
http://journal.frontiersin.org/article/10.3389/fmolb.2016.00062/abstract
http://loop.frontiersin.org/people/195618/overview

Jha et al.

Replication Origin Opening in Bacteria

initiates. A stretch of ~20 bp A+T-rich region (called a DNA
unwinding element, or DUE) is common within replication
origins, most likely due to the fact that A+T-rich regions are
easier to melt than G+4C rich sequences (Inman, 1966; Kowalski
and Eddy, 1989). (3) Remodeling (bending/folding/stretching)
of origin DNA upon initiator binding, which is often facilitated
by additional binding of nucleoid associated proteins (NAPs,
e.g., HU; Stenzel et al, 1987; Hwang and Kornberg, 1992a;
Dorman, 2009). (4) A requirement for the DNA to be negatively
supercoiled, which is an under-wound and unstable state, that
can make the DNA prone to opening but not open enough for
helicase loading (Bramhill and Kornberg, 1988a). (5) Opening at
DUE resulting from its intrinsic instability, and stress from DNA
remodeling and negative supercoiling (Bowater et al., 1991).
(6) Stabilization of the open state by the single stranded DNA
(ssDNA) binding activity of the initiator, which captures one
specific single strand of the open DNA so that the other is
available for helicase loading. It is worth emphasizing that in
vivo the aggregate of the A+T rich DUE, NAPs and negative
supercoiling are not enough, and that the initiator binding to
the origin provides an essential contribution to the energetics
of opening. Additional regulatory factors are usually involved
to modulate the frequency and timing of opening. Below we
elaborate on the core features of opening for a few specific origins.

OPENING OF AN AAA+ PROTEIN
CONTROLLED ORIGIN, ORIC, OF
ESCHERICHIA COLI

The opening of the E. coli origin, oriC, has been studied in the
most depth. The opening was demonstrated in vitro at a time
when DNA replication could be separated into discrete stages,
with each step dependent on the previous one: initiator binding
to the origin, strand opening at DUE, loading of the helicase,
and finally, loading of the primase and the rest of the replisome
(Figure 1; Bramhill and Kornberg, 1988b; O’Donnell, 2006). The
ability to delineate the replication initiation process into discrete
stages revealed that origin opening is not only a critical first step,
but also a key replicon-specific event, as the players in subsequent
steps seem common to all replicons.

Decades of genetic, biochemical and structural studies have
generated a wealth of information on the structure-function
relationship of the E. coli initiator, DnaA. DnaA is a highly
conserved initiator protein in bacteria with structural similarity
to initiators in the other domains of life (Giraldo, 2003).
DnaA belongs to the AAA+ superfamily of ATPases (Neuwald
et al., 1999) and has four domains (Ozaki and Katayama, 2009;
Figure 2A): An N-terminal domain for homo-oligomerization
and interactions with other replication related proteins, a non-
conserved linker domain between the N-terminal domain and
the large AAA+ domain for binding and hydrolyzing ATP,
and a C-terminal DnaA binding domain (DBD) containing a
helix-turn-helix (HTH) motif and a proximal basic loop for
specific binding to dsDNA (Erzberger et al., 2002). The AAA+
domain mediates ATP dependent DnaA oligomerization that is
independent of the N-terminal domain, which allows the AAA+

domain to bind to ssDNA (Duderstadt et al., 2011). DnaA thus
uses two different domains to bind to ds- and ss-DNA. DnaA
has several binding sites in oriC. The organization of the sites
and their interactions with DnaA are complex (Leonard and
Grimwade, 2010). Models have been proposed to explain how
these interactions may give rise to strand opening, as we discuss
below.

Formation of Nucleoprotein Complexes at

oriC of E. coli

DnaA binds through its C-terminal HTH motif to dsoriC at
eleven 9-mer sites (Figure 2B). The three high affinity sites (R1,
R2,and R4, Kd < 20 nM) remain bound throughout the cell cycle,
and have equal affinity for DnaA-ATP and DnaA-ADP (Nievera
et al,, 2006). Binding to the remaining sites requires cooperative
interactions with DnaA bound to the high affinity sites, with most
requiring higher concentrations of DnaA-ATP. Binding to these
weaker sites is cell-cycle specific and peaks immediately before
the time of initiation, when the DnaA-ATP concentration reaches
a maximum (Kurokawa et al., 1999; Nievera et al., 2006).

Two NAPs, Fis and IHE regulate the timing of DNA-ATP
binding. When bound to oriC, Fis inhibits saturation of DnaA-
ATP binding to the weaker sites. Upon release of Fis, IHF
binding facilitates saturation of binding (Ryan et al, 2004).
These studies indicate that saturation of binding is a highly
regulated process in the cell cycle, and is achieved by controlling
the DnaA-ATP concentration. The increase in the DnaA-ATP
concentration promotes oligomerization of DnaA-ATP from R4
to C3, which is believed to cause dissociation of Fis from its
site that overlaps C3 (Rozgaja et al., 2011). Fis dissociation is
believed to remove the steric barrier to IHF association, although
the exact mechanism remains to be determined (Kaur et al.,
2014; Leonard and Grimwade, 2015). The involvement of NAPs
suggests the presence of long range interactions in the formation
of nucleoprotein complexes at oriC. The importance of the
relative distances between DnaA binding sites and their helical
phasing is also suggestive of higher order structure formation
(Woelker and Messer, 1993). Neither Fis nor IHF are essential
in vivo or for replication in vitro; they are, however, required
for regulating replication initiation in the cell cycle (Ryan et al.,
2004). IHF can efficiently substitute for HU in vitro, indicating
redundancy in NAPs requirement in vivo (Hwang and Kornberg,
1992a).

In addition to the eleven 9-mer sites, oriC contains three
repeating 13-mer sequences that comprise the DUE, to which
DnaA-ATP binds (Figures 1, 2; Speck and Messer, 2001). The 13-
mers have adenine methylation sites, which, when methylated,
are expected to favor strand separation (Gotoh and Tagashira,
1981). DnaA binding to DUE most likely requires the DUE to
be single stranded, although initial binding may occur on dsDUE
(Figure 3A; Duderstadt et al., 2011). The binding is mediated
through the AAA+ domain of DnaA oligomers (Ozaki et al,
2008; Duderstadt et al., 2011). These details were obtained from
X-ray crystallographic structures of N-terminal deleted DnaA
from thermophilic bacteria (Erzberger et al., 2002; Ozaki et al,,
2008). The DNA-protein and protein-protein contacts seen in
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FIGURE 1 | Biochemical steps leading to initiation of replication from the E. coli origin, oriC. The figure is adapted from (Bramhill and Kornberg, 1988a) with
permission from the publisher. The initiator DnaA initially binds to the 9-mers (R sites), and then saturates the origin in the presence of ATP and HU. Under favorable
reaction conditions (high ATP, negative supercoiling, 38°C, appropriate concentration of HU), the region with three 13-mers (DUE) opens. The opening allows loading
of the DnaB-DnaC complex (the helicase and the helicase loader), and subsequently the rest of the replisome to initiate and complete duplication of the
minichromosome. Note that (i) the entire process can be achieved with purified components (Kaguni and Kornberg, 1984; Bramhill and Kornberg, 1988a); (i) the top
strand of the open region contacts the DnaA-ATP bundle, which stabilizes the open complex; (i) DnaA-ATP binding to oriC can be achieved at <1 WM concentrations
of ATP, whereas the opening requires mM concentrations of ATP, most likely for reasons other than DNA binding (Saxena et al., 2015); (iv) The DNA spiral (“writhing”)
shown surrounding the DnaA-ATP bundle is left-handed. Current evidence suggests it to be right-handed, which is more logical in terms of opening (Erzberger et al.,

2006); and (v) HU stimulates opening, and helps to localize it to 13-mers, but is not essential (Bramhill and Kornberg, 1988a).

crystals are also functionally significant in E. coli (Ozaki et al.,
2008; Duderstadt et al., 2011).

Several important key findings have emerged from structural
studies. Whereas DnaA-ADP is monomeric, DnaA-ATP is
oligomeric (Erzberger et al., 2002, 2006; Ozaki et al.,, 2008;
Ozaki and Katayama, 2012). The oligomerization is dependent
on ATP, which bridges neighboring DnaA protomers at the
interface between neighboring subunits by making contact with
the Walker A and B motifs of one subunit and a conserved
arginine (“arginine finger”) of the neighboring subunit through
its y-phosphate. The involvement of the y-phosphate explains
why DnaA-ADP fails to oligomerize. Mutating the arginine finger
abolishes ATP-dependent binding of DnaA to oriC and initiation
activity. Thus, oligomerization appears to be the mechanism to
allow sequential binding to weak dsDNA sites and to the DUE
(Cheng et al., 2015).

Models for Opening at oriC

DnaA-ATP in the crystal and in solution is a polymeric, right-
handed spiral filament, which affords a ready explanation for how
it could facilitate opening: Wrapping of DNA around a right-
handed spiral is the same as introducing positive supercoils that
could spontaneously induce compensatory negative supercoils in
the adjoining DNA (Erzberger et al., 2006; Zorman et al., 2012).
Although the negative supercoils can diffuse out of the origin,
their proximity to wrapped DNA and propensity for melting

render them more likely to be absorbed by unwinding of the
DUE (Bowater et al., 1991; Polaczek et al., 1998). In this scenario,
the wrapping of dsDNA around DnaA not only generates the
unwinding force but also helps to confine the unwinding within
the DUE. A stronger barrier to supercoil diffusion out of the
A+-T-rich DUE is suggested by the finding that the open state of
DUE is quite stable in the absence of helicase loading in vitro and
in vivo (Odegrip et al., 2000). Capturing one of the single strands
by the AAA+ domain of DnaA oligomers as found in co-crystals
could be a straightforward way to retain the DUE in the open
state (Duderstadt et al., 2011).

DnaA may also directly open dsDUE (Figure 3A). This model
is based on the structural similarities of ssDNA in complex with
DnaA-ATP or RecA-ATP, and the biochemical evidence that
DnaA can unwind short stretches of dsDNA (Duderstadt et al.,
2011). RecA can transfer a single strand to homologous dsDNA
(Shibata et al., 2001). Although cocrystals of DnaA-ATP with
dsDNA are yet to be obtained, such structures were obtained
with the archaeal initiator, Cdc6/Orcl, which is an AAA+ protein
with significant homology to DnaA (Giraldo, 2003). The archaeal
initiator was found to distort dsDNA, and DnaA also bends DNA
upon binding (Schaper and Messer, 1995). Thus, similar to RecA,
DnaA oligomers may initially contact dsDUE and distort the
region enough to initiate ssDUE binding.

Structural studies indicate two distinct states of DnaA-ATP
for ds- and ss-DNA binding. For contact with dsDNA, the
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FIGURE 2 | (A) The four domains of DnaA. (B) Map of oriC showing several DnaA binding sites that were identified subsequent to the 9-mers shown in Figure 1. The
figure is adapted from (Rozgaja et al., 2011) with permission from the publisher. Three of the 9-mers are high-affinity R sites (R1, R2, and R4) that bind DnaA-ADP and

IHF (72 I V) I3 C1 R4

DnaA-ATP with nearly equal affinity and they remain bound throughout the cell cycle. The remaining sites R5, 1, 12, [1-I13, and C1-C83 are present in two phased
arrays and preferentially or exclusively bind to DnaA-ATP, except for R5 which binds both DnaA-ADP and DnaA-ATP, as other R sites do (McGarry et al., 2004;
Kawakami et al., 2005; Rozgaja et al., 2011). [Note that DnaA binding site R3 is not shown. The identification of R3 could have been a misinterpretation of binding to
C2 and C83, which overlap with R3 (Rozgaja et al., 2011)]. Upon accumulation of DnaA-ATP, the R1 and R4 sites nucleate sequential binding of DnaA to the two
arrays. The DnaA oligomer extension could displace Fis (orange trapezoid), possibly removing some steric hindrance to IHF binding (blue trapezoid; Kaur et al., 2014).

C-terminal HTH domains of DnaA oligomers stick out of the
spiral and are free to contact dsDNA as it wraps around the spiral
from the outside (Figure 3A). For contact with ssDNA, the HTH
domain collapses on the AAA+ domain of the partner protomer
and can no longer contact dsDNA. The interaction between
the collapsed HTH domain and the AAA+ domain is required
for oligomerization-mediated ssDNA binding, origin opening,
and initiation in vivo (Duderstadt et al., 2010). In other words,
the HTH domain also contributes to DnaA oligomerization.
What triggers the HTH domain to change its conformation
from an extended to a collapsed state in DnaA oligomers
is not understood. Another study suggested that ds- and ss-
DNA binding can occur simultaneously on the same DnaA-
ATP oligomer (Ozaki and Katayama, 2012; Figure 3B). When
DUE sequences were provided as single-stranded oligos together
with a DUE-deleted dsoriC fragment, the oligos could contact
specific pore residues of the DnaA-ATP spiral. Mutating the
contacting residues (V211A and R245A) prevented DUE binding
and opening. Although it remains to be resolved whether the
ds- and ss-DNA binding occur with separate or the same DnaA
molecules, it is clear that DnaA oligomerization is important for
origin opening and ssDNA binding. The importance of DnaA
oligomerization has also been demonstrated in Bacillus subtilis
(Scholefield et al., 2012).

Weak DnaA binding sites are clustered into two phased arrays
that are oriented opposite to each other (Rozgaja et al.,, 2011;
Figure 2B). The wrapping model appears inconsistent with this

finding, because the handedness of wrapping is expected to be
opposite for the two arrays and the torsional stress generated
by wrapping of one array would be neutralized by wrapping of
the other. However, the contribution of the two arrays to stress
may not be equivalent. The DUE proximal array may be more
important and can suffice for the opening. In fact, the deletion of
the DUE distal array from oriC does not affect viability, and can
achieve DUE opening, ssDNA binding and some DnaB loading
in vitro (Stepankiw et al., 2009; Ozaki and Katayama, 2012). The
DUE distal array becomes crucial during rapid growth and is
required for enhancing helicase loading both in vitro and in vivo
(Weigel et al., 2001; Stepankiw et al., 2009). Some elements of
oriC might not be essential but they are there for improving its
efficiency.

Regulation of oriC Opening

So far, we have discussed the importance of DnaA-ATP in
regulating the opening, and the involvement of NAPs in this
process. There are also other regulatory proteins that influence
the opening by controlling DnaA interactions with oriC. Many
of these regulators interact with the N-terminal domain of
DnaA and modulate its oligomerization activity. Proteins HU
and DiaA promote oligomerization and unwinding by DnaA
(Hwang and Kornberg, 1992a; Chodavarapu et al, 2008a;
Keyamura et al, 2009). There are also N-terminal domain
binding proteins L2 and Dps that impede oligomerization
and origin opening (Chodavarapu et al., 2008b, 2011). These
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DUE X quNA binding sites

FIGURE 3 | (A) A “two-state DnaA assembly model” for origin opening based
primarily on crystallographic studies (Duderstadt et al., 2010). The figure is
adapted from the authors’ paper with permission from the publisher. The oriC
regions where DnaA-ATP binds to DUE or to dsDNA are shown in different
colors. In one state, the domain IV of DnaA stays extended and accessible for
dsDNA binding. The binding initiates at the high-affinity sites and spreads to
lower affinity sites with the increased availability of DnaA-ATP, as in Figure 2.
Upon encountering the DUE, DnaA domain IV collapses on the AAA+ domain
and becomes inaccessible for dsDNA binding. In this state, the AAA+ domain
is used for ssDNA binding. The authors also considered the possibility that
DnaA may initially bind to DUE when it is still ds (the right lower panel). (B) A
“ssDUE recruitment model” based primarily on biochemical studies (Ozaki and
Katayama, 2012). The figure is an adaptation from the authors’ paper with
permission from the publisher and shows DnaA without domains | and Il. In
this model, recruitment of one of the single strands of the DUE occurs by
DnaA binding simultaneously to both DUE and dsDNA. The authors also
considered that separate DnaA molecules bound to ss- or ds-DNA may
interact with each other in DUE recruitment (not shown). The models in (A) and
(B) both involve DnaA oligomerization and different DnaA domains for ss- and
ds-DNA binding. The recruitment model incorporates additional features
known to be important for opening: IHF binding, additional oligomerization
through the N-terminal domain in organizing the open complex (not shown),
and a spacer DNA between the DUE and R1 that is not bound by DnaA. The
latter feature indicates that DnaA may not form a continuous spiral from
dsDNA to the DUE as in (A).

N-terminal domain activities help in timing replication during
the cell cycle and in maintaining replication synchrony during
rapid growth, but are not essential for origin opening. Indeed,
several studies have concluded that the essential role of the
N-terminal domain is in the loading of the helicase (Sutton
et al, 1998; Sharma et al., 2001; Speck and Messer, 2001;
Simmons et al., 2003). However, DnaA cannot be loaded to low-
affinity sites without an intact N-terminal domain, which would
imply an essential role of the domain in opening (Miller et al.,
2009). These apparent contradictions highlight the importance
of clarifying the role of the N-terminal domain-mediated
oligomerization.

There are also regulators that can indirectly control the
opening of the DUE. Some regulators, such as SeqA and IciA,
bind directly to the DUE and prevent opening by interfering with
DnaA binding (Hwang and Kornberg, 1992b; Lu et al., 1994).
SeqA also prevents DnaA binding to some of the low affinity sites
that have overlapping SeqA binding sites (Nievera et al., 2006).

Several other regulators control the DnaA-ATP level. These
regulators have been reviewed comprehensively elsewhere, and
will not be discussed here (Katayama et al., 2010; Skarstad and
Katayama, 2013). Finally, for unknown reasons, transcription is
required for replication initiation (Skarstad et al., 1990). The act
of transcription elongation induces negative supercoiling of the
upstream DNA. An appropriately oriented promoter may thus
help origin opening by increasing negative supercoiling. This is
further discussed below.

OPENING OF THE BACTERIOPHAGE
LAMBDA ORIGIN BY TRANSCRIPTIONAL
ACTIVATION

In phage lambda (1), DNA replication has been extensively
studied and is fairly well-understood. Before the days of
cloning, the small size of the phage genome (about 50 kb, one
1/100th the size of the E. coli chromosome) made physical
manipulation possible, allowing isolation and characterization of
intact replication intermediates. This led to the first unambiguous
demonstration that replication starts from a unique origin,
and that two replication forks proceed from the origin in
opposite directions (bidirectional replication), as was conceived
in the replicon model (Jacob et al., 1964; Inman and Schnds,
1971).

Genetic characterization of lambda replication has provided
quite a few alternate strategies for replication initiation. For
example, instead of DnaA as the initiator, two phage-encoded
initiators, the O and P proteins, are used (Ogawa and Tomizawa,
1968). The initiation depends on transcription within or nearby
the origin region (Dove et al., 1969). A more remarkable finding
was the discovery of three chaperone proteins in E. coli (DnaJ,
DnaK, and GrpE) and their participation in replication initiation
(Georgopoulos and Herskowitz, 1971; Saito and Uchida, 1977;
Friedman et al., 1984). In vitro studies with purified components
reproduced the salient features of the system as determined in
vivo: bidirectional replication, and requirements for transcription
and chaperone proteins (Learn et al., 1993). We elaborate on
these features in the context of our general scheme of origin
opening.

The minimal region that retains the replication characteristics
of the entire genome is contained within 2.4 kb (\dv, Figure 4).
It comprises a promoter Pr and four genes cro, cII, O, and P
that are transcribed from P (Matsubara, 1981). The origin (ori\)
maps within the O gene and transcription from Pr activates
the origin, in addition to its role in providing the mRNA for O
and P synthesis. orik contains nearly perfect inverted repeats of
a 19-bp sequence that bind O protein dimers (Grosschedl and
Hobom, 1979; Moore et al., 1979; Tsurimoto and Matsubara,
1981). The initiator binding repeats of the origin were given a
special name, iterons (Moore et al., 1979). O binding to orik
in a negatively supercoiled DNA causes a significant structural
change that includes the opening of the neighboring 40 bp A+T
rich region (Dodson et al., 1986; Schnos et al., 1988). The iteron
DNA is bent in solution and bends further upon O binding, and
it has been proposed that the “free energy of bending is trapped
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FIGURE 4 | Genetic map of the region required for A replication. A
plasmid carrying the region marked Adv can replicate autonomously in E. coli.
The region includes an operator/promoter (OgrPR), which can be repressed by
either cl or Cro protein. The three genes, cro and the initiators O and R
constitute an operon under OgPR control. The origin, orix, maps within the O
gene and requires activation by transcription from Pr. When PR is repressed,
suppressor mutations that can activate the origin create new promoters (c17,
riC5b), which are not repressed by cl or Cro and are expressed constitutively.
The expanded map of orix shows four inverted repeats (inverted arrows) for
binding of O protein dimers followed by a 40 bp long A+T rich region.

in the orik-O complex” (Zahn and Blattner, 1987). The opening
is dependent on negative supercoiling and binding of O protein
copies to each of the multiple iterons.

In vitro studies suggest that additional proteins are involved
in stabilizing the opening to allow loading of the host-encoded
helicase, DnaB. As in oriC, the initiation of \ replication is
separated into several stages. The formation of the orih-O
complex is the initial stage, followed by the formation of orik-O-
P-DnaB, orih-O-P-DnaB-DnaJ and orih-O-P-DnaB-DnaJ-DnaK
complexes (Alfano and McMacken, 1989a,b; Dodson et al., 1989).
All these complexes are functional as they support replication
when supplemented with the missing replisome components. In
the orih-O-P-DnaB complex, P plays matchmaker by binding
simultaneously to O and DnaB (Mallory et al., 1990; Osipiuk
et al, 1993). DnaB is kept inactive at this stage through
interaction with P, until chaperone proteins disassemble the
complex to activate the helicase (Mensa-Wilmot et al., 1989b;
Zylicz et al., 1989). The disassembly requires the ATPase activity
of DnaK. The chaperones thus participate in initiation after the
origin has opened.

O, P, and DnaB all harbor cryptic ssDNA binding activity
(Learn et al., 1997). Interactions between O and P, and between
P and DnaB, which suppress the intrinsic ssDNA binding activity
of DnaB, are all required to form a stable ssDNA-O-P-DnaB
complex. Both O and P of the complex contact the open DUE
and stabilize the initial open structure. O also stabilizes the P-
DnaB interaction, perhaps ensuring that DnaB is loaded only at
the O-bound origin.

Although the chaperones provide a crucial activation function
to the helicase, they do not control the efficiency of initiation or,
most likely, strand-opening; these are controlled by transcription
from the Pr (Thomas and Bertani, 1964; Dove et al,
1969). Hence, the repressors that control Pgr activity are the
regulators of replication. Within the minimal ~2.4 kb replicon
(Adv), Cro serves as the repressor for Pr, and in the intact

phage, repression is enforced by the cI protein (Matsubara, 1981;
Womble and Rownd, 1986). The two repressors bind to the
same operator (Or) sequences. In the prophage state, when
Py is repressed by cI, replication does not initiate even when
O and P are supplied in trans (Thomas and Bertani, 1964).
Mutations that activate replication under the above conditions
(Dove et al., 1969) were found to create new promoters that are
not controlled by cI (e.g., c17, Figure 4). This observation led to
the proposal that the A origin requires activation by transcription.
The transcription requirement has also been confirmed in vitro
(Mensa-Wilmot et al., 1989a). In an RNA Polymerase dependent
purified system, addition of cI abrogates replication initiation,
but not in the presence of the c17 promoter. Later studies
showed that the promoter could be downstream and directed
away from the origin (e.g., ri®5b, Figure4), implying that
the origin region itself need not be transcribed (Furth et al,
1982).

The finding that new promoters located on either side of oril
can activate the origin can be explained by the “twin supercoiled
domain” model, where a transcribing RNA polymerase generates
positive supercoils ahead of it and negative supercoils behind it
(Liu and Wang, 1987). A common feature of the new promoters,
regardless of whether they are ahead of or behind the origin, is
that they are all oriented for rightward transcription, similar to
Pr. In other words, they are all disposed to increase negative
superhelicity of the origin region; this is straightforward in
the case of ri®5b which is downstream of ori), but when the
promoter is upstream, as in the case of Pr or c17, transcription
needs to proceed past the origin.

The requirement for transcriptional activation may be
indirectly tied to increasing negative superhelicity. Notably,
RNA polymerase is not required for in vitro A replication
with purified proteins (Mensa-Wilmot et al., 1989b). In the
presence of HU, however, the purified system becomes dependent
on RNA polymerase and transcription (Mensa-Wilmot et al.,
1989a), which can sweep off HU from DNA. HU is known to
constrain (reduce) negative supercoils, which could inhibit origin
opening (Drlica and Rouviere-Yaniv, 1987; Mensa-Wilmot et al.,
1989a). The superhelical density of plasmids isolated from cells
appears adequate for replication in vitro but when it is reduced
by HU binding, the role of transcription becomes obligatory.
[Similarly, for oriC, transcription can activate replication under
some conditions but is not required when purified proteins are
used (Funnell et al., 1986)]. Transcription not only counters HU,
but also makes replication initiation bidirectional (Learn et al.,
1993). Without transcription, replication in the purified system
almost always initiates unidirectionally, although in vivo it is
primarily bidirectional (Schnos and Inman, 1970; Mensa-Wilmot
et al, 1989b). How transcription significantly improves the
frequency of bidirectional replication remains to be determined
(Learn et al., 1993). Transcription and negative supercoiling
may also contribute in additional ways (Szambowska et al,
2011). The RNA polymerase f subunit makes a direct contact
with the O protein, and this interaction is stimulated by
negative supercoiling. Thus, lowering the energy required for
DNA strand separation may not be the only role of negative
supercoiling.
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OPENING OF ORIGINS IN PLASMIDS WITH
REPEATED INITIATOR BINDING SITES
(ITERONS)

The basic feature of the lambda origin, namely, an array of repeats
of replicon-specific initiator binding sites (iterons), can be found
in the origins of a large family of bacterial plasmids (Figure 5;
Chattoraj and Schneider, 1997). Unlike A iterons, which bind
O dimers, plasmid iterons bind monomeric initiators, a feature
that is important for regulating replication, as discussed later.
Plasmid iterons are generally present in phase with the helical
repeat of B-DNA, and disturbing the phasing can inactivate the
origin (Brendler et al., 1997; Doran et al., 1998). The presence of
phased iterons indicates that the plasmid origins assume a higher
order structure, as appears to be the case for oriC and ori.
Apart from iterons, the plasmid origins have binding sites
for DnaA and a NAP, both of which are required for the origin
function. However, the AAA+ (ATPase) domain of DnaA is
not required for plasmid replication, suggesting DnaA plays a
less crucial role in plasmid replication than in chromosomal
replication (Lu et al., 1998; Sharma et al., 2001). Plasmid
replication is controlled instead by dimerization of plasmid
specific initiators (Paulsson and Chattoraj, 2006). Chaperones
are involved in plasmid replication, but unlike their role in
A replication, they control the dimerization efficiency of the
initiator and are not involved in activation of the replicative
helicase (Wickner et al., 1991). In spite of these differences, the
origin opening mechanism is believed to follow the A paradigm,
namely, distortion of the origin by initiator binding to the iteron
array with cooperation from DnaA and NAP binding, resulting
in opening the A+T rich region. However, unlike A replication,

PP a+T —_—,— > ——> —
P1
A+T — > ——>——>— P
RK2 A+T D — «~—<+— pPp 44
R6K 3 A+T | |A+T —, > P

pSC101 B 44 B A+t

[Ta+1T —— —> <>

» DnaAssite; ——iteron; []IHF site;

par

FIGURE 5 | Maps of iteron-bearing plasmids. The plasmid iterons are
mostly direct repeats, as opposed to the inverted repeats in orix. Two P1 maps
are shown, the top one being the wild type and the one below with the DnaA
binding sites (arrow heads) deleted and one of them moved next to the iterons.
Both of the origins are functional, indicating that the A+T rich region does not
have to be bounded by protein binding sites. In the RK2 plasmid, the A+T rich
region naturally lacks protein binding sites in one of its flanks. By contrast, the
R6K oriy is bounded by DnaA sites, which most likely interact directly. pSC101
uniquely includes a par locus (about 200 bp away from the origin as indicated
by the line breaks), which binds gyrase and specifically changes the negative
superhelicity of the origin, and thereby enhances replication of the plasmid.

transcription is not known to be a requirement for in vivo
plasmid replication.

Origin opening has been studied in several of the iteron-based
plasmids, including P1 (Mukhopadhyay et al., 1993), F (Kawasaki
etal, 1996), RK2 (Konieczny et al., 1997), pSC101 (Sharma et al.,
2001), and R6K (Lu et al., 1998; Kriiger et al., 2001). The roles of
the plasmid initiator (usually called Rep), DnaA and NAP vary
depending upon the plasmid. In plasmid P1, DnaA alone can
initiate opening, but it is greatly facilitated by the addition of
RepA (Mukhopadhyay et al., 1993). RepA alone is ineffective.
In plasmid F also DnaA alone can open the origin but neither
the initiator RepE nor the NAP (HU) alone can do so (Kawasaki
et al., 1996). Together, RepE and HU are efficient in opening.
Addition of DnaA further increases the efficiency of opening
and extends the open region. In plasmid RK2, Rep (TrfA) can
open if either HU or DnaA is present (Konieczny et al., 1997).
Opening by TrfA together with HU is significantly improved
when DnaA is also present. In pSC101, cooperation of DnaA,
RepA, and IHF is required to open the origin efficiently (Sharma
et al.,, 2001). All three, Rep (pi), DnaA and a NAP (IHF) are also
required to open oriy of R6K (Kriiger et al., 2001; Lu et al., 1998).
However, with a hyperactive variant of pi, DnaA and IHF are
not required, indicating that their roles are mostly facilitatory
(Krtiger and Filutowicz, 2003). The general picture that emerges
is that although some opening might be seen without the full
complement of the three proteins, the efficiency and/or the extent
of the opening are usually different in such cases.

The above studies indicate a direct correlation between the
efficiency of origin opening and replication initiation. In P1 and
E situations that increase or decrease initiation due to changes
in Rep or iteron concentration also correspondingly enhance or
reduce opening (Kawasaki et al., 1996; Park et al., 1998; Park
and Chattoraj, 2001; Zzaman and Bastia, 2005). In RK2, whose
DUE comprises 13-mer A+T rich repeats like the DUE of oriC,
changing their sequence, arrangement, or number reduces the
stability of the open DUE as well as the origin firing efficiency
(Rajewska et al., 2008; Wegrzyn et al, 2014). In pSCI101, a
RepA mutant specifically defective in interactions with DnaA and
replication initiation is also defective in origin opening (Sharma
et al, 2001). In R6K, both the monomer and dimer forms of pi
bind and bend iterons almost equally, but only the monomer-
bound origins can open, which is the form that is proficient in
initiation (Kriiger et al., 2001; Kriiger and Filutowicz, 2003). As
mentioned earlier, the facilitators of opening of oriy, IHF and
DnaA, are also required for initiation. The pi mutants that can
open without the facilitators are also hyperactive (copy-up) for
initiation. These results suggest that initiators control initiation
efficiency at the DNA-opening step (Kriiger et al., 2001).

In plasmids RK2 and F, the initiators bind ssDUE, as we have
described for DnaA binding to oriC-DUE, and O and P binding
to orih-DUE (Wegrzyn et al., 2014). In iteron-bearing plasmids,
similar to oriC or orik, the A+T region is not always flanked by
protein binding sites that might prevent migration of the opening
away from the origin. Even in cases where the DUE is flanked
by DnaA and RepA binding sites, the DnaA binding sites can
be moved to the other end of the origin, so that the plasmid
origin now mimics oriC or orik (P1 origin, Figure 5; Abeles et al.,
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1990; Park and Chattoraj, 2001). These results argue in favor
of active anchoring mechanisms. Indeed in RK2 and F iteron-
bound initiators can bind simultaneously to an oligo from DUE,
as they can at oriC (Ozaki and Katayama, 2012; Wegrzyn et al.,
2014). While DnaA uses two different domains for binding to
ds- and ss-DNA, it is not known whether that is also the case for
plasmid initiators.

In many iteron-based plasmids, chaperones improve
initiator—iteron binding that leads to opening. This is in contrast
to their roles in X, where the chaperones come into play
after origin opening. In plasmids, the chaperones increase the
availability of initiator monomers in a form that binds to iterons
(Wickner et al., 1991; Ishiai et al., 1994; Toukdarian et al., 1996;
Zzaman et al., 2004b). The increase in monomer results from
dimer dissociation in vitro and this results from refolding of
misfolded subunits that apparently reduces dimerization affinity
(Giraldo et al., 2003; Nakamura et al., 2007). The chaperones
could be either DnaK and its cohorts DnaJ and GrpE for P1
RepA (Wickner et al., 1991), F RepE (Ishiai et al., 1994) and
R6K pi (Zzaman et al, 2004b), or only ClpA for P1 RepA
(Wickner et al, 1994), or ClpB+DnaK+DnaJ+GrpE as for
RK2 TrfA (Konieczny and Liberek, 2002). Although replication
of these plasmids require the monomers, prevention of over-
replication requires the dimers (Paulsson and Chattoraj, 2006).
The chaperones thus play an important role in maintaining the
proper balance between the activator (monomer) and inhibitor
(dimer) forms of the initiators.

Origins of iteron-based plasmids are generally not dependent
on transcription. As in E. coli and \ replication, RNA polymerase
is not required for R6K and F replication when purified
components are used (Abhyankar et al., 2003; Zzaman et al.,
2004a). However, as in other systems, RNA polymerase has
been shown to play a beneficial role in pSC101 replication in
vivo. The plasmid has a locus, par, for gyrase binding that
increases negative supercoiling specifically at the plasmid origin
(Miller et al., 1990; Conley and Cohen, 1995). The supercoiling
and replication defects of Apar strains are suppressed by
transcription from a suitably positioned and oriented promoter
(Beaucage et al., 1991). These results are consistent with the
“twin supercoiled domain” model but also support the view
that superhelicity can be changed locally without changing the
overall superhelical density of the plasmid (Rahmouni and Wells,
1989). The localized changes are believed to improve initiator
interactions with the origin and thereby its activity (Ingmer and
Cohen, 1993).

OPENING OF ColE1 PLASMID ORIGIN BY
FORMATION OF A PERSISTENT RNA-DNA
HYBRID

Replication initiation of plasmid ColE1 differs from that of the
replicons described above. ColE1 does not use a plasmid-encoded
initiator. Rather, initiation depends on the host RNA polymerase,
which synthesizes a non-coding RNA (RNA II) from a promoter
550 bp upstream of the origin. This serves to open the origin
and provides the primer for DNA synthesis (Figure 6). This
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FIGURE 6 | Control of origin opening in plasmid ColE1. Two transcripts
(RNA I and RNAII) control opening of the origin. RNA Il initiates and elongates
normally up to 550 nt, where it starts to form a persistent hybrid that increases
the size of R-loop from a normal size of 10 nt to more than 200 nt. The
hybridized RNA is degraded all but a few nt by RNase H, and this residual
hybridized RNA serves as the primer for DNA synthesis by Pol |, which
converts the unstable R-loop to a stable D-loop. The non-template strand of
the D-loop is then used for helicase loading. The hybridization of RNA | with
the 5’-end of RNA Il (covering nt 2-110) negatively regulates replication by
changing the secondary structure of RNA Il that thwarts persistent R-loop
formation, without which DNA synthesis is not primed.

diverges from the norm for bacterial replicons, where the primer
is synthesized by the primase, DnaG, which is brought to the
open origin by DnaB-DnaG protein-protein interactions (Bell
and Kaguni, 2013).

In transcription elongation, normally about 10 nt at the 3'-
end of transcripts stay hybridized to the template strand, forming
a three-stranded bubble called the R-loop. As new nucleotides
are added at the 3’-end, the hybridized nucleotides at the 5'-
end of R-loops leave the template strand, thereby maintaining
the size of the translocating R-loops. This canonical scenario
is maintained in the case of RNA II for the first 550 nt, after
which the RNA does not exit from the R-loop as new nucleotides
are added. The persistence of hybridized RNA causes the R-
loop to grow in size to even more than 200 bp. [Persistence of
RNA-DNA hybrid was also found in transcriptional activation
of oriC (Baker and Kornberg, 1988)]. RNase H then almost
completely degrades the RNA from the R-loop except for the
4 to 5 hybridized nucleotides at the 5-end side. The residual
hybridized RNA suffices to serve as the primer to start DNA
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synthesis by DNA polymerase I (Pol I). In vivo, RNase H most
likely prevents the R-loops to expand much in length, which
needs to be at least 40 nt to allow helicase loading (Masukata
et al, 1987). The three stranded D-loop synthesized by Pol
I apparently provides sufficient opening for the helicase. The
open (D-loop) region does not have to be A+T rich in this
case because the opening is caused by DNA synthesis, not
from the intrinsic instability of the region. The D-loop is a
stable structure wherein the newly synthesized strand prevents
the non-template strand from hybridizing back to the template
strand.

Initiation is controlled by the prevention of persistent RNA-
DNA hybridization. A shorter RNA (RNA I) about 110 nt
long and fully complementary to the 5-end of RNA II is
responsible for preventing R-loop expansion. RNA I and RNAII
are both constitutively synthesized. As their concentrations
increase with increasing plasmid copy number, hybridization
becomes increasingly significant. Hybridization changes the
secondary structure of RNA II that thwarts persistent R-loops
formation, and hence, priming.

In sum, although the initiation of ColEl replication is
mechanistically distinct, it espouses the two features highlighted
here: the need for stabilizing the open state and the use of
the origin opening stage to control initiation. It should be
noted that in ColEl, transcription plays a direct and essential
role in initiation by providing the primer, whereas in other
cases transcription helps indirectly by increasing mainly negative
superhelicity and is not obligatory. Finally, the study of ColEl
replication provided the first example of control by a non-coding
antisense RNA, which is now recognized to be widespread in
biology (Tomizawa et al., 1981; Eguchi et al., 1991).

ORIGIN OPENING IN EUKARYOTES

The bacterial program of first opening the origin and then
loading two hexameric helicases sequentially for bidirectional
replication is not conserved in archaea and eukaryotes. In the
latter, both the helicases are loaded together as a double hexamer
to an unopened ds-origin (Bell and Kaguni, 2013). The loading
otherwise follows the basic bacterial paradigm: the helicase (a
hetero-hexamer, MCM2-7) in association with the helicase loader
Cdtl, is recruited to the origin bound by the initiator (ORC) as a
complex with another factor called Cdc6. The double hexamer
is loaded in the post-mitotic, early G1 phases of the cell cycle
in an inactive state and as a ring that encircles the ds-origin in
its central core. The helicase activation and strand separation
occur later in S-phase where the double hexamer is converted
to single hexameric rings, each encircling one single strand
for bidirectional movement. These major transitions require
S-phase kinases and several additional factors, the details of
which are under current investigation (Yardimci and Walter,
2014; Bochman and Schwacha, 2015; Petojevic et al., 2015).
Loading and activation of the helicase at different stages of
the cell cycle help to restrict initiation to only once per cell
cycle (Nguyen et al., 2001; Arias and Walter, 2007). Since
no new helicases can be loaded in S-phase, new origin firing

cannot happen either. Thus, although the mechanisms of helicase
loading have been largely conserved, the mechanisms of helicase
activation and origin opening have diverged in different domains
of life.

CONCLUSIONS AND FUTURE
CONSIDERATIONS

Here we have provided a few examples of how bacterial
origins open, permitting loading of the replicative helicase.
As some opening is possible without initiators, it is likely
that the origin is inherently unstable (Gille and Messer, 1991;
Mukhopadhyay and Chattoraj, 1993; Polaczek et al., 1998).
Initiator binding pushes the propensity of opening over the
threshold. Of all the requirements for opening, the free energy
of negative supercoiling of the origin region appears to be
the most basic requirement (Miller et al., 1990). Many of the
facilitators of opening (e.g., transcription, NAPs, and pSC101par)
work through changing superhelicity of the origin region. The
activated state of supercoiled DNA facilitates changes of the DNA
structure, events that are less likely to occur with linear DNA.

Initiator multimerization appears to be a general contributor
to origin opening. This can allow wrapping of DNA with initiator
and consequently changing the superhelicity of neighboring
DNA. DNA binding proteins usually bend the DNA, and
the initiators are no exception (Mukherjee et al, 1985;
Mukhopadhyay and Chattoraj, 1993; Schaper and Messer, 1995).
Stress from DNA bending can induce base-pair opening (Kahn
et al,, 1994). [The NAP binding can also untwist DNA (Teter
et al., 2000)]. The opening by bending is initially local but
the unwinding may migrate. Reducing the number of initiator
binding sites in DNA generally makes the origin inefficient or
inactive, depending upon the degree of binding site reduction.

Multimerization is also involved in ssDNA binding, which
either stabilizes the open region or promotes actual unwinding
(or both; Figure 3A). What triggers the conformational switch in
initiators that allows them to bind ssDNA remains a challenging
question (Duderstadt et al., 2011). More structural studies of the
complexes are in order to get further insights into the opening
process. This is now a realizable goal given the recent progress
in cryo-EM (Merk et al,, 2016). Even in the relatively clear case
of ColEl, the trigger that causes the RNA polymerase to start
forming persistent RNA-DNA hybrids when it encounters the
origin sequence remains speculative.

Although we have referred to the DUE simply as A+T rich,
the exact sequence of the region also matters (Hwang and
Kornberg, 1992b; Ozaki et al, 2008). In RK2, the A+T rich
region has 13-mers that bear partial homology to the E. coli 13-
mers, but they are not interchangeable (Kowalczyk et al., 2005).
In A, the sequence of the A+T rich region is highly strand
asymmetric: almost all purines are in one strand (Schnos et al.,
1988). Paradoxically, such extreme asymmetric distribution of
purine and pyrimidines stiffens the DNA more than DNA with
more random sequences (Wells et al.,, 1970). In most cases, a
specific strand is captured in the open region (Mukhopadhyay
et al., 1993; Rajewska et al., 2008; Wegrzyn et al., 2014). Strand
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capture preference is also observed in experiments where the
single strands are supplied in trans (Ozaki et al., 2008; Rajewska
et al,, 2008; Wegrzyn et al., 2014). A recent study has revealed a
repeating trinucleotide motif that is conserved in bacterial DUEs
and is required for origin opening (Richardson et al., 2016).

A recent study has provided a new insight into how
supercoiling-induced DNA opening of A+T rich sequences is
favored by G+C rich flanks (Vlijm et al., 2015). Such flanks are
found in A+T rich stretches of some replication origins but their
role has remained unclear (Brendler et al., 1991; Richardson et al.,
2016). G4C rich stretches were suggested to resist transmission
of torsional stress along the DNA (Skarstad et al., 1990). The
recent study suggests further that the G+C stretches because
of their stiffness resist (plectoneme formation) supercoiling
of under-wound DNA and thereby help to concentrate the
unwinding to A+T rich regions.

ATP not only plays an essential role in origin opening by
AAA+ initiators, it also plays a rather mysterious role in opening
origins where the initiators have no known ATP binding domain
or ATPase activity. For example, pi binding and bending are not
sufficient to open R6K oriy without the presence of ATP (Kriiger
and Filutowicz, 2003). ATP, although not required, enlarges
opening in RK2 even when a hyperactive mutant TrfA is used
in conjunction with the facilitators DnaA and HU (Konieczny
et al.,, 1997). Also at oriC, ATP requirements for DNA binding
and origin opening by DnaA can vary by orders of magnitude
(nM vs. mM; Figure 1; Bramhill and Kornberg, 1988a). A high
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ATP concentration can cause a conformation change in DnaA
that appears likely to be required for opening (Saxena et al., 2015).

In closing, we prefer the view that the opening proceeds in
steps rather than by a highly cooperative transition (the two
models in Figure 3A). Initiator binding initiates the opening
and it is further enhanced by multimerization of the initiator,
facilitators like DnaA and NAPs (in plasmids) and by factors such
as the helicase loaders DnaC and AP that have ssDNA binding
activity. The opening by initiators alone may not be sufficient for
helicase loading. The involvement of multiple factors provides
multiple opportunities for regulation.

AUTHOR CONTRIBUTIONS

All authors listed, have made substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

Our funding is from the Intramural Research Program of the
Center for Cancer Research, NCI, NIH.

ACKNOWLEDGMENTS

The authors are grateful to Deepak Bastia, Julia Grimwade,
David Levens, Roger McMacken, and Michael Yarmolinsky for
thoughtful comments, and to Jemima Barrowman for editing.

Bramhill, D., and Kornberg, A. (1988a). Duplex opening by DnaA protein at novel
sequences in initiation of replication at the origin of the E. coli chromosome.
Cell 52, 743-755.

Bramhill, D., and Kornberg, A. (1988b). A model for initiation at origins of DNA
replication. Cell 54, 915-918.

Brendler, T., Abeles, A., and Austin, S. (1991). Critical sequences in the core of the
P1 plasmid replication origin. J. Bacteriol. 173, 3935-3942.

Brendler, T. G., Abeles, A. L., Reaves, L. D., and Austin, S. J. (1997). The iteron
bases and spacers of the P1 replication origin contain information that specifies
the formation of a complex structure involved in initiation. Mol. Microbiol. 23,
559-567. doi: 10.1046/j.1365-2958.1997.d01-1869.x

Chattoraj, D. K., and Schneider, T. D. (1997). Replication control of plasmid P1
and its host chromosome: the common ground. Prog. Nucleic Acid Res. Mol.
Biol. 57, 145-186. doi: 10.1016/S0079-6603(08)60280-9

Cheng, H. M., Groger, P., Hartmann, A., and Schlierf, M. (2015). Bacterial initiators
form dynamic filaments on single-stranded DNA monomer by monomer.
Nucleic Acids Res. 43, 396-405. doi: 10.1093/nar/gkul284

Chodavarapu, S., Felczak, M. M., and Kaguni, J. M. (2011). Two forms of ribosomal
protein L2 of Escherichia coli that inhibit DnaA in DNA replication. Nucleic
Acids Res. 39, 4180-4191. doi: 10.1093/nar/gkq1203

Chodavarapu, S., Felczak, M. M., Yaniv, J. R., and Kaguni, J. M. (2008a). Escherichia
coli DnaA interacts with HU in initiation at the E. coli replication origin. Mol.
Microbiol. 67, 781-792. doi: 10.1111/§.1365-2958.2007.06094.x

Chodavarapu, S., Gomez, R., Vicente, M., and Kaguni, J. M. (2008b). Escherichia
coli Dps interacts with DnaA protein to impede initiation: a model of
adaptive mutation. Mol. Microbiol. 67, 1331-1346. doi: 10.1111/j.1365-
2958.2008.06127.x

Conley, D. L., and Cohen, S. N. (1995). Effects of the pSC101 partition (par) locus
on in vivo DNA supercoiling near the plasmid replication origin. Nucleic Acids
Res. 23,701-707. doi: 10.1093/nar/23.4.701

Dodson, M., Echols, H., Wickner, S., Alfano, C., Mensa-Wilmot, K., Gomes,
B., et al. (1986). Specialized nucleoprotein structures at the origin of

Frontiers in Molecular Biosciences | www.frontiersin.org

September 2016 | Volume 3 | Article 62 | 20


http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive

Jha et al.

Replication Origin Opening in Bacteria

replication of bacteriophage lambda: localized unwinding of duplex DNA
by a six-protein reaction. Proc. Natl. Acad. Sci. U.S.A. 83, 7638-7642. doi:
10.1073/pnas.83.20.7638

Dodson, M., McMacken, R., and Echols, H. (1989). Specialized nucleoprotein
structures at the origin of replication of bacteriophage lambda. Protein
association and disassociation reactions responsible for localized initiation of
replication. J. Biol. Chem. 264, 10719-10725.

Doran, K. S., Konieczny, I, and Helinski, D. R. (1998). Replication origin
of the broad host range plasmid RK2. Positioning of various motifs is
critical for initiation of replication. J. Biol. Chem. 273, 8447-8453. doi:
10.1074/jbc.273.14.8447

Dorman, C.J. (2009). Nucleoid-associated proteins and bacterial physiology. Adv.
Appl. Microbiol. 67, 47-64. doi: 10.1016/S0065-2164(08)01002-2

Dove, W. E., Hargrove, E., Ohashi, M., Haugli, F., and Guha, A. (1969). Replicator
activation in lambda. Japan ] Genet 44 , 11-22.

Drlica, K., and Rouviere-Yaniv, J. (1987). Histonelike proteins of bacteria.
Microbiol. Rev. 51, 301-319.

Duderstadt, K. E., Chuang, K., and Berger, J. M. (2011). DNA stretching by
bacterial initiators promotes replication origin opening. Nature 478, 209-213.
doi: 10.1038/nature10455

Duderstadt, K. E., Mott, M. L., Crisona, N. J., Chuang, K., Yang, H., and Berger,
J. M. (2010). Origin remodeling and opening in bacteria rely on distinct
assembly states of the DnaA initiator. J. Biol. Chem. 285, 28229-28239. doi:
10.1074/jbc.M110.147975

Eguchi, Y., Itoh, T., and Tomizawa, J. (1991). Antisense RNA. Annu. Rev. Biochem.
60, 631-652. doi: 10.1146/annurev.bi.60.070191.003215

Erzberger, J. P., Mott, M. L., and Berger, J. M. (2006). Structural basis for ATP-
dependent DnaA assembly and replication-origin remodeling. Nat. Struct. Mol.
Biol. 13, 676-683. doi: 10.1038/nsmb1115

Erzberger, J. P., Pirruccello, M. M., and Berger, ]. M. (2002). The structure
of bacterial DnaA: implications for general mechanisms underlying DNA
replication initiation. EMBO J. 21, 4763-4773. doi: 10.1093/emboj/cdf496

Friedman, D. I, Olson, E. R., Georgopoulos, C., Tilly, K., Herskowitz, I., and
Banuett, F. (1984). Interactions of bacteriophage and host macromolecules in
the growth of bacteriophage lambda. Microbiol. Rev. 48, 299-325.

Funnell, B. E., Baker, T. A, and Kornberg, A. (1986). Complete enzymatic
replication of plasmids containing the origin of the Escherichia coli
chromosome. J. Biol. Chem. 261, 5616-5624.

Furth, M. E., Dove, W. F,, and Meyer, B. J. (1982). Specificity determinants
for bacteriophage lambda DNA replication. III. Activation of replication in
lambda ri° mutants by transcription outside of ori. J. Mol. Biol. 154, 65-83. doi:
10.1016/0022-2836(82)90417-X

Georgopoulos, C., and Herskowitz, I. (1971). “Escherichia coli mutants blocked in
lambda DNA synthesis,” in The Bacteriophage Lambda, ed A. D. Hershey (New
York, NY: Cold Spring Harbor laboratory), 553-564.

Gille, H., and Messer, W. (1991). Localized DNA melting and structural
pertubations in the origin of replication, oriC, of Escherichia coli in vitro and
in vivo. EMBO J. 10, 1579-1584.

Giraldo, R. (2003). Common domains in the initiators of DNA replication
in Bacteria, Archaea and Eukarya: combined structural, functional
and phylogenetic perspectives. FEMS Microbiol. Rev. 26, 533-554. doi:
10.1111/j.1574-6976.2003.tb00629.x

Giraldo, R., Fernindez-Tornero, C., Evans, P. R,, Diaz-Orejas, R., and Romero,
A. (2003). A conformational switch between transcriptional repression and
replication initiation in the RepA dimerization domain. Nat. Struct. Biol. 10,
565-571. doi: 10.1038/nsb937

Gotoh, O., and Tagashira, Y. (1981). Locations of frequently opening regions on
natural DNAs and their relation to functional loci. Biopolymers 20, 1043-1058.
doi: 10.1002/bip.1981.360200514

Grosschedl, R., and Hobom, G. (1979). DNA sequences and structural homologies
of the replication origins of lambdoid bacteriophages. Nature 277, 621-627. doi:
10.1038/277621a0

Hwang, D. S., and Kornberg, A. (1992a). Opening of the replication origin of
Escherichia coli by DnaA protein with protein HU or IHF. J. Biol. Chem. 267,
23083-23086.

Hwang, D. S., and Kornberg, A. (1992b). Opposed actions of regulatory proteins,
DnaA and IciA, in opening the replication origin of Escherichia coli. ]. Biol.
Chem. 267, 23087-23091.

Ingmer, H., and Cohen, S. N. (1993). The pSC101 par locus alters protein-
DNA interactions in vivo at the plasmid replication origin. J. Bacteriol. 175,
6046-6048.

Inman, R. B. (1966). A denaturation map of the lambda phage DNA
molecule determined by electron microscopy. J. Mol. Biol. 18, 464-476. doi:
10.1016/S0022-2836(66)80037-2

Inman, R. B, and Schnés, M. (1971). Structure of branch points in
replicating DNA: presence of single-stranded connections in lambda DNA
branch points. J. Mol. Biol. 56, 319-325. doi: 10.1016/0022-2836(71)
90467-0

Ishiai, M., Wada, C., Kawasaki, Y., and Yura, T. (1994). Replication initiator
protein RepE of mini-F plasmid: functional differentiation between monomers
(initiator) and dimers (autogenous repressor). Proc. Natl. Acad. Sci. U.S.A. 91,
3839-3843. doi: 10.1073/pnas.91.9.3839

Jacob, F., Brenner, S., and Cuzin, F. (1964). On the regulation of DNA
replication in bacteria. Cold Spring Harb. Symp. Quant. Biol. 28, 329-348. doi:
10.1101/SQB.1963.028.01.048

Kaguni, J. M., and Kornberg, A. (1984). Replication initiated at the origin (oriC) of
the E. coli chromosome reconstituted with purified enzymes. Cell 38, 183-190.
doi: 10.1016/0092-8674(84)90539-7

Kahn, J. D., Yun, E., and Crothers, D. M. (1994). Detection of localized DNA
flexibility. Nature 368, 163-166. doi: 10.1038/368163a0

Katayama, T., Ozaki, S., Keyamura, K., and Fujimitsu, K. (2010). Regulation of the
replication cycle: conserved and diverse regulatory systems for DnaA and oriC.
Nat. Rev. Microbiol. 8, 163-170. doi: 10.1038/nrmicro2314

Kaur, G., Vora, M. P,, Czerwonka, C. A., Rozgaja, T. A., Grimwade, J. E., and
Leonard, A. C. (2014). Building the bacterial orisome: high affinity DnaA
recognition plays a role in setting the conformation of oriC DNA. Mol.
Microbiol. 91, 1148-1163. doi: 10.1111/mmi.12525

Kawakami, H., Keyamura, K., and Katayama, T. (2005). Formation of an ATP-
DnaA-specific initiation complex requires DnaA Arginine 285, a conserved
motif in the AAA+ protein family. J. Biol. Chem. 280, 27420-27430. doi:
10.1074/jbc.M502764200

Kawasaki, Y., Matsunaga, F., Kano, Y., Yura, T., and Wada, C. (1996). The localized
melting of mini-F origin by the combined action of the mini-F initiator protein
(RepE) and HU and DnaA of Escherichia coli. Mol. Gen. Genet. 253, 42-49. doi:
10.1007/s004380050294

Keyamura, K., Abe, Y., Higashi, M., Ueda, T., and Katayama, T. (2009).
DiaA dynamics are coupled with changes in initial origin complexes
leading to helicase loading. J. Biol. Chem. 284, 25038-25050. doi:
10.1074/jbc.M109.002717

Konieczny, I., Doran, K. S., Helinski, D. R., and Blasina, A. (1997). Role of TrfA
and DnaA proteins in origin opening during initiation of DNA replication
of the broad host range plasmid RK2. J. Biol. Chem. 272, 20173-20178. doi:
10.1074/jbc.272.32.20173

Konieczny, L, and Liberek, K. (2002). Cooperative action of Escherichia coli ClpB
protein and DnaK chaperone in the activation of a replication initiation protein.
J. Biol. Chem. 277, 18483-18488. doi: 10.1074/jbc.M107580200

Kowalczyk, L., Rajewska, M., and Konieczny, 1. (2005). Positioning and the
specific sequence of each 13-mer motif are critical for activity of the plasmid
RK2 replication origin. Mol. Microbiol. 57, 1439-1449. doi: 10.1111/j.1365-
2958.2005.04770.x

Kowalski, D., and Eddy, M. J. (1989). The DNA unwinding element: a novel, cis-
acting component that facilitates opening of the Escherichia coli replication
origin. EMBO ]. 8, 4335-4344.

Kriiger, R., and Filutowicz, M. (2003). pi protein- and ATP-dependent transitions
from ‘closed’ to ‘open’ complexes at the gamma ori of plasmid R6K. Nucleic
Acids Res. 31, 5993-6003. doi: 10.1093/nar/gkg809

Kriiger, R, Konieczny, I, and Filutowicz, M. (2001). Monomer/dimer ratios of
replication protein modulate the DNA strand-opening in a replication origin.
J. Mol. Biol. 306, 945-955. doi: 10.1006/jmbi.2000.4426

Kurokawa, K., Nishida, S., Emoto, A., Sekimizu, K., and Katayama, T.
(1999). Replication cycle-coordinated change of the adenine nucleotide-bound
forms of DnaA protein in Escherichia coli. EMBO J]. 18, 6642-6652. doi:
10.1093/emboj/18.23.6642

Learn, B. A, Um, S. J., Huang, L., and McMacken, R. (1997). Cryptic single-
stranded-DNA binding activities of the phage lambda P and Escherichia
coli DnaC replication initiation proteins facilitate the transfer of E. coli

Frontiers in Molecular Biosciences | www.frontiersin.org

September 2016 | Volume 3 | Article 62 | 21


http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive

Jha et al.

Replication Origin Opening in Bacteria

DnaB helicase onto DNA. Proc. Natl. Acad. Sci. U.S.A. 94, 1154-1159. doi:
10.1073/pnas.94.4.1154

Learn, B., Karzai, A. W., and McMacken, R. (1993). Transcription stimulates the
establishment of bidirectional lambda DNA replication in vitro. Cold Spring
Harb. Symp. Quant. Biol. 58, 389-402. doi: 10.1101/SQB.1993.058.01.046

Leonard, A. C,, and Grimwade, J. E. (2010). Initiation of DNA replication. EcoSal
Plus 4. doi: 10.1128/ecosalplus.4.4.1

Leonard, A. C., and Grimwade, J. E. (2015). The orisome: structure and function.
Front. Microbiol. 6:545. doi: 10.3389/fmicb.2015.00545

Liu, L. F, and Wang, J. C. (1987). Supercoiling of the DNA template
during transcription. Proc. Natl. Acad. Sci. U.S.A. 84, 7024-7027. doi:
10.1073/pnas.84.20.7024

Lu, M., Campbell, J. L., Boye, E., and Kleckner, N. (1994). SeqA: a negative
modulator of replication initiation in E. coli. Cell 77, 413-426. doi:
10.1016/0092-8674(94)90156-2

Lu, Y. B, Datta, H. J., and Bastia, D. (1998). Mechanistic studies of initiator-
initiator interaction and replication initiation. EMBO J. 17, 5192-5200. doi:
10.1093/emboj/17.17.5192

Mallory, J. B., Alfano, C., and McMacken, R. (1990). Host virus interactions
in the initiation of bacteriophage lambda DNA replication. Recruitment of
Escherichia coli DnaB helicase by lambda P replication protein. J. Biol. Chem.
265, 13297-13307.

Masukata, H., Dasgupta, S., and Tomizawa, J. (1987). Transcriptional activation of
ColE1 DNA synthesis by displacement of the nontranscribed strand. Cell 51,
1123-1130. doi: 10.1016/0092-8674(87)90598-8

Matsubara, K. (1981). Replication control system in lambda dv. Plasmid 5, 32-52.
doi: 10.1016/0147-619X(81)90076-7

McGarry, K. C, Ryan, V. T., Grimwade, J. E.,, and Leonard, A. C. (2004).
Two discriminatory binding sites in the Escherichia coli replication origin are
required for DNA strand opening by initiator DnaA-ATP. Proc. Natl. Acad. Sci.
U.S.A. 101, 2811-2816. doi: 10.1073/pnas.0400340101

Mensa-Wilmot, K., Carroll, K., and McMacken, R. (1989a). Transcriptional
activation of bacteriophage lambda DNA replication in vitro: regulatory
role of histone-like protein HU of Escherichia coli EMBO J]. 8,
2393-2402.

Mensa-Wilmot, K., Seaby, R., Alfano, C., Wold, M. C., Gomes, B., and McMacken,
R. (1989b). Reconstitution of a nine-protein system that initiates bacteriophage
lambda DNA replication. J. Biol. Chem. 264, 2853-2861.

Merk, A., Bartesaghi, A., Banerjee, S., Falconieri, V., Rao, P., Davis, M. I, et al.
(2016). Breaking Cryo-EM resolution barriers to facilitate drug discovery. Cell
165, 1698-1707. doi: 10.1016/j.cell.2016.05.040

Miller, C. A., Beaucage, S. L., and Cohen, S. N. (1990). Role of DNA superhelicity
in partitioning of the pSC101 plasmid. Cell 62, 127-133. doi: 10.1016/0092-
8674(90)90246-B

Miller, D. T., Grimwade, J. E., Betteridge, T., Rozgaja, T., Torgue, J. J., and
Leonard, A. C. (2009). Bacterial origin recognition complexes direct assembly
of higher-order DnaA oligomeric structures. Proc. Natl. Acad. Sci. U.S.A. 106,
18479-18484. doi: 10.1073/pnas.0909472106

Moore, D. D., Denniston-Thompson, K., Kruger, K. E., Furth, M. E., Williams, B.
G., Daniels, D. L., et al. (1979). Dissection and comparative anatomy of the
origins of replication of lambdoid phages. Cold Spring Harb. Symp. Quant. Biol.
43(Pt 1), 155-163. doi: 10.1101/SQB.1979.043.01.022

Mukherjee, S., Patel, I., and Bastia, D. (1985). Conformational changes in a
replication origin induced by an initiator protein. Cell 43, 189-197. doi:
10.1016/0092-8674(85)90023-6

Mukhopadhyay, G., Carr, K. M., Kaguni, J. M., and Chattoraj, D. K. (1993). Open-
complex formation by the host initiator, DnaA, at the origin of P1 plasmid
replication. EMBO J. 12, 4547-4554.

Mukhopadhyay, G., and Chattoraj, D. K. (1993). Conformation of the origin
of P1 plasmid replication. Initiator protein induced wrapping and intrinsic
unstacking. J. Mol. Biol. 231, 19-28. doi: 10.1006/jmbi.1993.1253

Nakamura, A., Wada, C., and Miki, K. (2007). Structural basis for regulation of
bifunctional roles in replication initiator protein. Proc. Natl. Acad. Sci. U.S.A.
104, 18484-18489. doi: 10.1073/pnas.0705623104

Neuwald, A. F., Aravind, L., Spouge, J. L., and Koonin, E. V. (1999). AAA+: a
class of chaperone-like ATPases associated with the assembly, operation, and
disassembly of protein complexes. Genome Res. 9, 27-43.

Nguyen, V. Q., Co, C,, and Li, J. J. (2001). Cyclin-dependent kinases prevent
DNA re-replication through multiple mechanisms. Nature 411, 1068-1073. doi:
10.1038/35082600

Nievera, C., Torgue, J. ., Grimwade, J. E., and Leonard, A. C. (2006). SeqA blocking
of DnaA-oriC interactions ensures staged assembly of the E. coli pre-RC. Mol.
Cell 24, 581-592. doi: 10.1016/j.molcel.2006.09.016

Odegrip, R., Schoen, S., Haggard-Ljungquist, E., Park, K., and Chattoraj, D. K.
(2000). The interaction of bacteriophage P2 B protein with Escherichia coli
DnaB helicase. J. Virol. 74, 4057-4063. doi: 10.1128/JV1.74.9.4057-4063.2000

O’Donnell, M. (2006). Replisome architecture and dynamics in Escherichia coli. J.
Biol. Chem. 281, 10653-10656. doi: 10.1074/jbc.R500028200

Ogawa, T., and Tomizawa, J. (1968). Replication of bacteriophage DNA. I.
Replication of DNA of lambda phage defective in early functions. J. Mol. Biol.
38, 217-225. doi: 10.1016/0022-2836(68)90407-5

Osipiuk, J., Georgopoulos, C., and Zylicz, M. (1993). Initiation of lambda DNA
replication. The Escherichia coli small heat shock proteins, DnaJ and GrpE,
increase DnaK’s affinity for the lambda P protein. J. Biol. Chem. 268, 4821-4827.

Ozaki, S., and Katayama, T. (2009). DnaA structure, function, and dynamics
in the initiation at the chromosomal origin. Plasmid 62, 71-82. doi:
10.1016/j.plasmid.2009.06.003

Ozaki, S., and Katayama, T. (2012). Highly organized DnaA-oriC complexes
recruit the single-stranded DNA for replication initiation. Nucleic Acids Res.
40, 1648-1665. doi: 10.1093/nar/gkr832

Ozaki, S., Kawakami, H., Nakamura, K., Fujikawa, N., Kagawa, W., Park, S. Y.,
et al. (2008). A common mechanism for the ATP-DnaA-dependent formation
of open complexes at the replication origin. J. Biol. Chem. 283, 8351-8362. doi:
10.1074/jbc.M708684200

Park, K., and Chattoraj, D. K. (2001). DnaA boxes in the P1 plasmid origin: the
effect of their position on the directionality of replication and plasmid copy
number. J. Mol. Biol. 310, 69-81. doi: 10.1006/jmbi.2001.4741

Park, K., Mukhopadhyay, S., and Chattoraj, D. K. (1998). Requirements for and
regulation of origin opening of plasmid P1. J. Biol. Chem. 273, 24906-24911.
doi: 10.1074/jbc.273.38.24906

Paulsson, J., and Chattoraj, D. K. (2006). Origin inactivation in bacterial
DNA replication control. Mol. Microbiol. 61, 9-15. doi: 10.1111/j.1365-
2958.2006.05229.x

Petojevic, T., Pesavento, J. J., Costa, A., Liang, J., Wang, Z., Berger, J. M., et al.
(2015). Cdc45 (cell division cycle protein 45) guards the gate of the Eukaryote
Replisome helicase stabilizing leading strand engagement. Proc. Natl. Acad. Sci.
U.S.A. 112, E249-E258. doi: 10.1073/pnas.1422003112

Polaczek, P., Kwan, K., and Campbell, J. L. (1998). Unwinding of the Escherichia
coli origin of replication (oriC) can occur in the absence of initiation proteins
but is stabilized by DnaA and histone-like proteins IHF or HU. Plasmid 39,
77-83. doi: 10.1006/plas.1997.1328

Rahmouni, A. R., and Wells, R. D. (1989). Stabilization of Z DNA in vivo by
localized supercoiling. Science 246, 358-363. doi: 10.1126/science.2678475

Rajewska, M., Kowalczyk, L., Konopa, G., and Konieczny, I. (2008). Specific
mutations within the AT-rich region of a plasmid replication origin affect
either origin opening or helicase loading. Proc. Natl. Acad. Sci. U.S.A. 105,
11134-11139. doi: 10.1073/pnas.0805662105

Richardson, T. T., Harran, O., and Murray, H. (2016). The bacterial DnaA-trio
replication origin element specifies single-stranded DNA initiator binding.
Nature 534, 412-416. doi: 10.1038/nature17962

Rozgaja, T. A., Grimwade, J. E., Igbal, M., Czerwonka, C., Vora, M., and Leonard,
A. C. (2011). Two oppositely oriented arrays of low-affinity recognition sites
in oriC guide progressive binding of DnaA during Escherichia coli pre-RC
assembly. Mol. Microbiol. 82, 475-488. doi: 10.1111/j.1365-2958.2011.07827.x

Ryan, V. T., Grimwade, J. E., Camara, J. E., Crooke, E., and Leonard, A. C. (2004).
Escherichia coli prereplication complex assembly is regulated by dynamic
interplay among Fis, IHF and DnaA. Mol. Microbiol. 51, 1347-1359. doi:
10.1046/j.1365-2958.2003.03906.x

Saito, H., and Uchida, H. (1977). Initiation of the DNA replication of bacteriophage
lambda in Escherichia coli K12. J. Mol. Biol. 113, 1-25. doi: 10.1016/0022-
2836(77)90038-9

Saxena, R., Vasudevan, S., Patil, D., Ashoura, N., Grimwade, J. E., and
Crooke, E. (2015). Nucleotide-induced conformational changes in Escherichia
coli DnaA protein are required for bacterial ORC to Pre-RC conversion

Frontiers in Molecular Biosciences | www.frontiersin.org

September 2016 | Volume 3 | Article 62 | 22


http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive

Jha et al.

Replication Origin Opening in Bacteria

at the chromosomal origin. Int. J. Mol Sci. 16, 27897-27911. doi:
10.3390/ijms161126064

Schaper, S., and Messer, W. (1995). Interaction of the initiator protein DnaA of
Escherichia coli with its DNA target. J. Biol. Chem. 270, 17622-17626. doi:
10.1074/jbc.270.29.17622

Schnos, M., and Inman, R. B. (1970). Position of branch points in replicating
lambda DNA. J. Mol. Biol. 51, 61-73. doi: 10.1016/0022-2836(70)90270-6

Schnos, M., Zahn, K., Inman, R. B., and Blattner, F. R. (1988). Initiation protein
induced helix destabilization at the lambda origin: a prepriming step in DNA
replication. Cell 52, 385-395. doi: 10.1016/S0092-8674(88)80031-X

Scholefield, G., Errington, J., and Murray, H. (2012). Soj/ParA stalls DNA
replication by inhibiting helix formation of the initiator protein DnaA. EMBO
J. 31, 1542-1555. doi: 10.1038/emb0;j.2012.6

Sharma, R., Kachroo, A., and Bastia, D. (2001). Mechanistic aspects of DnaA-RepA
interaction as revealed by yeast forward and reverse two-hybrid analysis. EMBO
J. 20, 4577-4587. doi: 10.1093/emb0j/20.16.4577

Shibata, T., Nishinaka, T., Mikawa, T. Aihara, H., Kurumizaka, H.,
Yokoyama, S., et al. (2001). Homologous genetic recombination as an
intrinsic dynamic property of a DNA structure induced by RecA/Rad51-
family proteins: a possible advantage of DNA over RNA as genomic
material. Proc. Natl. Acad. Sci. U.S.A. 98, 8425-8432. doi: 10.1073/pnas.11
1005198

Simmons, L. A., Felczak, M., and Kaguni, J. M. (2003). DnaA Protein of Escherichia
coli: oligomerization at the E. coli chromosomal origin is required for initiation
and involves specific N-terminal amino acids. Mol. Microbiol. 49, 849-858. doi:
10.1046/j.1365-2958.2003.03603.x

Skarstad, K., Baker, T. A., and Kornberg, A. (1990). Strand separation required for
initiation of replication at the chromosomal origin of E. coli is facilitated by a
distant RNA-DNA hybrid. EMBO J. 9, 2341-2348.

Skarstad, K., and Katayama, T. (2013). Regulating DNA replication in bacteria.
Cold Spring Harb. Perspect. Biol. 5:a012922. doi: 10.1101/cshperspect.a012922

Speck, C., and Messer, W. (2001). Mechanism of origin unwinding: sequential
binding of DnaA to double- and single-stranded DNA. EMBO J. 20, 1469-1476.
doi: 10.1093/emboj/20.6.1469

Stenzel, T. T., Patel, P., and Bastia, D. (1987). The integration host factor of
Escherichia coli binds to bent DNA at the origin of replication of the plasmid
pSC101. Cell 49, 709-717. doi: 10.1016/0092-8674(87)90547-2

Stepankiw, N., Kaidow, A., Boye, E., and Bates, D. (2009). The right half of the
Escherichia coli replication origin is not essential for viability, but facilitates
multi-forked replication. Mol. Microbiol. 74, 467-479. doi: 10.1111/j.1365-
2958.2009.06877.x

Sutton, M. D., Carr, K. M., Vicente, M., and Kaguni, J. M. (1998). Escherichia
coli DnaA protein. The N-terminal domain and loading of DnaB helicase
at the E. coli chromosomal origin. J. Biol. Chem. 273, 34255-34262. doi:
10.1074/jbc.273.51.34255

Szambowska, A., Pierechod, M., Wegrzyn, G., and Glinkowska, M. (2011).
Coupling of transcription and replication machineries in lambda DNA
replication initiation: evidence for direct interaction of Escherichia coli RNA
polymerase and the lambdaO protein. Nucleic Acids Res. 39, 168-177. doi:
10.1093/nar/gkq752

Teter, B., Goodman, S. D., and Galas, D. J. (2000). DNA bending and twisting
properties of integration host factor determined by DNA cyclization. Plasmid
43, 73-84. doi: 10.1006/plas.1999.1443

Thomas, R., and Bertani, L. E. (1964). On the control of the replication of
temperate bacteriophages superinfecting immune hosts. Virology 24, 241-253.

Tomizawa, J., Itoh, T., Selzer, G., and Som, T. (1981). Inhibition of ColE1 RNA
primer formation by a plasmid-specified small RNA. Proc. Natl. Acad. Sci.
U.S.A. 78, 1421-1425. doi: 10.1073/pnas.78.3.1421

Toukdarian, A., Helinski, D. R., and Perri, S. (1996). The plasmid RK2 initiation
protein binds to the origin of replication as a monomer. J. Biol. Chem. 271,
7072-7078. doi: 10.1074/jbc.271.12.7072

Tsurimoto, T., and Matsubara, K. (1981). Purified bacteriophage lambda O protein
binds to four repeating sequences at the lambda replication origin. Nucleic
Acids Res. 9, 1789-1799. doi: 10.1093/nar/9.8.1789

Vlijm, R., v. d. Torre, J., and Dekker, C. (2015). Counterintuitive DNA sequence
dependence in supercoiling-induced DNA melting. PLoS ONE 10:e0141576.
doi: 10.1371/journal.pone.0141576

Wegrzyn, K., Fuentes-Perez, M. E., Bury, K., Rajewska, M., Moreno-Herrero, F.,
and Konieczny, 1. (2014). Sequence-specific interactions of Rep proteins with
ssDNA in the AT-rich region of the plasmid replication origin. Nucleic Acids
Res. 42, 7807-7818. doi: 10.1093/nar/gku453

Weigel, C., Messer, W., Preiss, S., Welzeck, M., Morigen, and Boye, E. (2001).
The sequence requirements for a functional Escherichia coli replication origin
are different for the chromosome and a minichromosome. Mol. Microbiol. 40,
498-507. doi: 10.1046/j.1365-2958.2001.02409.x

Wells, R. D., Larson, J. E., Grant, R. C., Shortle, B. E., and Cantor, C. R. (1970).
Physicochemical studies on polydeoxyribonucleotides containing defined
repeating nucleotide sequences. J. Mol. Biol. 54, 465-497. doi: 10.1016/0022-
2836(70)90121-X

Westmoreland, B. C,
of deletions

Szybalski, W., and Ris, H. (1969). Mapping

and substitutions in heteroduplex DNA molecules of
bacteriophage lambda by electron microscopy. Science 163, 1343-1348.
doi: 10.1126/science.163.3873.1343

Wickner, S., Gottesman, S., Skowyra, D., Hoskins, J., McKenney, K., and Maurizi,
M. R. (1994). A molecular chaperone, ClpA, functions like DnaK and Dna]J.
Proc. Natl. Acad. Sci. U.S.A. 91, 12218-12222. doi: 10.1073/pnas.91.25.12218

Wickner, S., Hoskins, J., and McKenney, K. (1991). Monomerization of RepA
dimers by heat shock proteins activates binding to DNA replication origin.
Proc. Natl. Acad. Sci. U.S.A. 88,7903-7907. doi: 10.1073/pnas.88.18.7903

Woelker, B., and Messer, W. (1993). The structure of the initiation complex at the
replication origin, oriC, of Escherichia coli. Nucleic Acids Res. 21, 5025-5033.
doi: 10.1093/nar/21.22.5025

Womble, D. D., and Rownd, R. H. (1986). Regulation of lambda dv plasmid
DNA replication. A quantitative model for control of plasmid lambda dv
replication in the bacterial cell division cycle. J. Mol. Biol. 191, 367-382. doi:
10.1016/0022-2836(86)90133-6

Yardimci, H., and Walter, J. C. (2014). Prereplication-complex formation:
a molecular double take? Nat. Struct. Mol. Biol. 21, 20-25. doi:
10.1038/nsmb.2738

Zahn, K., and Blattner, F. R. (1987). Direct evidence for DNA bending at the
lambda replication origin. Science 236, 416-422. doi: 10.1126/science.2951850

Zorman, S., Seitz, H., Sclavi, B., and Strick, T. R. (2012). Topological
characterization of the DnaA-oriC complex using single-molecule
nanomanipuation. Nucleic Acids Res. 40, 7375-7383. doi: 10.1093/nar/gks371

Zylicz, M., Ang, D, Liberek, K., and Georgopoulos, C. (1989). Initiation of lambda
DNA replication with purified host- and bacteriophage-encoded proteins: the
role of the DnaK, DnaJ and GrpE heat shock proteins. EMBO J. 8, 1601-1608.

Zzaman, S., Abhyankar, M. M., and Bastia, D. (2004a). Reconstitution of F
factor DNA replication in vitro with purified proteins. J. Biol. Chem. 279,
17404-17410. doi: 10.1074/jbc.M400021200

Zzaman, S., and Bastia, D. (2005). Oligomeric initiator protein-mediated DNA
looping negatively regulates plasmid replication in vitro by preventing origin
melting. Mol. Cell 20, 833-843. doi: 10.1016/j.molcel.2005.10.037

Zzaman, S., Reddy, J. M., and Bastia, D. (2004b). The DnaK-DnaJ-GrpE
chaperone system activates inert wild type pi initiator protein of R6K into
a form active in replication initiation. J. Biol. Chem. 279, 50886-50894. doi:
10.1074/jbc.M407531200

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Jha, Ramachandran and Chattoraj. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org

September 2016 | Volume 3 | Article 62 | 23


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive

1' frontiers

in Molecular Biosciences

REVIEW
published: 28 June 2016
doi: 10.3389/fmolb.2016.00029

OPEN ACCESS

Edited by:

Tatiana Venkova,
University of Texas Medical
Branch-Galveston, USA

Reviewed by:

Dhruba Chattoray,

National Institutes of Health, USA
Martin Marinus,

University of Massachusetts, USA

*Correspondence:
Anders Lobner-Olesen
lobner@bio.ku.dk

T These authors have contributed
equally to this work.

Specialty section:

This article was submitted to
Molecular Recognition,

a section of the journal

Frontiers in Molecular Biosciences

Received: 24 May 2016
Accepted: 14 June 2016
Published: 28 June 2016

Citation:

Riber L, Frimodt-Meller J, Charbon G
and Lobner-Olesen A (2016) Multiple
DNA Binding Proteins Contribute to
Timing of Chromosome Replication in
E. coli. Front. Mol. Biosci. 3:29.

doi: 10.3389/fmolb.2016.00029

®

CrossMark

Multiple DNA Binding Proteins
Contribute to Timing of Chromosome
Replication in E. coli

Leise Riber', Jakob Frimodt-Maollert, Godefroid Charbon and Anders Lobner-Olesen *

Section for Functional Genomics and Center for Bacterial Stress Response and Persistence, Department of Biology,
University of Copenhagen, Copenhagen, Denmark

Chromosome replication in Escherichia coli is initiated from a single origin, oriC. Initiation
involves a number of DNA binding proteins, but only DnaA is essential and specific for the
initiation process. DnaA is an AAA+ protein that binds both ATP and ADP with similar high
affinities. DnaA associated with either ATP or ADP binds to a set of strong DnaA binding
sites in oriC, whereas only DnaA”TP is capable of binding additional and weaker sites
to promote initiation. Additional DNA binding proteins act to ensure that initiation occurs
timely by affecting either the cellular mass at which DNA replication is initiated, or the time
window in which all origins present in a single cell are initiated, i.e. initiation synchrony, or
both. Overall, these DNA binding proteins modulate the initiation frequency from oriC by:
(iy binding directly to oriC to affect DnaA binding, (ii) altering the DNA topology in or around
oriC, (iii) altering the nucleotide bound status of DnaA by interacting with non-coding
chromosomal sequences, distant from oriC, that are important for DnaA activity. Thus,
although DnaA is the key protein for initiation of replication, other DNA-binding proteins
act not only on oriC for modulation of its activity but also at additional regulatory sites
to control the nucleotide bound status of DnaA. Here we review the contribution of key
DNA binding proteins to the tight regulation of chrommosome replication in E. coli cells.

Keywords: E. coli, chromosome replication, DNA binding proteins, cell mass, initiation synchrony

TIMING OF INITIATION OF CHROMOSOME REPLICATION IN
E. CcOLI

Chromosome replication in Escherichia coli is initiated from a single replication origin, oriC. The
oriC-encoded structural and functional instructions for initiation are well-described (Leonard
and Mechali, 2013; Skarstad and Katayama, 2013). In brief, the minimal oriC contains two
functional regions: the Duplex Unwinding Element (DUE), which comprises three AT-rich repeat
sequences of each 13 bp, and the flanking DnaA Assembly Region (DAR) (Figure 1; Mott and
Berger, 2007; Ozaki and Katayama, 2012). DnaA is the initiator protein responsible for DUE
opening and for the recruitment of replisome components and is the only protein that is both
essential and specific for the initiation process (Kaguni, 2011; Leonard and Grimwade, 2011).
DnaA belongs to the AAA+ proteins (ATPases Associated with diverse Activities) and can bind
both ATP and ADP with similar high affinities (Sekimizu et al., 1987). The DAR region contains
high affinity DnaA Boxes (R1, R4, and R2) that bind both DnaA*™® and DnaA”P?, along with
multiple low affinity sites (R3, R5/M, 11, 12, 13, C1, C2, C3, tl, and t2) that bind DnaAATP
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(McGarry et al, 2004; Kawakami et al., 2005; Rozgaja et al.,
2011). The DAR region also contains recognition sequences for
two additional DNA binding proteins; IHF and Fis (Figure 1;
Polaczek, 1990; Gille et al., 1991).

Throughout most of the cell cycle oriC is bound by DnaA
located at R1, R2, and R4. This origin recognition complex (ORC)
serves dual purposes in setting the stage for proper orisome
assembly and preventing premature DNA unwinding. The ratio
of DnaA*T? to DnaAAPP varies through the cell cycle and
the peak at about 70-80% DnaAA™ coincides with replication
initiation (Kurokawa et al., 1999). In the current model for
orisome formation, two converging DnaAA™ filaments are
formed (Rozgaja et al, 2011). One filament originates from
R4 and grows leftward. This R4-filament displaces Fis from
its binding site next to R2, which allows IHF to bind its
recognition sequence next to R1. IHF bends the DNA 180°
thereby bringing R1 in proximity of R5 and allows for the
formation of the rightward filament responsible for duplex
opening at the DUE, DnaC assisted helicase loading and assembly
of the replisome (Leonard and Grimwade, 2011, 2015; Ozaki
et al, 2012). Following initiation, DnaAA™ is converted to
DnaAAP? primarily by a process called regulatory inactivation of
DnaA (RIDA), which is dependent on the Hda protein bound
to ADP and the DNA-loaded B-clamp of the polymerase III
holoenzyme (Kato and Katayama, 2001), and by the less efficient
datA-dependent DnaA”T? hydrolysis (DDAH). DDAH takes
place at datA and is dependent on IHF (Figure 1; Kasho and
Katayama, 2013).

Coordination of Initiations with Cell Mass

Increase

A long standing observation is that initiation of chromosome
replication occurs when a certain cellular mass per origin, the
initiation mass, is reached (Donachie, 1968; Hill et al., 2012).
This coupling of replication initiation to cell growth depends on
the DnaA protein. Earlier studies indicate that accumulation of
DnaA protein sets the time of initiation in the cell cycle especially
around or below wild-type level (Lobner-Olesen et al., 1989).
On the other hand, a coordinated increase in DnaAAT? and
DnaAAPP does not significantly increase initiation (Kurokawa
et al.,, 1999; Flatten et al., 2015), suggesting that accumulation
of DnaAA™P is insufficient to trigger initiation. However, in the
absence of RIDA, where DnaA is mainly ATP bound, a modest
increase in DnaAT? level leads to excessive initiations from oriC
(Riber et al., 2006; Fujimitsu et al., 2008), as does expression
of a DnaA mutant protein insensitive to RIDA (Simmons
et al., 2004). Together, this indeed suggests that accumulation of
DnaAATP triggers initiation, whereas this effect can be offset by a
similar increase in DnaAAPP (Donachie and Blakely, 2003). The
participation of DnaAAP? in orisome formation remains unclear
(Leonard and Grimwade, 2015), but the above observations
suggest that it affects initiation negatively. Overall, accumulation
of DnaA protein during steady-state growth, along with the
cell cycle specific peak in DnaAAT?/DnaAAPPratio, determines
the onset of initiation with little variation between individual
cells.

Coordination of initiations within a Single
Cell

In individual cells, initiation at all origins occurs within
approximately 1/10 of the doubling time (Initiation period, I”;
Figure 2A). Rapidly growing cells with overlapping replication
cycles therefore predominantly contain 2" (n = 1, 2, 3)
copies of oriC, referred to as initiation synchrony (Skarstad
et al., 1986). Initiation synchrony depends on the immediate
inactivation of newly replicated origins by sequestration. oriC
contain 11 copies of the sequence GATC that are methylated
by Dam methyltransferase and bound, i.e., sequestered, by
SeqA when hemimethylated. Sequestration prevents DnaA
binding to its weak sites in oriC (Nievera et al., 2006)
for approximately 1/3 generation (Sequestration period, S;
Figure 2A) and serves to keep track of which origins have
been initiated (Boye and Lobner-Olesen, 1990; Campbell and
Kleckner, 1990; Lu et al, 1994). The ability to initiate all
origins in synchrony could result from maintaining a high
DnaAATP Jevel throughout I°. Alternatively the first origin
initiated may release its DnaA”TP to assist in triggering
successive initiations at remaining origins in a cascade-like
manner to ensure that free DnaA*TP increases through I”
and enforces synchrony (Lobner-Olesen et al., 1994). These
models predict different outcomes for sequestration deficient
cells. A high DnaAA™ level throughout I’ would result in
re-initiation(s) within I”, asynchrony and overinitiation. The
cascade model predicts a delay between successive initiations
due to newly initiated origins competing with old origins for a
limited amount of DnaAA™?. The initiation frequency would be
directly proportional with accumulation of DnaA”TP resulting
in asynchrony but an unchanged overall initiation frequency,
which is in accordance with experimental observations for Dam
deficient cells (Boye and Lobner-Olesen, 1990; Lobner-Olesen
et al., 1994).

Synchrony is only observed when I’ < SP (Figure 2A). In
cells with aberrant timing of initiation, the I’ and S” periods
change, i.e., either start earlier in the cell cycle at a decreased
initiation mass, ie., overinitiation, or are delayed with an
increased initiation mass, i.e., underinitiation. Alternatively, the
duration of I” and S” may change relative to each other, and when
I’ > SP, newly initiated origins, released from sequestration,
compete with origins not yet initiated. Consequently, some
origins are re-initiated while others are not initiated at all, leading
to loss of synchrony (Olsson et al., 2003; Skarstad and Lebner-
Olesen, 2003). This is exemplified by dam mutants without
a sequestration period that initiate throughout the cell cycle
(Figure 2B; Boye and Lebner-Olesen, 1990; Lu et al., 1994).
segA mutants are also asynchronous but have a higher origin
concentration, possibly because DnaA is increased, relative to
dam mutants (Figure 2C; Campbell and Kleckner, 1990; von
Freiesleben et al., 1994). Increased levels of Dam will, due to faster
re-methylation rates, reduce S” and when this becomes shorter
than IP, asynchrony follows (Figure2C; Boye and Lobner-
Olesen, 1990; von Freiesleben et al., 2000a). Excess SeqA protein
delays initiation, prolongs the sequestration period but does
not affect synchrony (Figure 2D; Bach et al, 2003; Charbon
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FIGURE 1 | The chromosome replication cycle. Dynamic binding of activators (green) and inhibitors (red) to oriC and distal regulatory sequences during the

et al., 2011). During sequestration the activity of DnaA is
lowered by RIDA and DDAH. RIDA is presumably accelerated
by generation of new replication forks at initiation and hence
more DNA loaded B-clamps (Moolman et al., 2014). Similarly,
DDAH is increased shortly after initiation when the datA locus
is duplicated and together they ensure a post-initiation decrease
in the DnaAATP/DnaAAP? ratio (Figure 1). RIDA (Ahda) and
to a lesser degree DDAH (AdatA) deficient cells fail to lower
the ratio of DnaA*T?/DnaAAPP to prevent re-initiation following

sequestration. This results in asynchrony and early initiation at
a reduced cell mass (Figure 2E; Kitagawa et al., 1998; Fujimitsu
et al., 2008; Kasho and Katayama, 2013). On the other hand,
the dnaNgis57c mutant, which is more active in RIDA (dnaN
encodes the B-clamp), or extra copies of datA, results in delayed
initiation and, for dnaNgis7c cells, also produces asynchrony
(Figures 2F,G; Morigen et al., 2001; Gon et al., 2006; Charbon
etal,,2011; Johnsen et al., 2011). During sequestration, the overall
level of free DnaA is reduced by titration (Hansen et al., 1991;
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FIGURE 2 | Timing of replication initiation. Examples of mutants/plasmids with altered initiation (IP ; green) and sequestration (SP; blue) periods. The horizontal line
represents one doubling time, whereas the vertical (hyphenated) line illustrates the time of initiation of the first origin in wild-type cells. Note that the start of sP always
coincides with the first origin initiated, i.e., start of IP. In the graphical representation of initiation synchrony, the number of origins per cell are on the X-axis, whereas
the cell number is on the Y-axis of each histogram. When more than one mutation/plasmid is listed for a specific example (e.g., in C,E-G,|), the histograms are
representative of the initiation phenotype of each individual mutation/plasmid.
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Kitagawa et al., 1996, 1998; Ogawa et al., 2002) and by arrest of de
novo DnaA synthesis (Campbell and Kleckner, 1990).

MODULATION OF TIMING OF
REPLICATION INITIATION BY DNA
BINDING PROTEINS

Several DNA binding proteins affect either the cell mass at
initiation, the initiation synchrony, or both. These proteins either
bind specifically to oriC to affect DnaA binding, non-specifically
to DNA to alter oriC topology, or they bind sequences important
for the nucleotide bound status of DnaA.

Proteins That Specifically Interact with

oriC Prior to Initiation

The most important protein to interact with oriC prior to
initiation is DnaA. Mutations in DnaA that affect nucleotide
binding, such as dnaA46, are presumably somewhat deficient in
formation of DnaA multimers on oriC, which results in delayed
initiation and a prolonged initiation period (Skarstad et al., 1988;
Boye et al., 1996). As sequestration remains unchanged (1P > sP),
dnaA46 cells are asynchronous (Figure 2F; Skarstad and Lobner-
Olesen, 2003). Mutations in DnaA that affect DNA binding,
but not nucleotide binding (e.g., dnaA204), lead to late but
synchronous initiation (Figure 2G; Skarstad et al., 1988; Torheim
et al, 2000). The ability to form DnaAA™ filaments on oriC
therefore seems of greater importance for initiation synchrony
than a tight anchoring to DnaA binding sites.

Conflicting data exist on the role of Fis for timing of initiation.
Binding Fis to oriC in vitro is reported to either inhibit initiation
of replication by inducing conformational changes at oriC that
prevent orisome formation (Wold et al., 1996; Ryan et al,
2002, 2004), or have no effect on initiation (Margulies and
Kaguni, 1998). Cells with a mutated primary Fis binding in
oriC (oriC131) have an origin concentration similar to wild-type
(Figure 2H; Weigel et al., 2001; Riber et al., 2009; Flatten and
Skarstad, 2013). Fis-deficient cells, on the other hand, have a
lowered origin concentration (Flatten and Skarstad, 2013; Kasho
et al.,, 2014), suggesting that initiation is delayed (Figure 2F).
However, because Fis affects multiple cellular processes due to
its involvement in DNA organization one should be careful in
assessing its role in initiation solely based on the behavior of
Fis-deficient cells. Both Fis deficiency or loss of its primary
oriC binding site result in initiation asynchrony (Figures 2F,H;
Riber et al., 2009; Flatten and Skarstad, 2013), indicating that
these cells are deficient for proper orisome assembly and/or
for preventing premature DNA unwinding. The role of IHF in
replication timing is less controversial. An oriC mutant with a
disrupted IHF binding site (0riC132) is somewhat deficient in
orisome formation and has delayed but synchronous initiation
(Figure 2G; Weigel et al., 2001; Skarstad and Lebner-Olesen,
2003; Riber et al., 2009). ihf mutant cells also initiate replication
at an increased mass per origin consistent with a stimulatory
role of IHF on initiation. Cells deficient in IHF are on the other
hand asynchronous (Figure 2F; von Freiesleben et al., 2000b).

This is in agreement with an additional role of IHF for DnaAAT?
generation at DARS2 (see below).

A number of proteins negatively regulate initiation of
replication in vitro. These include ArcA that binds to 13 mer
AT rich repeats, to DnaA box R1 and to the IHF binding
site in oriC, and IciA that binds to 13-mer AT-rich repeats in
oriC (Hwang and Kornberg, 1990; Lee et al., 2001). The impact
of ArcA and IciA on replication initiation in vivo is modest
(Nystrom et al., 1996) or not known, respectively. The stationary-
phase induced CspD protein binds ssDNA to inhibit replication
initiation and elongation in vitro, whereas no in vivo data are
available (Yamanaka et al., 2001). Upon association with Cnu
and/or Hha, H-NS (see below) binds to a specific sequence in oriC
that overlaps DnaA box R5 (Kim et al., 2005; Yun et al,, 2012).
Cells deficient in Cnu and/or Hha are, however, similar to wild-
type (Kim et al., 2005). Finally, the protein Rob binds to a single
site in oriC in vitro, but does not affect initiation in vivo (Skarstad
etal., 1993).

DNA Binding Proteins That Affect Topology

of oriC

In E. coli the genomic DNA is mostly negatively supercoiled
(Wang et al, 2013). Unconstrained supercoiling of oriC
contributes to the ease of duplex opening and is determined
by transcription (not covered here; for review see Magnan and
Bates, 2015) along with the actions of topoisomerase I and DNA
gyrase enzymes (Wu et al., 1988). Mutations in topoisomerase
I, which removes negative supercoils, result in initiation at a
slightly reduced mass while synchrony is maintained (Figure 2I;
von Freiesleben and Rasmussen, 1992; Olsson et al., 2003).
Conversely, temperature sensitive gyrB mutant cells, with
moderately reduced negative superhelicity of the chromosome,
enhance the temperature sensitivity of a dnaA46 mutant
(Filutowicz, 1980) and show delayed synchronous initiations
(Figure 2G; von Freiesleben and Rasmussen, 1991; Usongo et al.,
2013). This suggests that initiation is facilitated by an increase
in negative superhelicity of the chromosome. However, topA-gyr
mutations influence chromosome segregation, R-loop formation
and possibly induce stable DNA replication independent of oriC
(Usongo et al.,, 2013, 2016) making it difficult to assess the
effect of large changes in overall supercoiling on replication
initiation. In vivo, nucleoid-associated proteins (NAPs; Dillon
and Dorman, 2010), such as IHFE Fis, H-NS, HU, and MukFEB
constrain negative supercoils to condense the chromosome
and could therefore affect initiation of chromosome replication
(Badrinarayanan et al., 2015; Lal et al., 2016). H-NS deficient
cells have an increased negative superhelicity of the genome
(Mojica and Higgins, 1997; Hardy and Cozzarelli, 2005). Yet,
genetic evidence suggests that loss of H-NS hampers initiation
(Katayama et al, 1996), and H-NS deficient cells initiate
replication in synchrony at an increased cell mass (Figure 2G;
Kaidow et al., 1995; Atlung and Hansen, 2002). The HU protein
can substitute for IHF in DnaA-mediated unwinding of oriC in
vitro (Hwang and Kornberg, 1992) although their mechanisms of
action differ (Ryan et al., 2002). In vivo, genetic evidence suggests
that loss of HU stimulates initiation despite decreased negative
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supercoiling (Louarn et al., 1984). Loss of MukB, involved in
condensation of the bacterial chromosome (Hiraga et al., 1989;
Cui et al., 2008), results in reduced negative supercoiling (Weitao
et al., 2000), but initiations remain synchronous (Weitao et al.,
1999). It is not known whether MukB affects the initiation mass.
Finally, the starvation-induced NAP, Dps, binds non-specifically
to oriC, and interacts with the N-terminus of DnaA, inhibiting
DNA unwinding in vitro. Loss of Dps does not result in loss of
synchrony, but increases the cellular origin content somewhat
(Chodavarapu et al., 2008). In summary, it seems that NAPs
modulate replication initiation but that the effect is not solely
mediated through an effect on DNA supercoiling.

GETTING READY FOR THE NEXT ROUND
OF REPLICATION

At later cell cycle stages DnaAA™P is regenerated for the next
initiation to take place (Figurel). E. coli can rejuvenate
DnaAAP? to DnaAA™ in a process assisted by acidic
phospholipids (Saxena et al, 2013) or at two non-coding
chromosomal sites called DARSI and DARS2 (Fujimitsu et al.,
2009). DARSI and DARS2 are located in each replichore halfway
between oriC and ferC, and are duplicated after the end of
sequestration. Multiple DnaAAPP molecules form complexes
with DARS to facilitate release of ADP resulting in apo-DnaA,
which will primarily rebind ATP as this is more abundant than
ADP within the cell (Petersen and Moller, 2000).

DARSI is not known to be regulated by any proteins, whereas
rejuvenation at the more efficient DARS2 locus is dependent
on binding of both IHF and Fis (Kasho et al., 2014). While
Fis binds DARS2 throughout the cell cycle, IHF provides cell
cycle specificity to DARS2 activity by only binding and activating
DARS2 immediately prior to initiation to ensure an increase in
DnaAATP level (Fujimitsu et al., 2009; Kasho et al., 2014). Extra
copies of DARSI or DARS2 will increase the overall DnaAAT?
level, which results in early initiation (Figures 2E,I) and for
DARS?2 also extends I°, thereby resembling RIDA deficiency
(Figure 2E; Fujimitsu et al., 2009; Charbon et al., 2011). Deletion
of DARSI, DARS2, or both reduces the ability to reactivate DnaA
for new initiations in the following cell cycle and results in
delayed initiation (Figures 2E,G; Fujimitsu et al., 2009; Kasho
et al,, 2014; Frimodt-Moller et al., 2015). Loss of DARS2 also
increases the relative duration of the initiation period, leading
to initiation asynchrony (Figure2F; Fujimitsu et al., 2009;
Frimodt-Moller et al., 2015). This suggests that both DARSI
and DARS2 are important for coupling initiation to cell mass
increase, whereas only the cell-cycle regulated DARS2 is crucial
for maintaining initiation synchrony.
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Spain, ° CIBER of Respiratory Diseases, Madrid, Spain

Initiation of plasmid rolling circle replication (RCR) is catalyzed by a plasmid-encoded
Rep protein that performs a Tyr- and metal-dependent site-specific cleavage of one DNA
strand within the double-strand origin (dso) of replication. The crystal structure of RepB,
the initiator protein of the streptococcal plasmid pMV158, constitutes the first example
of a Rep protein structure from RCR plasmids. It forms a toroidal homohexameric
ring where each RepB protomer consists of two domains: the C-terminal domain
involved in oligomerization and the N-terminal domain containing the DNA-binding and
endonuclease activities. Binding of Mn* to the active site is essential for the catalytic
activity of RepB. In this work, we have studied the effects of metal binding on the structure
and thermostability of full-length hexameric RepB and each of its separate domains by
using different biophysical approaches. The analysis of the temperature-induced changes
in RepB shows that the first thermal transition, which occurs at a range of temperatures
physiologically relevant for the pMV158 pneumococcal host, represents an irreversible
conformational change that affects the secondary and tertiary structure of the protein,
which becomes prone to self-associate. This transition, which is also shown to result in
loss of DNA binding capacity and catalytic activity of RepB, is confined to its N-terminal
domain. Mn®* protects the protein from undergoing this detrimental conformational
change and the observed protection correlates well with the high-affinity binding of the
cation to the active site, as substituting one of the metal-ligands at this site impairs both
the protein affinity for Mn2+and the Mn2*-driven thermostabilization effect. The level of
catalytic activity of the protein, especially in the case of full-length RepB, cannot be
explained based only on the high-affinity binding of Mn2+ at the active site and suggests
the existence of additional, lower-affinity metal binding site(s), missing in the separate
catalytic domain, that must also be saturated for maximal activity. The molecular bases
of the thermostabilizing effect of Mn®+ on the N-terminal domain of the protein as well as
the potential location of additional metal binding sites in the entire RepB are discussed.

Keywords: HUH endonucleases, plasmid-encoded Rep proteins, metal-dependent catalytic activity, RepB
thermostability, Mn2+ affinity
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INTRODUCTION

The rolling circle replication (RCR) mechanism is used by
transposons, small plasmids, phages, and viruses that replicate
autonomously in a wide range of organisms, from prokaryotes
to humans (Campos-Olivas et al., 2002). Plasmids that use this
mechanism for their replication are termed RCR plasmids, and
they are found in bacteria, archaea, and mitochondria (Novick,
1998; Khan, 2000; Ruiz-Mas¢ et al., 2015). Initiation of plasmid
RCR requires site-specific cleavage of one plasmid DNA strand
within the double-strand origin (dso) of replication. This reaction
is catalyzed by the metal-dependent endonucleolytic activity of
the plasmid-encoded Rep protein, which yields a free 3’-OH end
that serves as primer for initiation of the leading-strand synthesis
by a host DNA polymerase. The initiator Rep also mediates the
endonuclease and strand-transfer reactions that take place at the
termination of the leading-strand replication process (Novick,
1998).

RCR plasmids have been classified into several replicon
families based on sequence similarities at the Rep and dso level
(del Solar et al., 1998; Khan, 2005; Ruiz-Masé et al., 2015). The
replicon of pMV158, a small (5541 bp) multicopy promiscuous
plasmid originally isolated from Streptococcus agalactiae and
involved in antibiotic resistance spread, has been studied in depth
and is considered as the prototype of a family of RCR plasmids
isolated from several eubacteria (del Solar et al., 1993). RepB,
the replication initiator protein of pMV158, carries out metal
ion-dependent DNA cleavage and rejoining reactions as part of
its replication function. Upon specific binding to the dso, RepB
cleaves one strand of the DNA at a specific dinucleotide of the
nick sequence (TACTACG/AG; / indicating the nick site) located
on the apical loop of a hairpin formed by an inverted repeat
(IR-I) (Moscoso et al., 1995; Ruiz-Masé et al., 2007). The nature
of the cleavage reaction demands that the DNA substrate is in
an unpaired configuration, which is achieved by IR-I hairpin
extrusion on supercoiled DNA. In vitro, RepB contacts with its
primary binding site (the bind locus) and with a region of the
nic locus that includes the right arm of IR-I. Binding of RepB
to the bind locus seems to facilitate binding of the protein to
the nic locus, which promotes extrusion of the IR-I hairpin
containing the substrate DNA to be cleaved (Ruiz-Masé et al.,
2007). The nucleophilic attack on the scissile phosphodiester
bond of the DNA is most likely exerted by the catalytic Tyr99 of
RepB (Moscoso et al., 1997). Like other RCR Rep initiators from
plasmids and bacteriophages, RepB lacks ATPase and helicase
activities (de la Campa et al., 1990; Moscoso et al., 1995).
Thus, apart from the DNA polymerase, other host proteins such
as a superfamily 1 (SF1) DNA helicase and a single-stranded
DNA (ssDNA)-binding protein are expected to be recruited to
participate in the early stages of initiation and elongation.

RepB is a 210 amino acid polypeptide that is purified as a
hexamer (RepBg, Ruiz-Maso et al., 2004). X-ray crystallography
revealed the structure of full-length RepBs, which forms a
toroidal homohexameric ring (Ruiz-Mas6 et al., 2004; Boer
et al, 2009). Each RepB protomer comprises an N-terminal
endonuclease domain, referred to as the origin binding domain
(OBD), and a C-terminal oligomerization domain (OD) that

forms a cylinder with a six-fold symmetry in the hexamer
(Supplementary Figure 1). The conformational ensemble of
RepBg is characterized by a rigid cylindrical scaffold, formed
by the ODs, to which the OBDs are attached as highly flexible
appendages. The intrinsic flexibility allows RepB to adopt
multiple conformational states and might be involved in the
specific recognition of the dso (Boer et al., 2016). The N-terminal
131-residue OBD domain retains the DNA-binding and nuclease
functions of the protein (Boer et al., 2009). This domain belongs
to the superfamily of HUH endonucleases (in which U is a
hydrophobic residue), which includes proteins of the Rep class,
involved in replication of bacteriophages, plasmids, and plant and
animal viruses, and of the Mob class, also known as relaxases,
involved in the conjugal transfer of plasmid DNA (Ilyina and
Koonin, 1992). The overall structure of the endonuclease domain
of the HUH endonuclease superfamily is very similar despite
the low level of sequence identity, and is characterized by a
five-stranded antiparallel B-sheet flanked by a variable number
of a-helices (Dyda and Hickman, 2003; Chandler et al., 2013).
Moreover, the entire superfamily appears to follow a common
endonucleolytic mechanism based on a catalytic Tyr and a
divalent metal coordinated by a His cluster (Dyda and Hickman,
2003). The conserved HUH sequence motif, present in Rep and
Mob proteins (Ilyina and Koonin, 1992), was confirmed as part of
the metal binding site from structural data (Campos-Olivas et al.,
2002; Hickman et al., 2002; Boer et al., 2009). Another conserved
motif, designated UXXYUXK in Rep proteins, includes the
catalytic Tyr (Ilyina and Koonin, 1992).

RepB OBD central fB-sheet is flanked by helices al and
a2 at one face, and by helix a3, which provides the catalytic
residue Tyr99, and the short helix a4 at the opposite side. In
addition, a Mn?* cation is found close to Tyr99 in the active
site (Supplementary Figure 1B). This metal ion is coordinated
by five ligands, namely the RepB residues His39, Asp42, His55,
and His57 (the latter two residues forming the HUH motif)
and a single solvent molecule, in an octahedral-minus-one or
square-based pyramidal geometry (Boer et al., 2009). All four
RepB residues ligating the Mn?* cation are placed in sequence
motifs that are conserved in the Rep proteins of the pMV158
RCR plasmid family (del Solar et al., 1993), as is also the case
with catalytic Tyr99 and with Tyr115, which hydrogen bonds
to the Asp42 carboxyl group (Supplementary Figure 1). In vitro,
only Mn?** and Co?*, among various divalent cations tested, are
able to promote RepB-mediated nicking-closing of supercoiled
plasmid DNA (Boer et al., 2009). Thus, the presence of Mn?* in
the active site is consistent with these requirements. Although in
DNA cleavage reactions where the hydroxyl group of a tyrosine
or a serine acts as a nucleophile there is no apparent need of
a metal cation for activation, the simultaneous presence of a
tyrosine and a metal cation in the active site seems to be a
common feature in the HUH endonucleases studied so far. In
fact, it is generally accepted to attribute a structural role to the
cation bound in the active site (Hickman et al., 2002; Larkin et al.,
2005; Boer et al., 2006). In RepB, the Mn>* ion probably interacts
with the oxygen atoms of the scissile DNA phosphate, polarizing
the bond and favoring the nucleophilic attack by the catalytic
Tyr99 (Boer et al, 2009). The presence of additional divalent
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cation binding sites at the interface of OBD and OD domains has
been reported for the C2 crystal structure of RepBg (Boer et al.,
2016).

Current structural information about full length Rep proteins
from RCR plasmids is restricted to RepB, although the
structure of a chimeric initiator Rep protein of staphylococcal
plasmids belonging to the pT181 family has been recently
solved (Carr et al., 2016). In addition, little information on
biochemical and biophysical parameters has been reported for
these proteins. In this work we have analyzed the effect of
Mn?* on both the thermostability and the catalytic activity
of RepB. We demonstrate that the manganese cation strongly
protects the protein from undergoing a thermal transition
that otherwise takes place between 32 and 45°C. We also
show that the conformational change associated with this
transition is confined to the OBD and renders the protein
catalytically inactive and unable to recognize the plasmid
replication origin. Mn?*-driven thermostabilization of RepB
most likely results from binding of the divalent cation to
the active site of the protein, and is compatible with the
metal affinity values obtained by isothermal titration calorimetry
(ITC) for different protein variants. On the other hand, the
analysis of the Mn?* concentration dependence of the catalytic
activity of the protein indicates that maximal activity of full-
length RepBg would require saturation of both the high
affinity site in the active center and additional lower affinity
site(s).

RESULTS

Characterization of the RepB Thermal
Transitions and Their Effects on the Protein
Activity
Previous circular dichroism (CD) studies on hexameric RepBg
revealed the presence of a temperature-induced irreversible
transition between 32 and 45°C leading to a small, but
significant, increase of the protein a-helical content, whereas
a second transition occurring above 80°C resulted in RepB
precipitation (Ruiz-Masé et al., 2004). We now show that the
first transition also induced a decline in the ellipticity signal at
282 nm (Figure 1A), indicative that RepBg tertiary/quaternary
structure was also modified, and that the transition advance
estimated from the CD thermal profiles at 282 and 218
nm fully overlapped (Figure 1B). The irreversibility of such
conformational change allowed us to analyze, by analytical
ultracentrifugation, the oligomerization state of RepBs heated
to different temperatures in the range from 25 to 75°C. As
indicated in Figure 1A, the average molecular weight remained
close to that of the hexamer (145.5 kDa) up to the end
of the first transition (Mgpp/Mo = 1.2 at 45°C; My being
the hexamer molecular weight). However, a clear increase in
the oligomerization state was observed as the temperature
was further increased, followed by the protein precipitation
above 80°C.

To investigate the effect of the first thermal transition on
RepBg activity as RCR initiator, we tested the nicking/closing

and DNA binding capacities of RepBg after being heated or
not to 45°C. The results showed that the protein heated to
45°C was unable to relax the supercoiled (sc) cognate plasmid
DNA (Figure 2A) and had also lost its ability to bind to the
target dsDNA (Figure 2B). In contrast with this, the RepBg
nicking/closing activity on scDNA was maximal at 60°C in the
presence of 10-20 mM MnCl,, whereas it decreased to about
50% when the reaction was carried out at the same Mn?*
concentrations but at 37°C, the optimal growth temperature
of the pMV158 pneumococcal host (Moscoso et al., 1995;
Figure 2C). It is noteworthy that the enhancement of RepBg
activity at 60°C is restricted to sc plasmid DNA and was
not observed on ssDNA substrates unable to form the IR-I
cruciform (Figure 3). Therefore, the higher activity at 60°C
is most likely due to the high temperature facilitating the
extrusion of the cruciform that renders the nick sequence a
single-stranded substrate. Be that as it may, preservation of the
activity at 60°C required a factor specifically present in the
reaction mixture that protected the protein from the thermal
inactivation. Mn?* cations were next shown to account for this
role, as the presence of 20 mM MnCl, during RepBg heating to
45°C prevented its inactivation and kept intact its endonuclease
(Figure 2A) and DNA binding activities (not shown). Regardless
of the presence of MnCly, the sample heated up to 70°C was
completely inactive (Figure 2A). To explore the influence of
Mn?* on the structure and thermal stability of RepBs, we
first compared the CD spectra (far- and near-UV regions) of
the protein in the presence and in the absence of MnCl,.
Their coincidence indicated that no significant changes occurred
in either the secondary structure or the tertiary/quaternary
structure upon binding of Mn%t (not shown). Next we carried
out thermal denaturation experiments in the presence of Mn"
at concentrations ranging from 0.05 to 20mM and the first
thermal transition was assessed by monitoring RepBg ellipticity
at 218 nm. The results showed a strong stabilization of RepBg
by Mn?*, shifting the apparent half-transition temperature
(T1/2) by around 25°C (from ~39 to ~66°C) at the maximum
concentration of MnCl, tested (Figure 1C). In contrast, MgCl,
or CaCl, addition had no effect on RepBg stability (not shown).
The steepest variation of Tj,, occurred below 1 mM and the
progression of Ty, at higher ligand concentrations followed
the trend expected for ligand binding domains (Brandts et al,,
1989).

The influence of Mn?* in RepBs structural stability was
also examined by differential scanning calorimetry (DSC;
Figure 1D). In the absence of cation, the thermogram shows
a peak with a transition temperature (T,,) of 39.5°C, very
close to the Ty, obtained for the first CD transition, and a
transition enthalpy change of 71kcal/mol of protomer, which
supported a protein denaturation event. Above 80°C the
baseline dropped drastically due to RepBg precipitation, in
agreement with CD results. The visible peak was drastically
shifted to higher temperatures upon Mn?* addition (57.3
and 61.5°C for 130uM and 2mM of Mn?*, respectively;
Figure 1D). The cation addition also increased the transition
enthalpies to 89 kcal/mol (130 M Mn?T) and 129 kcal/mol
(2 mM Mn?t).
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FIGURE 1 | RepBg low-temperature transition involves global changes in the protein structure. (A) Temperature-induced conformational changes of RepBg
as monitored by the variation of the ellipticity at 218 and 282 nm ([®] represents protein molar ellipticity). Samples heated at the indicated temperatures (arrows) were
analyzed by analytical ultracentrifugation (sedimentation equilibrium), and the estimated average molecular masses are displayed on the protein CD thermal profile. (B)
Apparent fraction of modified protein (Fpapp) calculated from the transition curves registered at 218 nm (e) and 282 nm (s) between 10 and 60°C. The solid line shows
the fit of Equation (1) to Fpapp values. (C) Temperature transition curves of RepBg (12 LM) in the presence of increasing concentrations of MnCl, (indicated inside the
graph) measured by CD at 218 nm. The table shows the apparent half-transition temperatures of RepBg derived from fit of Equation (1) to the figure experimental
curves (solid lines). (D) DSC profile of the first thermal transition of RepBg (30 wM) monitored in the absence and in the presence of 130 uM or 2mM Mn2+t. The
position of the maximum of the heat capacity function (Tm) is indicated.

The First Thermal Transition Is Confined to
the Catalytic Domain

To investigate whether the first thermal transition affects a
particular protein domain, we analyzed the thermal stability
of the separate RepB domains, purified from Escherichia coli
as described (Boer et al., 2009). The N-terminal OBD, which
has been shown by analytical ultracentrifugation to be in a
monomeric state, contains the endonuclease and DNA binding
activities, and retains these abilities when separated from
the C-terminal OD, which maintains its hexameric structure
(Boer et al., 2009, 2016). Of note, the near-UV CD spectra
of the separate domains correlate fairly well with that of
RepBg (i.e., the RepBg spectrum approximately matches the
curve obtained by addition of the spectra of the separate
domains weighted by the fractional contribution of their
amino acid number to the complete protein), evidencing the

conservation of tertiary/quaternary structure in both domains
(Figure 4).

Thermal stability of OBD and OD was studied by CD
spectroscopy following the procedure used for RepBg. The
CD thermal profile of OD at 218nm showed that the
oligomerization domain suffered a single thermal transition
when the temperature was raised above 78°C, which correlated
with the observable precipitation of the sample and the reduction
of the spectrum intensity (Supplementary Figure 2). Although
the three-dimensional structure of RepBg did not reveal a metal
binding site specific of the OD (Boer et al., 2009), we decided
to assess the effect of Mn? in the stability of the domain. The
presence of 1 mM MnCl, during the heating of the sample
delayed the thermal transition about 5°C. This effect was not
specific of Mn?" and MgCl, produced the same stabilization (not
shown).
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FIGURE 2 | The presence of Mn2* activates RepB and protects it against thermal inactivation. (A) Activity assays on supercoiled DNA. Samples of RepB
unheated, heated to 45°C in the absence of Mn2+, or heated to 45 or 70°C in the presence of 20 mM Mn2+ were mixed, at the indicated molecular ratios, with 6.7
nM of pMV158 supercoiled DNA and then incubated for 30 min at 37°C in the presence of 20 mM MnCl,. The supercoiled (SC), closed relaxed circles (Rel), and open
circular (OC) plasmid forms were separated by electrophoresis on agarose gels containing ethidium bromide. Images from different parts of the same gel have been
grouped and indicated by dividing lines. (B) RepBg recognition of the bind DNA measured by EMSA. Unheated or 45°C-heated samples of RepBg were mixed, at the
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Prior to its thermal characterization, purified OBD, which
carried a His-tag, was subjected to an extra-chelating treatment
aimed to eliminate trace amounts of divalent cations from the
purification steps. The OBD thermal profile at 218 nm shows a
single irreversible structural change that takes place with a T of
~51.5°C. The structural change increased by 66% the ellipticity
value at 218 nm, though the intensity of the whole far-UV
spectrum decreased when the temperature was raised above 60°C
due to OBD precipitation (Figure 5A and Supplementary Figure
3A). Of note, the first structural change of RepBg has the same
magnitude in protomer molar ellipticity units than the transition
of OBD, whereas the cooperativity of the process appears to be
somewhat different (Figure 5A). The presence of MnCl, during
the heating of the OBD sample stabilized the domain structure,
increasing by around 13°C the on-set of the thermal transition at
5mM MnCl, (OBD precipitation after denaturation hampered
the estimation of T/, values above 2 mM Mn?t; Figure 5).

Contribution of the active site cation to the stability and the
catalytic activity of OBD was evaluated by replacing the acidic
residue Asp42, involved in Mn?* binding to the active center,
by alanine. As for OBD, the protein mutant was treated with
EDTA, prior to its equilibration in CD bufter, to eliminate any
trace of divalent cations from the purification steps. The far-
UV CD spectra of OBD and OBDP**A acquired at 20°C were
very similar, if not identical (Supplementary Figure 3), and the
presence of MnCl, did not modify the spectra (not shown).
Generation of the mutant OBDP#?A resulted in a protein variant
whose thermal stability was comparable to that of the wild type

domain in the absence of Mn?*. In fact, both the magnitude of
the ellipticity change at 218 nm and the T}/, of OBDP#2A and
OBD (50.5 and 51.5°C, respectively) were similar (Figure 5A).
Despite removal of a Mn?* ligand in the active site, OBDP42A
still has the capacity to bind Mn?*, as shown by the ability
of Mn?* to up shift the thermal denaturation of the mutant
domain (Figures 5B-D). However, at low MnCl, concentrations
the transition shift was lower in the mutant, probably due to the
loss of one of the metal ligand and the consequent Mn?* affinity
decrease (Figure 5B). Together, these results evidenced that first
thermal transition displayed by RepB¢ corresponds to the OBD
catalytic domain, and that OBD is the receptor of Mn?* cations
accounting for RepBg stabilization. Besides, the magnitude of the
enthalpy change associated to this transition strongly indicates
that it implies OBD denaturation.

Determination of RepBg-Mn?* Binding
Affinity by ITC

The affinity of RepBs, OBD and OBDP*A for Mn?* was
examined by ITC. Titrations were performed at 25°C. The
analysis of the binding isotherms (Figure 6) showed that each
protomer of RepBg binds one Mn?* cation with high affinity
(Ky = (2.5 £ 0.7) x 107 M~!; N = 0.87 & 0.01 sites/protomer)
and a binding enthalpy of —3.00 £ 0.01 kcal mol~!. The
affinity of Mn?* for the isolated OBD domain was rather
similar (K, = (24 £ 0.8) x 107 M™!), but the number
of titrable sites was drastically reduced (N = 0.47 £ 0.01
sites/monomer). In contrast, the N-value of 0.82 obtained for
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FIGURE 3 | In vitro cleavage activity of RepBg on ssDNA oligos at different temperatures. A 23-mer oligo substrate (100 nM), radioactively labeled in 5", was
incubated with RepBg at three different temperatures (30, 37, and 60°C) in the presence of 20 mM of MnCl, and at the indicated protein:oligo substrate molar ratios.
The products were separated on 20% PAA, 8M urea denaturing gels (upper part). Nicking activity of RepBg was quantified as the percentage of 15-mer product

the OBDP*A-Mn?* complex compared well with that of the
complete protein, and the binding affinity was reduced to
about one-thirtieth (Ki, = (8.63 £ 0.08) x 10° M~1). As
shown by the thermodynamic parameters displayed in Figure 6,
Mn?* binding to RepB active site is entropically driven, which
suggests that primarily occurs through electrostatic interactions
and possible removal of bound solvent molecules from the
binding interface. However, substitution of Asp42 by alanine
made the enthalpy of binding —3.37 kcal mol~! more favorable
but almost canceled the entropic contribution, evidencing that
Mn?* binding to OBDP*?A implies hydrogen bond formation
and/or an entropically unfavorable reorganization of the domain
structure.

The high affinity of OBD and OBDP*?A for Mn?* is consistent
with the strong metal-dependent stabilization observed in the CD
thermal profiles and the DSC thermograms (Figures 1, 5). On the
other hand, the reduced binding capacity of OBD could denote
a high proportion of non-functional domain or, alternatively,
previous occupance of Mn?* binding sites. This later possibility
could also explain the higher stability of OBD in CD buffer
without Mn?* compared to RepBg.

Titration of RepBg with 1 mM MgCl, produced neither heat
uptake nor relase, and supplementation of ITC buffer with 2 mM
MgCl, did not changed Mn?* affinity for RepBg (not shown).
These results, together with the failure of MgCl, to stabilize the
OBD domain, strongly indicates that Mg?" cannot substitute
Mn?* at the active site.

The Effect of Metal Binding on OBD and
RepBg Catalytic Activity

RepBs and OBD are able to catalyze the joining of the 5'-
phosphate end of the cleavage reaction product with a new 3’-
OH end (Moscoso et al., 1995). The effect of different divalent
metals on the activity of OBD and RepBs on single-stranded
oligonucleotides (oligos), as well as the influence of the D42A
mutation, was assessed by performing cleavage and strand-
transfer assays. For these experiments, OBD and OBDP#4
proteins were subjected to the extra chelating treatment indicated
above after removal of their His-tags. In order to reveal
the total fraction of reaction products, the reaction mixtures
contained 10 pmol of a Cy5 3'-labeled 27-mer substrate carrying
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the specific nick sequence, and a 10-fold molar excess of
an unlabeled 30-mer that provided the 3’-OH substrate for
strand transfer, thus avoiding re-joining of the 27-mer oligo.
The mixture of oligos was treated with OBD or OBDP#*A as
indicated in the Experimental Procedures and, subsequently, the
reaction products were analyzed by electrophoresis in PAA-urea
sequencing gels. Cleavage and strand-transfer activities resulted
in the generation of two new fluorescent bands corresponding
to 12- and 42-mer products, respectively. In addition, incubation
of the samples with SDS and proteinase K, used to stop the
reaction, allowed the detection of a covalent complex between
OBD and the 12-mer oligo, which appeared as a third fluorescent
band corresponding to a small peptide linked to the 5" end of
the 12-mer oligo (Figure 7A). The fraction of labeled DNA in
each of the three reaction products was calculated and used
to determine the protein total activity. Under these conditions
of substrate excess, the strand-transfer activity of OBD and
OBDP#?A was prevalent regardless of the Mn?>* concentration
and of the protein variant used, and the main reaction product
was the 42-mer (Figure 7A). The effect of adding increasing
concentrations of MnCl, on the level of substrate conversion
by OBD or OBDP*?A is displayed in Figure 7B. It should be
noted that the catalytic activity of OBD was fully dependent on
the metal ion, as deduced from the absence of reaction products
in the presence of 10 mM EDTA (not shown). However, in the
absence of EDTA and at 0.1 uM of MnCl,, the lowest metal
cation concentration added, the reaction products amounted to
~36 and 41% of the 27-mer total added, respectively; that is,
~66-76% of the maximal activity, which was reached at around
40 pM MnCl,. These values reflect the high binding affinity of
OBD for Mn?*, for which an apparent dissociation constant of
0.5 & 0.3 M was estimated assuming that the activity increase
above the background reflected the saturation of the cation
available sites. The catalytic activity of OBDP4?4 also augmented

upon increasing MnCl, concentrations. At 0.1 M Mn** the
percentage of reaction products (~25% of the initial substrate)
was, again, very close to the value with no MnCl, added, and
represented a 51% of substrate conversion under conditions of
maximal activity (Figure 7B). The apparent dissociation constant
for the Mn?* cations accounting for this activity increase (2.6 &
0.6 M) was around five-folds higher than for wild-type OBD.
The Mn?* apparent dissociation constant inferred for OBDP424
from the activity assays (~2.6 WM) matched quite well the value
of K4 (~2 wM) obtained by extrapolation of the ITC constant
to 37°C, whereas that of OBD (~0.5 wM) was around nine-
fold higher than the ITC-derived value (Kq, 370¢c =57 nM). This
apparent discrepancy was probably due to the errors of the
activity measurements and to the small net increment of OBD
activity at saturation by Mn?>* with relation to the background
without Mn?*, whose high value likely reflects the capture of
Mn?* traces present in the reaction mixture by the active site.

The catalytic activity of RepBg on single-stranded oligos
at MnCl, concentrations ranging from 0.1 pM to 1 mM was
analyzed using also a RepB protomer:27-mer substrate DNA
molecular ratio of 1:10. As for OBD and OBDP*A, the
catalytic activity of RepBg increased with MnCl, concentration
(Figure 8A) and the strand-transfer activity was prevalent under
conditions of substrate excess (not shown). By contrary, no
product formation was observed in the absence of added Mn?*
and RepBg half-maximal activity was reached at ~60 uM of
MnCly, a value that is three orders of magnitude higher than
that extrapolated from ITC data (Kq, 37oc = 56 nM). To examine
the specificity of such high cation concentration requirement
for nicking and strand-transfer activities, we measured the
activity of RepBg in the same MnCl, concentration range but
supplementing the reaction mixture with 0.2 mM MgCl,. In the
presence of only MgCl,, the activity of RepBs became measurable
and product formation represented ~5% of the 27-mer added.
Moreover, the presence of MgCl, enhanced significantly the
activity of RepBg at non-saturating concentrations of MnCl,
without varying the maximal activity of the protein (Figure 8A).
The increase of RepBg catalytic activity upon Mg?* addition
is unlikely to be due to trace amounts of Mn?* in the MgCl,
solution, as they should represent less than 4nM. Besides, the
following experimental data suggest that MgCl, does not bind
to the active site, although they do not discard that it can
partially replace Mn?" in activating nicking and strand-transfer.
First, 0.2 mM MgCl, does not stabilize the OBD domain against
thermal denaturation in the complete RepBg protein. Second,
we have failed to find any evidence of Mg?" high-affinity
binding to RepBg through Mg?™ direct titration or Mg?*/Mn?*
competition assays by ITC (not shown). Moreover, Mn?* was the
cation found in the active center of the C3 crystals of RepBg even
though the crystallization buffer contained 200 mM MgCl, and
theoretically lacked Mn?* (Boer et al., 2009).

We have also analyzed the pattern of the reaction products
generated by RepBg under conditions of protein excess (10:1
protein:27-mer molar ratio) and observed that it varied
depending on the concentration of Mn?" added (Figure 8B).
At 7.5uM MnCl, the main reaction product resulted from the
strand-transfer activity of RepBg; the observed protein activation
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FIGURE 5 | Temperature-induced changes in the secondary structure of OBD and OBDP42A, Temperature transition curves of RepBg (), OBD (8), and
OBDP42A (®) measured by CD at 218 nm in the absence of MnCly (A) or in the presence of 0.05 (B), 2 (C), and 5 (D) mM of MnCl» ([®] represents the protein molar
ellipticity). The CD thermal profile of RepBg has been shifted along the ordinate axis to facilitate the comparison with those OBD and OBDP42A, In the case of OBD
and OBDP42A | the continuous lines represent an average of the experimental data. Measurements were carried out at 12 uM RepBg and 19 uM OBD or OBDDP42A,

relied on the divalent cation as it was not achieved when 7.5 uM
NaCl was added instead. Interestingly, at 1mM MnCl, the
proportion of strand transfer product was perceptibly decreased
and the reaction was shifted to the formation of nicking product
and covalent adduct (Figure 8B). The same effect was achieved
by supplementing with 1 mM MgCl, although the advance of
the reaction was significantly lower (not shown). By contrast,
an excess of OBD protein relative to the 27-mer substrate
(molar ratio of 20:1) rendered, both at low and high MnCl,
concentration, a pattern of reaction products where the two types
of products coexisted (Figure 8B).

DISCUSSION

Influence of Mn2* in the Structural Stability
of OBD and RepBg

Thermal denaturation of RepBg takes place in two irreversible
steps. The first one leads to an inactive form of the protein,
and the second one results in protein precipitation (Figure 1).
Further characterization of RepBg and of its separate OBD
and OD domains showed that the first conformational change

exclusively affects the endonuclease domain, impairing its
dsDNA binding and ssDNA catalytic activities (Figures 2, 5).
The process reflects OBD denaturation, based on DSC data and
near-UV CD spectroscopic changes, although in overall RepB
the domain secondary structure seems to be largely preserved
(Figure 1). The low stability of the OBD domain, whose thermal
denaturation takes places with a Tm of 39.5°C, contrasts with
the high thermostability of the oligomerization domain, which
maintains its native structure at temperatures as high as 80°C
(Figure 1 and Supplementary Figure 2).

Mn?* binding results in a strong thermal stabilization of the
endonuclease domain, both in its separate form (OBD protein)
and in full-length RepB¢ (Figures 1, 5), which likely correlates
with saturation of one high affinity site of RepB per protomer,
as measured by ITC (K4 ~40nM; Figure 6). Other divalent
cations, like Mg?" and Ca?", failed to stabilize RepBg against
thermal denaturation and Mg?* binding was not observable by
ITC, which pointed to their incapacity to bind RepBg with high
affinity. The protective effect of Mn?>" binding on the RepB
structure likely results from the stabilization of the four protein
ligands at the active site (His39, Asp42, His55, and His57; Boer
et al., 2009) and of their coordination spheres. Three out of
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bottom and the corresponding theoretical curves are depicted as solid lines.
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FIGURE 7 | Nicking and strand-transfer activity of OBD and 0BDP42A on ssDNA oligos in the presence of different metal concentrations. (A) Reaction
product pattern generated by the nicking and strand-transfer activities of OBD and OBDP42A on ssDNA oligos at the indicated protein:oligo substrate molar ratio and
different concentrations of MnCl. The 27-mer oligo substrate (500 nM), labeled in 3’ with the fluorescent dye Cy5 (indicated by a star), and a 10-fold molar excess of
the unlabeled 30-mer oligo were incubated with the protein at 37°C for 1 min. The resultant fluorescent oligos were analyzed by electrophoresis in 20% PAA, 8 M urea
denaturing gels and visualized with the aid of FLA-3000 (FUJIFILM) imaging system. A schematic description of the different reaction products is depicted on the right
side of the gel image. To compare the reactions products generated by the activity of OBD and OBDP42A the images from different gels acquired and processed
under the same conditions have been grouped and indicated by dividing lines. (B) Vertical bar graph comparing the percentage of reaction products rendered by OBD
and OBDP42A due to the addition of the indicated concentrations of MnCl,. The assays were performed as depicted in panel A with a protein:oligo substrate molar
ratio of 1:10. Vertical bars represent the average value of three different experiments. Errors bars represent standard deviations. The activity increases of OBD and
OBDP*2A were fitted by nonlinear regression (solid line) to a ligand binding model assuming a single class of binding site for Mn2+. The best fitting values for the
apparent dissociation constant for OBD and OBDP42A were 0.5 + 0.3 and 2.6 + 0.6 WM, respectively. The percentage of reaction products measured in the absence
of MnCly added for OBD (ms) and OBDP42A () is indicated on the y-axis.
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FIGURE 8 | Nicking and strand-transfer activity of RepBg on ssDNA oligos in the presence of different metal cation concentrations. (A) The vertical bar
graph shows the percentage of reaction products rendered by RepBg, in the presence or in the absence of 0.2 mM of MgCly, when the indicated concentrations of
MnCl, were added. The 27-mer oligo substrate (500 nM), labeled in 3" with the fluorescent dye Cy5, and a 10-fold molar excess of the unlabeled 30-mer oligo were
incubated with the protein at 37°C for 1 min. The assays were performed at a protein:oligo substrate molar ratio of 1:10. Vertical bars represent the average value of
three different measurements and error bars are standard deviations. The activity curves of RepBg supplemented or not with MgCl, were fitted by nonlinear
regression (solid lines) to a ligand binding model assuming a single class of binding site for Mn2+. The best fit values for the apparent dissociation constant for RepBg
was 24.1 + 6.9 uM in the presence of 0.2 mM of MgCly, and 80.5 £ 26.2 uM in the absence of MgCl,. The percentage of reaction products measured in the
presence of 0.2 mM of MgCl, with no MnCl, added (w=) is indicated on the y-axis. (B) Reaction product pattern generated by the nicking and strand-transfer activities
of RepBg and OBD on ssDNA oligos. The assays were performed as those depicted in (A), at the protein:oligo substrate molar ratio and MnCl, concentration
indicated on the top of each lane. As a control, the reaction was also carried out with NaCl instead of manganese salt. The resultant fluorescent oligos were analyzed,
visualized and quantified as in Figure 7. To compare the reactions products generated by the activity of OBD and RepBg the images from different gels acquired and

processed under the same conditions have been grouped and indicated by dividing lines.

these four ligand residues are linked through several hydrogen
bonds. Namely His39 and His55 main chains are interconnected
through two H-bonds, whereas the carboxyl group of Asp42
is hydrogen-bonded to the side chains of His55 and Tyrl15.
Besides, His39 side chain makes a hydrogen bond with the
carbonylic oxygen of Leul00, and the carbonylic group of Asp42
is hydrogen-bonded to the main-chain amide-N of Ser44, whose
hydroxyl oxygen is connected, in turn, to the main-chain amide-
N of Lys50. Additionally, His57 and Ser36 residues form three
hydrogen bonds through their main chains and side chains
(Supplementary Figure 1). Hence, by stabilizing this network of
polar contacts, the Mn?* cation contributes as well to held in
place the flexible 21-residue loop that connects strands $2 and 3,
and the region comprised between helix a3 and 3¢-helix n2, both
of them flanking the active site (Boer et al., 2009). Moreover, the
global conformation of this region might be altered in the metal-
free form of OBDP*?A, thereby explaining the affinity decrease
derived from the loss of a metal ligand, as well as the differences
found in the enthalpy and entropy of Mn?>* binding to OBDP42A
with respect to OBD (Figure 6). The D42A variant of OBD not
only retains the Mn?T binding capacity but also the catalytic
activity, which amounted to ~90% of wild-type OBD under
Mn?* saturating concentrations (Figure 7). Therefore, the Asp42
moiety, although not essential for metal binding, contributes
significantly to the high affinity of the cation and helps to
maintain the architecture of the catalytic groove. Of note, the
Tyr115 moiety, hydrogen-bonded to Asp42, is conserved among
the Rep proteins of the pMV158 family. The architectural role of

this interaction would be also consistent with the lack of nicking
activity showed by the Rep protein variant Y116W of pJB01, a
Enterococcus faecium plasmid belonging to the pMV158 replicon
family, which was formely atributed to the involvement of Tyr116
(equivalent to Tyr 115 of pMV 158 RepB) in the catalytic reaction
(Kim et al., 2006).

Mn?* also binds tightly to other HUH endonucleases like Rep
of AAVS5, Tral of E minMobA of R1162, and MobM of pMV 158,
though with about one-twentieth the affinity for RepB (Hickman
et al.,, 2002; Larkin et al., 2007; Xia and Robertus, 2009; Lorenzo-
Diaz et al., 2011). As for OBDP*?A, Mn?* binding to MobM
was enthalpically driven, which indicated that cation binding
triggered a conformational rearrangement of MobM structure
(Lorenzo-Diaz et al., 2011). Metal-induced stabilization has been
proved also in some HUH endonucleases of the Mob class. Mn?*
gave the greatest stabilization of minMobA and MobM (Xia
and Robertus, 2009; Lorenzo-Diaz et al., 2011), although their
protection was significantly lower than that induced in RepB at
equal cation concentration.

Conservation of Mn?* Binding Traits within
the HUH Endonuclease Superfamily

Configuration of the active site of HUH endonucleases results
from the spatial arrangement of a divalent cation and amino acids
from several conserved motifs. The presence of an acidic residue
involved either directly or indirectly in metal coordination
seems to be a common feature in Mg?" or Mn?* binding
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proteins. Three neutral His side chains coordinating the metal
is the configuration most widely conserved among relaxases
characterized so far, with the exception of MbeA from plasmid
ColE1, with a HEN signature substituting the canonical His
triad (Varsaki et al., 2003). Moreover, the interaction through a
hydrogen bond between a conserved Asp residue (Asp81) and
a His of the 3-His cluster in the active site of relaxase Tral
of F seems to do more than orient the His to coordinate the
metal. It probably modulates the charge of the His on the metal,
allowing a greater polarization of the scisille phosphate bond
(Larkin et al., 2007). Substitution of any of the residues of the
3-His cluster by Ala results in no detectable metal binding in
Tral of F or minMobA of R1162 (Larkin et al., 2007; Xia and
Robertus, 2009). By contrary, the D81A variant of Tral of F
binds Mn?* with lower affinity than the wild type enzyme and
displays a conditional phenotype, exhibiting minimal activity
with MgCl, but wild-type activity with MnCl, (Larkin et al,
2007), which reminds our results for the OBDP*2A mutant. In
this line, substitution of any of the three His residues of the
RepBs metal binding pocket yielded unstable protein variants
that precipitated irreversibly upon being overproduced (not
shown). In the case of the viral Rep initiators, the His residue
which does not belongs to the HUH motif is replaced by an
acidic residue. Thus, the metal bound at the active site of Rep
of AAVS5 is coordinated by two His (89 and 91) and the acidic
side chain of Glu82, whose independent substitution results in
no detectable binding of Mn?* (Hickman et al., 2002). Similarly,
substitution of Glu83 of AAV2-Rep68 (equivalent to Glu82 in
AAV5-Rep) by alanine severely impaired the nicking activity of
AAV2-Rep68, but residual activity was observed in the presence
of Mn2* (Yoon-Robarts and Linden, 2003).

Role of Metal Cations on RepB Activity

Divalent metals could play a role in the proper positioning
of the substrate within the catalytic cavity by neutralizing the
charges of the ssDNA substrate. They could help also to orient
the catalytic residue/s or enhance the polarization of the scisille
phosphate bond. Despite Mn?* high binding affinity, no nicking
or strand-transfer activity were detected in RepBg at cation
concentrations below 20 LM, which were yet expected to saturate
the metal site located at the active center, considering the
K4, 37o¢c value extrapolated from ITC titration data. Moreover,
the concentration of MnCl, required for RepBg half-maximal
activity exceeded by three orders of magnitude the K 37-¢ value
(Figure 8). One possibility to explain this apparent discrepancy
was that, at these quite low Mn?* concentrations, rejoining of
the cleaved 23-mer substrate by full-length RepBg predominated
over the strand transfer activity, even when the strand-transfer
oligo substrate was in a 10-fold molar excess relative to that
harboring the nicking sequence. However, a further increase of
the strand-transfer substrate up to a 100-fold molar excess did
not increase RepBg catalytic activity (not shown), making this
hypothesis unlikely. As such inconsistence did not exist in the
OBDP*2A mutant and was largely attenuated in the separate
endonuclease domain OBD, the distinct protein configuration
inherent to each structure might underlie their different behavior.
In this context, binding of metal cations to secondary binding

sites located at the interface of the RepBs domains and/or
protomers, or even between RepBg and the substrate DNA, so
that full nicking activity would be reached only when high and
low affinity sites become saturated, could explain the apparent
inconsistency between the Mn?t binding affinity of RepBg
calculated from ITC and the enzymatic assays. In contrast with
this, the enhancement of OBD (or OBDP424) activity promoted
by Mn?* (Figure7) most probably derives from the cation
binding to the active site.

The structure of the RepB hexamer reveals a high degree of
conformational plasticity, allowing differences of up to 55° in
the orientation of the OBDs relative to the ODs (Boer et al,,
2009, 2016). As a result, RepBg can exists at least in two distinct
structural conformations (C2 and C3 structures). The movement
of the OBDs and their position relative to the ODs is mainly
determined by the flexibility of the hinge region connecting both
domains and by the distinct interactions created between the
OBD and the hinge region of a protomer and the OD helix a5 of a
neighboring protomer (Boer et al., 2016).Interestingly, a divalent
cation can bind to this region through the backbone of the hinge
region of a protomer and side chains of residues from the own
OD and that of an adjacent protomer in an OBD conformation-
dependent way. Indeed, null, half or full site occupancy by
Mgt or Ba?* has been observed, respectively, for the inward,
intermediate and outward positions of the OBD domains in
RepBg C2 structure (Boer et al., 2016). The role of this metal
binding site in the orientation of the OBD domains or RepBg
activity is presently unknown. However, C2 and C3 structures
of RepBg were obtained in crystallization buffers with different
divalent metal conditions. So, it is tempting to speculate on the
possibility that the metal bound to this second site, which does
not exist in separate OBD, could influence the activity of RepBs,
accounting for both the high cation concentrations required for
full activity on ssDNA oligos and the ability of Mg?* to enhance
the activity of RepBg at non-saturating concentrations of Mn?*
(Figure 8). Characterization of Mob class proteins like MobM
or minMobA also suggested the uptake of additional cations for
maximal nicking activity (Xia and Robertus, 2009; Lorenzo-Diaz
et al., 2011). The OBD movements and the structural elements
controlling its relative orientation within RepBg have been
suggested to play an important role in the adaptative capacity
of RepB to bind diverse DNA structures within the replication
origin (Boer et al., 2009). Moreover, the presence of the hinge
region in other initiators suggests that it may be a common,
crucial structural element for the binding and manipulation of
DNA (Boer et al., 2016).

Notably, the pattern of reaction products generated by the
activity of RepBg on ssDNA oligos when using an excess of
protein respect to the substrate depends on MnCl, concentration.
The reaction shifted from favoring formation of the strand
transfer product at low (7.5 uM) MnCl, concentration toward
formation of the nicking product and the covalent adduct
at 1mM of MnCl, (Figure8). We hypothesize that a high
concentration of divalent metals may reduce the retention of
the strand-transfer oligo substrate near the active site of RepBg,
thereby avoiding the strand transfer reaction. The fact that OBD
activity, at the same protein:substrate molar ratio used for RepBg,
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resulted in similar proportions of strand transfer and nicking
products, independently of the MnCl, concentration, further
support the notion that the path followed by the substrate oligo
is different in RepBg and OBD, either due to the presence of
the OD domain or to the structural/mechanistic implications
of its incorporation into the RepB¢ hexamer. Interestingly, very
high concentrations of MnCl, or MgCl, (>10 mM) decreased
the activity of OBD and RepBg (not shown) probably because
they prevented the interaction of the protein with the substrate
ssDNA.

Biological Relevance of Mn?* in pMV158

Replication

The physiologically relevant metal for Rep and Mob proteins of
the HUH endonuclease superfamily is uncertain, as illustrates the
variety of metal cations (Mg?>", Mn?*, Zn?*, or Ni**, among
others) found in the active site of the HUH endonucleases whose
structure has been solved (Hickman et al., 2002; Datta et al., 2003;
Boer et al., 2006, 2009; Monzingo et al., 2007; Vega-Rocha et al.,
2007; Nash et al., 2010; Francia et al., 2013).

Inside the pMVI158 family of replication initiators,
information on metal ion recognition has been provided
for RepB of pMV158 (this work) and RepB of pJB01 (Kim et al.,
2006), which is also active with Mn?T. In addition, MobM,
the other nucleotidyl-transferase encoded by pMV158, also
requires Mn?T for its optimal activity (Lorenzo-Diaz et al,
2011). This paucity of information about the preference for
cation usage makes difficult to discern whether the selection
of the cation reflects either a preference of the Rep proteins
of the pMV158 replicon family or a greater availability of
Mn?*t in the particular cellular environment. In this sense,
inductively coupled plasma mass spectrometry (ICP-MS)
analysis revealed milimolar concentrations of cell-associated
Mn?t in Streptococcus pneumoniae (Jacobsen et al., 2011). Mn2*
cations are known to be required in vivo for several cellular
processes of this bacterium, like capsule formation, metabolism
and detoxification, and its cellular homeostasis is maintained
even when the extracellular Mn2" is depleted (Jacobsen et al.,
2011). Therefore, the availability of such a high concentration of
intracellular Mn?" is consistent with the relevance of this cation
for certain DNA transactions, such as replication, conjugation or
recombination, performed in this bacterium.

CONCLUDING REMARKS

Here we report the characterization of the activity and thermal
stability of the endonuclease domain of RepB, the initiator
protein representative of the pMV158 replicon family of RCR
plasmids. RepB is shown to consist of a thermolabile (N-terminal
catalytic OBD) and a thermostable (C-terminal hexamerization
OD) domain. Binding of Mn?* to the active center of the protein
protects the OBD from undergoing a conformational change that
implies loss of its tertiary structure and renders the protein both
catalytically inactive and unable to recognize the plasmid origin.
The Asp42 residue, which is one of the Mn?* ligands in the active
center of RepB, was found to be involved in high affinity binding

of the divalent cation. Saturation of both the high affinity Mn?*
binding site at the active center and the lower affinity additional
site(s) seems to be required for maximal activity of full-length
hexameric RepB.

EXPERIMENTAL PROCEDURES

Construction of OBDP42A

GeneTailor™ System (Invitrogen) was used to perform
site-directed mutagenesis. The mutants were generated by
replacement of Asp42 by Ala in the active site of OBD. DNA of
plasmid pQE1-OBD (Boer et al., 2009), employed to overproduce
OBD, was used as template in the mutagenesis reactions.
Overlapping primers were designed following the manufacturer’s
specifications. The expected mutation was confirmed by DNA
sequencing and the resultant mutant was purified as indicated
below.

Protein Purification

RepBgs, OBD, and OD were purified as described previously
(Ruiz-Mas6 et al, 2004; Boer et al, 2009). OBDP#?A was
purified following the protocol used for the respective wild
type form. To study OBD and OBDP*# Mn?*-binding
affinities by ITC, as well as the effect of Mn?" addition
on their catalytic activities, the N-terminal His-tags of
OBD and OBDP**A were completely removed by using the
exoproteolytic enzymes of the TAGZyme system (Unizyme).
Protein concentrations were measured spectrophotometrically
using the theoretical molar absorption coefficients.
Concentrations of RepBg given throughout the text refer to total
protomers.

Activity of RepB on Supercoiled DNA
Mixtures of RepB protein (4 pmol) and pMV158 DNA (0.2 pmol)
were incubated in a total volume of 301l of buffer B (20 mM
Tris-HCl, pH 8.0, 5mM DTT) supplemented with 100 mM
of KCl and different concentrations of MnCl, (ranging from
0.2 to 20mM) for 30 min at 37°C or 60°C. After incubation,
samples were treated with Proteinase K (125 pg/ml) for 10 min at
23°C and mixed with sample loading buffer. Reaction products
were analyzed by electrophoresis in 1% agarose gels with
0.5 ug/ml ethidium bromide in TBE buffer. DNA bands were
visualized with a GelDoc system (Bio-Rad) and the QuantityOne
software (Bio-Rad) was used for the quantitative analysis of
the fluorescence intensities given by the different plasmid
forms.

Nicking and Strand-Transfer Activities on
Single-Stranded Oligonucleotides

For cleavage and strand-transfer assays, 10 pmol of the 27-mer
oligo substrate 5-TGCTTCCGTACTACG/ACCCCCCATTAA-
3’ (where “/” indicates the RepB nick-site) fluorescently labeled
with Cy5 were mixed with 100 pmol of an unlabeled 30-
mer oligo 5'-TACTGCGGAATTCTGCTTCCATCTACTACG-3'
that provided the 3’-OH substrate for strand transfer, thus
avoiding the re-joining of the 27-mer oligo. The mixture was
incubated for 1 min at 37°C with RepBg (1 pmol of protomers),
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OBD, or OBDP#?A (1 pmol) in 20 pl of buffer B supplemented
with a final concentration of 300mM NaCl and containing
different concentrations of divalent metal salts. Protein samples
were previously diluted in 20 mM of Tris-HCI buffer (pH 8.0)
supplemented with 430 mM of NaCl and 0.2 mg/ml of BSA.
After incubation for 1 min at 37°C, the reaction mixtures were
treated with proteinase K (60 g/ml) and 0.05% of SDS for
10 min at 37°C. Prior to electrophoresis, the samples were mixed
with 10x DNA loading buffer without dye and denatured by
heating at 95°C for 3 min. The products were separated on 20%
PAA (19:1 acrylamide:bis-acrylamide), 8 M urea denaturing gels.
After electrophoresis, the gels were analyzed by using a FLA-
3000 (FUJIFILM) imaging system and the QuantityOne software
(Bio-Rad) to quantify the reaction products.

For cleavage assays at different temperatures, 3 pmol of the 23-
mer oligo substrate 5-TGCTTCCGTACTACG/ACCCCCCA-3'
(where “/” indicates the RepB nick-site) labeled with 2P at the 5’
end using T4 polynucleotide kinase (Sambrook et al., 1989) was
incubated for 10 min at 30, 37, and 60°C with different amounts
of RepBg, ranging from 0.6 to 12 pmol of protomers, in 30 pl
of buffer B supplemented with a final concentration of 300 mM
NaCl and containing 10 mM of MnCl,. After incubation, the
reaction mixtures were treated with 60 mM of EDTA and
immediately frozen in a mixture of ethanol and dry ice. The
reaction products were recovered by ethanol precipitation in
the presence of 0.3 M of sodium acetate pH 7. The pellet was
washed with 70% ethanol and dissolved in 2x loading buffer
(95% formamide, 100 mM EDTA, 0.5% bromophenol blue, 2.5%
xylene cyanol). The samples were denatured by heating at 95°C
for 3 min and separated as described above.

EMSA Assays

Reactions to analyze the dsDNA binding capacity of RepBg
after being heated or not to 45°C were performed in buffer B
supplemented with 300 mM of KCl containing 2.4 wM of RepBg
and 0.4 uM of 42-bp oligonucleotide (42-bind) carrying the bind
locus (coordinates 529-570 of the pMV158 DNA sequence).
After 30 min at 25°C, free and bound DNAs were separated by
electrophoresis on native 5% PAA gels. The gels were stained
with ethidium bromide and the DNA bands were visualized by
fluorescence.

CD Assays

CD measurements were performed in a J-810 spectropolarimeter
(Jasco Corp.) fitted with a peltier temperature controller, using
I-mm or 10-mm path-length cells for far- and near-UV data
acquisition, respectively. To analyze the temperature-associated
changes in secondary structure, purified proteins were dialyzed at
4°C against buffer CD (20 mM HEPES, pH 8.0, 4.5% ammonium
sulfate, 5% ethylene glycol) containing Chelex-100 (0.14% w/v),
and then supplemented with various concentrations of Mn?*+
by addition of small volumes of concentrated MnCl, stocks
prepared in the same buffer. His-tagged OBD and OBDP#2A
were subjected to an extra-chelating treatment to eliminate trace
amounts of divalent metals. Briefly, after purification, the protein
samples were incubated with 10-fold molar excess of EDTA

for 1h at 4°C and then dialyzed against buffer CD containing
Chelex-100 (0.14% w/v).

CD spectra (average of 4 scans) were acquired using a scan
rate of 20 nm min~!, a response time of 4s and a bandwidth
of 1nm. Thermal denaturation experiments were carried out
by increasing the temperature from 20 to 95°C at a heating
rate of 40°C/h and allowing the cell to equilibrate for 60s
before recording the ellipticity at the selected wavelength. Spectra
were recorded in parallel from 20 to 95°C with temperature
increments of 10°C, allowing the temperature to equilibrate
for 1 min before spectrum acquisition. Buffer contribution
was subtracted from the experimental data, and the corrected
ellipticity was converted to mean residue ellipticity unless
otherwise stated. Data acquisition and processing were carried
out using Jasco Spectra-Manager software. Phenomenological
description of thermal denaturation profiles was carried out by
means of Equation (1) using the Origin software (Microcal Inc.):

0 = Op(T) — [6p(T) — ON(D)]/{1
+ exp[A(T — T12)/RTT1 2]} 1

where Op(T) and ON(T) are the ellipticities values of the
denatured and native states of the protein at the absolute
temperature T, T4/, is the half-transition temperature, R is the
gas constant, and A accounts for the transition cooperativity.
Op(T) and ON(T) values in Equation (1) were approximated as
linear functions of T (Ruiz et al., 2014).

Calorimetric Studies

Mn?* binding to RepB, OBD and OBDP*A was studied at
25°C by ITC using a VP-ITC microcalorimeter (GE Healthcare,
Madrid, Spain). Before measurements, the proteins were
exhaustively dialysed at 4°C against buffer ITC (20 mM HEPES,
pH 7.6, 400 mM KCl) containing Chelex-100 (0.14% w/v) and
MnCl, solutions were prepared in the final dialysate after
removing Chelex-100. Titrations were performed by stepwise
injection of 1 mM MnCl, solution into the reaction cell loaded
with the protein at concentrations of 95-119 wM. Typically, 13
x 7 pl injections followed by several 15 pl injections were
performed for RepBg and OBD, and 27 x 10l for OBDD*?4,
while stirring at 307 rpm. The heat of MnCl, dilution was
determined in separate runs and subtracted from the total heat
produced following each injection. The experiments were carried
out at 25°C. Data acquisition and analysis were carried out using
the ITC-Viewer and Origin-ITC softwares (GE Healthcare).
Mn?* dissociation constants at 37°C were extrapolated from ITC
data by means of the van’t Hoff equation assuming that binding
occurred without heat capacity change.

DSC measurements were performed at a heating rate of
60°C/h in a VP-DSC microcalorimeter (Microcal Inc.), at a
constant pressure of 2 atm. RepB was equilibrated in CD
buffer supplemented with the required Mn?* concentration.
Microcal DSC-Viewer and Origin-DSC software was used for
data acquisition and analysis. Excess heat capacity functions
were obtained after subtraction of the buffer-buffer base line and
transformed into molar heat capacities dividing by the number of
moles of RepB in the DSC cell.
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Bacillus subtilis phage ®29 has alinear, double-stranded DNA 19 kb long with an inverted
terminal repeat of 6 nucleotides and a protein covalently linked to the 5’ ends of the DNA.
This protein, called terminal protein (TP), is the primer for the initiation of replication,
a reaction catalyzed by the viral DNA polymerase at the two DNA ends. The DNA
polymerase further elongates the nascent DNA chain in a processive manner, coupling
strand displacement with elongation. The viral protein p5 is a single-stranded DNA
binding protein (SSB) that binds to the single strands generated by strand displacement
during the elongation process. Viral protein p6 is a double-stranded DNA binding protein
(DBP) that preferentially binds to the origins of replication at the ®29 DNA ends and
is required for the initiation of replication. Both SSB and DBP are essential for 29
DNA ampilification. This review focuses on the role of these phage DNA-binding proteins
in ®29 DNA replication both in vitro and in vivo, as well as on the implication of
several B. subtilis DNA-binding proteins in different processes of the viral cycle. We wiill
revise the enzymatic activities of the ®29 DNA polymerase: TP-deoxynucleotidylation,
processive DNA polymerization coupled to strand displacement, 3'-5" exonucleolysis
and pyrophosphorolysis. The resolution of the ®29 DNA polymerase structure has shed
light on the translocation mechanism and the determinants responsible for processivity
and strand displacement. These two properties have made ©29 DNA polymerase one of
the main enzymes used in the current DNA amplification technologies. The determination
of the structure of ®29 TP revealed the existence of three domains: the priming domain,
where the primer residue Ser232, as well as Phe230, involved in the determination of the
initiating nucleotide, are located, the intermediate domain, involved in DNA polymerase
binding, and the N-terminal domain, responsible for DNA binding and localization of the
TP at the bacterial nucleoid, where viral DNA replication takes place. The biochemical
properties of the ®29 DBP and SSB and their function in the initiation and elongation of
®29 DNA replication, respectively, will be described.

Keywords: bacteriophage $29, DNA replication, DNA polymerase, terminal protein, DNA binding proteins

INTRODUCTION

Bacteriophages are the most abundant biological entities on earth (Briissow and Hendrix, 2002).
Approximately 96% of the reported bacteriophages belong to the order Caudovirales, which is
composed of three families: Myoviridae, Siphoviridae, and Podoviridae (Ackermann, 2003). Bacillus
subtilis phage ®29 belongs to the Podoviridae family and to the @29-like genus, together with
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phages ®15, PZA, BS32, B103, Nf, M2Y, and GA-1 (Ackermann,
1998). These are the smallest phages that infect Bacillus, and they
are among the smallest known phages that possess a dsDNA
genome (Anderson and Reilly, 1993). Based on its relatedness,
these phages have been classified in three groups: group I includes
phages ©29, PZA, ®15, and BS32; group II contains phages
B103, Nf and M2Y; and group III has GA-1 as its only member
(Yoshikawa et al., 1985, 1986; Pecenkova and Paces, 1999).

Bacteriophage ®29 genome consists of a linear dsSDNA ~19
Kb-long with a terminal protein (TP) covalently linked to each 5’
end (Salas, 1991). ®29 has served as a model system for studying
the protein-priming mechanism of DNA replication, being the
TP-primed replication system best characterized in vitro. The
use of a TP as primer for viral DNA replication has also been
described for other bacteriophages (e.g., Escherichia coli and
Streptococcus pneumoniae phages PRD1 and Cp-1, respectively),
eukaryotic viruses (adenovirus), and some Streptomyces spp.
(Chang and Cohen, 1994; Bao and Cohen, 2001). In addition,
the presence of TPs has been described or suggested in viruses
infecting Archaea (Bath et al., 2006; Peng et al., 2007), some
linear plasmids of bacteria, fungi, and higher plants (Salas, 1991;
Meinhardt et al., 1997; Chaconas and Chen, 2005), transposable
elements (Kapitonov and Jurka, 2006) and mitochondrial DNA
(Fricova et al., 2010).

Besides the essential role of priming DNA replication, TPs can
perform additional functions. It has been shown that adenovirus
TP is important for the anchoring of the viral genome to
the nuclear matrix, which enhances transcription of the viral
DNA (Schaack et al., 1990). TPs have also been shown to
be required for DNA packaging (Bjornsti et al., 1982, 1983),
transfection (Hirokawa, 1972; Ronda et al., 1983; Porter and
Dyall-Smith, 2008), and nucleoid and nuclear targeting (Tsai
et al., 2008; Mufoz-Espin et al., 2010; Redrejo-Rodriguez et al.,
2012). Furthermore, biochemical studies have suggested that 29
TP is endowed with peptidoglycan-hydrolytic activity (Moak and
Molineux, 2004).

$29 TERMINAL PROTEIN

Replication of the ®29 genome takes place by a process of
symmetrical replication in which both origins are used for
initiation in a non-simultaneous manner (Blanco et al., 1989;
Figure 1). The protein that acts as primer for the initiation
of ®29 DNA replication, the so-called TP, is a 266 amino
acids protein encoded by the early viral gene 3. The first step
of ®29 DNA replication is the formation of a heterodimer
between a free molecule of TP (primer TP) and the DNA
polymerase (®29 DNAP) (Blanco et al, 1987). Then, this
complex recognizes the replication origins, located at both
ends of the viral genome, by specific interactions with both
the TP that is linked to the genome ends by a previous
round of replication (parental TP) and DNA sequences (Garcia
et al, 1984; Gutiérrez et al., 1986a,b; Gonzalez-Huici et al.,
2000a,b). The parental TP is the major signal for replication
origin recognition by the heterodimer (Gutiérrez et al., 1986b;
Gonzalez-Huici et al.,, 2000b) and both, DNA polymerase and

primer TP, are involved in such recognition through specific
interactions with the parental TP (Freire et al, 1996; Illana
et al, 1998; Gonzdilez-Huici et al., 2000a; Serna-Rico et al.,
2000; Pérez-Arnaiz et al., 2007). The ®29 double-stranded DNA
binding protein p6 (DBP) (see below) binds all along 29 DNA
forming a nucleoprotein complex that causes the unwinding
of the DNA helix at the ends, facilitating the initiation step
(Serrano et al., 1994). After origin recognition, the viral DNA
polymerase catalyzes the formation of a phosphoester between
the first dAMP and the hydroxyl group of the primer TP
residue Ser232 (Blanco and Salas, 1984; Hermoso et al., 1985).
The initiation reaction is directed by the second T at the 3’
end of the template (3’ TTTCAT 5'), after which the TP-
dAMP complex translocates one position backwards to recover
the information corresponding to the first T of the template
strand. Then, the second T will serve again as template for
the incorporation of the following nucleotide (Méndez et al.,
1992). This backward translocation of the TP-dAMP complex
is known as sliding-back mechanism and requires a terminal
repetition of at least 2 nucleotides in the template strand to
guarantee the fidelity of the initiation reaction (Méndez et al.,
1992) (see below). The TP/DNA polymerase heterodimer is not
dissociated immediately after initiation. There is a transition
stage in which the DNA polymerase synthesizes a 5 nt-long
elongation product while complexed with TP, undergoes some
structural changes during the incorporation of nucleotides 6 to
9, and finally dissociates from the TP after the incorporation
of the 10th nucleotide (Méndez et al., 1997). Then, the viral
DNA polymerase continues DNA elongation in a processive
manner, which occurs coupled to the displacement of the non-
template strand (Blanco et al., 1989). DNA elongation by one
@29 DNAP coming from each origin generates type I replicative
intermediates, consisting of full-length ®29 dsDNA molecules
with two branches of ssDNA. These stretches of ssDNA are
bound by the viral single-stranded DNA-binding protein p5
(SSB) (see below) (Gutiérrez et al., 1991), which will be further
removed during the polymerization process. When the two
replication forks meet, the type I replicative intermediate gives
rise to two physically separated type II replicative intermediates.
These molecules consist of full-length 29 DNA in which a
portion of the DNA starting from one end is dsDNA and the
portion spanning to the other end is ssDNA (Harding and Ito,
1980; Inciarte et al., 1980). Termination of viral DNA replication
occurs when the DNA polymerase reaches the template end, and
after replication of the last nucleotide, dissociates from the viral
genome.

The 3.0 A resolution crystallographic structure of the
heterodimer formed between 29 DNA polymerase and TP
revealed that the latter is composed of three structural domains
(Kamtekar et al., 2006; see Figure 2):

e The TP N-terminal domain comprises residues 1 to 73 and
its tertiary structure is unknown because it was disordered
in the crystal lattice. Circular dichroism experiments have
shown that this domain has a high content in ahelix (60%),
and secondary structure predictions determined two ahelices
connected by a disordered loop (Holguera et al., 2014). This
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FIGURE 1 | Schematic representation of the bacteriophage #29 DNA replication mechanism. ®29 DNA replication starts non-simultaneously at both DNA
ends. The TP/DNA polymerase heterodimer recognizes the p6-complexed replication origins and the DNA polymerase catalyzes the covalent linkage of dAMP to TP
residue Ser232 (initiation reaction). After a transition step (not drawn in the figure), the DNA polymerase dissociates from the TP and continues processive elongation
coupled to strand displacement. Viral protein p5 binds to the displaced ssDNA strands and is further removed during the polymerization process. Continuous
elongation by two DNA polymerases gives rise to the complete duplication of the parental strands. Green ovals: parental TP; black ovals: primer TP; red circles: p6;
blue: DNA polymerase; yellow ovals: SSB p5. Linear dsDNA is shown as a double helix. Adapted from de Vega and Salas (2011).
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Transition

Elongation

Termination

domain is responsible for non-sequence specific DNA binding
(Zaballos and Salas, 1989) and for the localization of the
protein at the bacterial nucleoid (Munioz-Espin et al., 2010). In
addition, a role in origin unwinding has been proposed for the
TP N-terminal domain, since this domain is not required for
the initiation reaction at a partially open origin (Pérez-Arndiz
etal., 2007; Gella et al., 2014).

e The TP intermediate domain (residues 74-172) is composed of

two long athelices and a short B-turn-f structure. This domain
makes extensive contacts with the DNA polymerase (mainly
with the TPR1 subdomain), being the main responsible for the
specificity of the interaction with the DNA polymerase and for
the stability of the heterodimer (Pérez-Arndiz et al., 2007; del
Prado et al., 2012).
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— DNA polymerase -

priming
domain

domain

domain

FIGURE 2 | Residues involved in 29 TP/DNA polymerase interaction. Ribbon representation of the ®29 TP/DNA polymerase heterodimer. DNA polymerase is
colored in blue except for TPR1 (pale yellow), TPR2 (dark blue) and thumb (light green) subdomains. TP N-terminal, intermediate and priming domains are colored in
red, green and orange, respectively. (A) Close-up view of the TP intermediate domain residues R158 and R169, proposed to make salt bridges with DNA polymerase
residues E291 and E322 of the TPR1 subdomain, respectively. (B) Close-up view of the TP priming domain residues E191 and D198, proposed to interact with the
DNA polymerase thumb subdomain residues K575 and K557, respectively. (C) The proposed stacking interactions between TP priming domain residues R256, Q253,
and Y250, and DNA polymerase residues R96 (exonuclease domain) and E419 (TPR2 subdomain) are indicated. (D) Close-up view of the proposed interaction
between TP priming domain residues R256 and E252 with DNA polymerase residues R96 (exonuclease domain) and L416 and G417 (TPR2 subdomain). Coordinates
of the ®29 TP/DNA polymerase heterodimer are from PDB ID 2EX3 (Kamtekar et al., 2006). The figure was made using the Pymol software (http://www.pymol.org).

intermediate

| N-terminal

The TP C-terminal domain or priming domain (residues 173—
266) is connected to the intermediate domain through a hinge
region and it is comprised of a four-helix bundle. The TP
priming residue Ser232 lies in the so-called priming loop, a
disordered loop comprising residues 227-233. The TP priming
domain makes extensive interactions with the TPR2 and
thumb subdomains of the DNA polymerase (Kamtekar et al.,
2006; del Prado et al,, 2012) and is responsible for dictating
the nucleotide used as template during initiation of viral DNA

replication (Longds et al., 2008). The TP priming domain
has been proposed to mimic duplex product DNA in its
electrostatic profile and binding site in the DNA polymerase,
as both occupy the same binding cleft in the DNA polymerase
(de Vega et al., 1998a; Kamtekar et al., 2006).

There are not proteins in structural databases with sufficient
structural homology with ®29 TP. Genes encoding TPs from
other @29-like phages such as B103, PZA, Nf, and GA-1 have
been sequenced (Paces et al., 1985; Leavitt and Ito, 1987; Illana
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etal., 1996; Pecenkova et al., 1997; Meijer et al., 2001). The amino
acid sequence comparison of these TPs has revealed a high degree
of conservation between PZA and ®29 TPs (97.7% identity).
In fact, 29 TP can functionally substitute for PZA TP in vivo
(Bravo et al., 1994a). The conservation is lower in the case of
Nf (62.4% identity) and B103 (62% identity) TPs (Leavitt and
Ito, 1987; Pecenkovd et al., 1997). GA-1 TP is the most distantly
related one, being the percentage of identity with ®29 TP of 40%
(Illana et al., 1996).

TP Residues Involved in Priming Activity
Site-directed mutagenesis has been carried out at the TP priming
residue Ser232. The change of Ser232 to Thr gives rise to a
protein completely inactive in the initiation reaction (Garmendia
et al., 1988). Similarly, the change of Ser232 into Cys almost
completely abolishes the initiation capacity of the TP mutant,
being its initiation capacity about 1% of that of the wild-type TP
(Garmendia et al., 1990). These TP mutants interacted in a wild-
type manner with both 29 DNAP and DNA (Garmendia et al.,
1988, 1990). Furthermore, mutation of TP priming-loop residues
Leu220 and Ser226 into Pro highly impaired the initiation activity
but did not affect either DNA polymerase or DNA-binding,
suggesting the implication of these residues in the initiation
reaction (Garmendia et al., 1990).

TP Residues Involved in DNA-Binding

@29 TP binds to both single-stranded and double-stranded DNA
in vitro (Prieto, 1986; Zaballos and Salas, 1989). As mentioned
above, the TP domain responsible for non-specific DNA-binding
is the N-terminal domain (Zaballos and Salas, 1989). As in many
non-sequence specific DNA-binding proteins, TP N-terminal
domain basic residues are implicated in its DNA-binding capacity
(Holguera et al., 2014).

Viral DNA replication in prokaryotes takes place at specific
subcellular locations. In this sense, the use of host organizing
structures seems to be essential to provide an appropriate scaffold
for viral DNA replication. ®29 TP localizes at the bacterial
nucleoid along the infective cycle, being the N-terminal domain
responsible for this localization (Mufioz-Espin et al., 2010).
Additionally, parental TP (and therefore TP-DNA) localizes at
the bacterial nucleoid, independently of primer TP (Mufioz-
Espin et al,, 2010). Importantly, the TP N-terminal domain
is essential for an efficient viral DNA replication in vivo
(Munoz-Espin et al, 2010). To determine the TP residues
involved in nucleoid targeting, each basic residue of the TP N-
terminal domain was replaced independently by alanine, and
the subcellular localization of the resulting proteins fused to
YFP was analyzed. Lys27 was the only TP residue that, changed
individually, impaired the TP nucleoid localization (Holguera
et al., 2014). By using X-Chip techniques, it was shown that
wild-type ®29 TP, but not mutant K27A, binds B. subtilis
genome in vivo, establishing a correlation between nucleoid
localization and DNA-binding (Holguera et al., 2014). During
the infective cycle both TP and viral DNA polymerase localize
at the bacterial nucleoid, being the nucleoid localization of the
DNA polymerase dependent on the expression of TP (Mufnoz-
Espin et al, 2010). The subcellular localization of the viral

DNA replication machinery at the bacterial nucleoid has been
proposed to serve as a compartmentalization mechanism to make
the replication process more efficient, as well as a means of taking
advantage of the bacterial chromosome segregation dynamics
(Munoz-Espin et al., 2010). The impact of bacterial chromosome
TP binding on host processes such as DNA replication and
transcription remains to be investigated.

Interestingly, ®29 TP localizes at the bacterial nucleoid
when expressed in the distantly related bacterium E. coli,
being the TP N-terminal domain the one responsible for this
localization (Mufioz-Espin et al., 2010; Redrejo-Rodriguez et al.,
2013). Furthermore, the TP from phage PRDI, which infects
E. coli among other bacteria, localizes at the E. coli nucleoid
independently of other viral components. TPs from other
phages such as Cp-1, Nf, and GA-1 also localize at the E. coli
nucleoid, although localization in their host systems remains to
be determined (Redrejo-Rodriguez et al., 2013). Altogether, these
results suggest that nucleoid localization is a functional property
conserved in phage TPs. Importantly, a Nuclear Localization
Signal (NLS) has been described in ®29 TP, as well as in a variety
of other TPs such as those from Nf, PRD1, Bam35, and Cp-1
phages (Redrejo-Rodriguez et al., 2012).

TP Residues Involved in DNA

Polymerase-Binding

The extensive interactions of ®29 TP intermediate and
priming domains with the DNA polymerase account for
the high stability of the heterodimer (Lazaro et al., 1995;
Kamtekar et al, 2006). The crystallographic structure of
the heterodimer shows that the TP intermediate domain is
structurally complementary to the DNA polymerase TPR1
subdomain; this interface has many charged residues that
include two salt bridges between TP residues Argl58 and
Argl69, and DNA polymerase residues Glu291 and Glu322,
respectively (Kamtekar et al., 2006; Figure 2A). In the case of
the highly electronegative TP priming domain, the structure
shows interactions between TP residues Glul91 and Aspl98,
and DNA polymerase thumb subdomain residues Lys575 and
Lys557, respectively (Figure2B). In addition, TP residues
GIn253 and Tyr250 would interact with DNA polymerase
exonuclease domain residue Arg96 through a hydrogen bond
and a stacking interaction, respectively (Kamtekar et al., 2006;
Figure 2C). In this sense, mutation of DNA polymerase residue
Arg96 to alanine was shown to impair the interaction with
TP (Rodriguez et al, 2004). Similarly, TP residues Glu252,
GIn253, and Arg256 from the C-terminal helix of the priming
domain would pack against DNA polymerase TPR2 subdomain
residues Leu416, Gly417, and Glu419, respectively (Kamtekar
et al., 2006; Figures 2C,D). In fact, by biochemical analysis
of TP mutants, TP residues Argl58, Argl69, Glul91, Asp198,
Tyr250, Glu252, GIn253, and Arg256 were shown to be
involved in the interaction between TP and DNA polymerase
(del Prado et al, 2012). Additionally, biochemical studies
using both TP and DNA polymerase mutant proteins strongly
suggest that TP priming loop residue Glu233 interacts directly
with the DNA polymerase palm subdomain residue Lys529
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during the first step of TP-DNA replication (del Prado et al,
2013).

TP Interaction with Other Viral Proteins
Apart from the DNA polymerase, ®29 TP interacts with other
viral proteins. By means of in vitro chemical crosslinking, it has
been shown that ®29 TP interacts with the viral early protein
pl, which is a membrane-associated protein. Based on these
results, a model of membrane anchorage of the viral replication
machinery mediated by pl has been proposed (Bravo et al,
2000). In addition, TP interacts with the membrane protein
pl6.7 in vitro (Serna-Rico et al., 2003), presenting another
anchoring point to the bacterial membrane. This interaction
has also been proposed to facilitate the binding of pl6.7
to the displaced strands of the viral genome, favoring their
recruitment to the bacterial membrane (Serna-Rico et al., 2003).
Mutations introduced at several residues of the TP N-terminal
and intermediate domains impaired DNA replication when TP
acted simultaneously as primer and parental TP, suggesting that a
proper interaction between primer and parental TP is important
for origin recognition (Illana et al., 1999; Serna-Rico et al., 2000;
del Prado et al.,, 2012; Holguera et al., 2015).

$29 DNA POLYMERASE

Processive Polymerization Coupled to
Strand Displacement: Two Specific

Attributes of 29 DNA Polymerase
@29 DNAP is a small (66kDa) single subunit enzyme, the
product of the viral gene 2, characterized as the viral DNA
replicase (Blanco and Salas, 1984, 1985b; Salas, 1991), and
belonging to the family B (eukaryotic-type) of DNA-dependent
DNA polymerases (Blanco and Salas, 1986; Bernad et al,
1987). As any other conventional DNA polymerase, $29 DNAP
catalyzes the sequential template-directed addition of dANMP
units onto the 3’-OH group of a growing DNA chain in a faithful
manner as it shows discrimination values of 10*~10°, and a poor
mismatch elongation efficiency (Esteban et al., 1993). Extensive
site directed mutagenesis studies in ®29 DNAP described the
function of specific amino acids at motifs YXGG, Dx,SLYP, LEXE,
Kx3NSxYG, Tx,GR, YxDTDS, and KxY, placed at the C-terminal
domain (residues 190-572; polymerization domain) and highly
conserved among the eukaryotic DNA polymerases from family
B (Blanco and Salas, 1995, 1996; Pérez-Arnaiz et al., 2006, 2009,
2010; Salas and de Vega, 2006; del Prado et al., 2013; Santos
etal,, 2014). These investigations allowed the identification of the
catalytic residues responsible for coordinating the metal ions and
the ones acting as ligands of the substrates (DNA, TP, and dNTP).
In contrast to the complexity of other in vitro replication
systems, efficient synthesis of full-length 29 TP-DNA can be
accomplished in vitro with only the presence of TP and 29
DNAP (Blanco and Salas, 1985b). The efficiency of this minimal
replication system relies on three unique catalytic features of
®29 DNAP: (1) ability to initiate DNA replication by using
a TP as primer (Salas, 1991), thus bypassing the need for a
primase (see below). (2) an extremely high processivity (>70kb,

measured by rolling circle replication, the highest described for
a DNA polymerase), allowing replication of the entire genome
from a single binding (and priming) event, without the assistance
of processivity factors (Blanco et al., 1989); (3) unlike most
replicases, 29 DNAP efficiently couples DNA polymerization to
strand displacement, without the need of helicase-like proteins
(Blanco et al., 1989). These three aforementioned exceptional
properties are essential to allow the symmetric DNA replication
mode of bacteriophage ®29 mentioned above, by which the two
DNA strands are synthesized continuously from both ends of the
linear molecule (Blanco et al., 1989). In the case of ®29 TP-DNA
amplification, the single-stranded DNA binding protein p5 and
the double-stranded DNA binding protein p6 are essential.
Resolution of the ®29 DNAP structure, in collaboration
with Thomas Seitzs lab (Yale University), gave the insights
into these three unique properties of the enzyme, use of
TP as primer, processivity, and strand displacement capacity
(Kamtekar et al., 2004, 2006). Thus, the ®29 DNAP structure
is formed by an N-terminal exonuclease domain, harboring the
3’'-5" exonuclease active site, and a C-terminal polymerization
domain (see Figure 3A) that has the universally conserved palm
(containing the catalytic residues as well as DNA ligands),
fingers (mainly involved in binding the incoming dNTP), and
thumb (containing DNA ligands which confer stability to the
primer-terminus) subdomains (Kamtekar et al., 2004). Although
a priori this bimodular structure would be a common theme
among proofreading DNA polymerases, the main structural
novelty was the presence in the polymerization domain of 29
DNAP of two subdomains called TPR1 and TPR2, specifically
present in the protein-primed subgroup of DNA polymerases
(Blasco et al., 1990; Dufour et al., 2000). TPR1 is placed at the
edge of the palm, while TPR2 contains a B-hairpin and forms
with the apex of the thumb subdomain an arch-like structure.
Palm, thumb, TPRI, and TPR2 subdomains form doughnut-
shaped structure at the polymerization active site that encircles
the growing DNA product (Berman et al., 2007), acting as an
internal clamp that confers the DNA-binding stability responsible
for the inherent processivity of the enzyme (Rodriguez et al.,
2005), similar to the sliding clamps used by other replicative
polymerases (see Figure 3B). On the other hand, TPR2, palm
and fingers subdomains, together with the exonuclease domain,
encircle the downstream template strand (Berman et al., 2007),
forming a narrow tunnel whose dimensions (~10 A) do not
allow dsDNA binding. This fact forces the unwinding of the
downstream dsDNA to allow threading of the template strand
through this tunnel to reach the polymerization site, using the
same topological mechanism as hexameric helicases to open
dsDNA regions (see Figure 3B), providing the structural basis
for the strand displacement capacity of ®29 DNAP (Kamtekar
et al., 2004; Rodriguez et al., 2005). The use of optical tweezers
has allowed to conclude that the DNA polymerase destabilizes
the two nearest base pairs of the fork by maintaining a sharp
bending of the template and the complementary strands at
a closed fork junction (Morin et al, 2012). Therefore, the
polymerase, instead of behaving as a “passive” unwinding
motor that would imply that translocation of the protein traps
transient unwinding fluctuations of the fork, behaves as an

Frontiers in Molecular Biosciences | www.frontiersin.org

August 2016 | Volume 3 | Article 37 | 53


http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive

Salas et al.

Exonucdlease
2

DNA-Binding Proteins in 29 Replication

‘ § displaced strand

s ss

FIGURE 3 | (A) Ribbon Representation of the Domain Organization of 29 DNAP. The exonuclease domain is shown in red, the palm in pink, TPR1 in gold, the
fingers in blue, TPR2 in cyan, and the thumb in green. Asp249 and Asp458, which provide the catalytic carboxylates of the polymerase active site, are shown using
space-filing spheres. Reproduced with permission from Kamtekar et al. (2004). (B) Modeling processivity and strand displacement in ®29 DNAP. The TPR2 insertion
would contribute to a full encirclement of the DNA substrate, conferring a remarkable processivity, and also acts as a structural barrier, which would force the DNA
strands of the parental DNA to diverge (melt). Because ®29 DNAP translocates after each polymerization cycle, the TPR2 subdomain would act as a wedge to couple

polymerization to strand displacement. Reproduced with permission from Rodriguez et al. (2005). Copyright (2005) National Academy of Sciences, U.S.A.

“active” motor, actively destabilizing the duplex DNA at the
junction.

On the Translocation Mechanism of ®29
DNA Polymerase

As any other replicative DNA polymerase, after inserting a
dNMP, ®29 DNAP has to translocate the growing DNA one
position backwards to allow the next insertion step to occur,
a process called translocation. The structures of the binary
and ternary complexes of ®29 DNAP provided a structural
basis for comprehending the mechanism of translocation
(Berman et al., 2007). The dNTP insertion site is initially
occupied by the aromatic ring of two conserved residues,
Tyr390 (from the fingers subdomain) and Tyr254 (from the
palm subdomain; see Figure 4). Once the incoming nucleotide
gains access and binds at the polymerization active site it
triggers a 14° rotation of the fingers subdomain toward the
polymerization active site, going from an open to a closed
state and allowing electropositively charged residues from the
fingers subdomain to bind the o-and B-phosphates of the
dNTP. Closing of the fingers provokes Tyr390 and Tyr254
to abandon the nucleotide insertion site to form part of the
nascent base pair binding pocket, allowing the base moiety
of the incoming nucleotide to form a Watson-Crick base pair
with the templating nucleotide, whereas the deoxyribose ring
stacks on the phenolic group of Tyr254. Once the phosphoester

bond formation between the a-phosphate of the incoming ANTP
and the OH-group of the priming nucleotide has taken place
(pre-translocation state), the pyrophosphate produced leaves the
DNA polymerase, breaking the electrostatic crosslink that kept
the fingers subdomain in the closed state. Concomitantly to
the fingers opening, residues Tyr254 and Tyr390 move back
into the nucleotide insertion site, and the nascent base pair
translocates backwards one position (post-translocation state;
Berman et al., 2007). This translocation allows the 3’ OH-
group of the newly added nucleotide to be in a competent
position to prime the following nucleotide insertion event.
Direct observation of translocation in individual ®29 DNAP
complexes monitored with single nucleotide resolution and using
the hemolysin nanopore, has allowed to conclude that $29
DNAP translocation occurs discretely from the pre-translocation
state to the post-translocation state, driven by Brownian thermal
motion (Dahl et al,, 2012). Although nucleotide does not drive
translocation, the fluctuation of the binary complexes between
the pre-translocation and post-translocation states is rectified to
the post-translocation state by the binding of complementary
dNTP. The movement from the open, post-translocation state,
to the closed pre-translocation state most probably reflects an
equilibrium between the fingers-open and fingers-closed states
to relieve the steric clash of the primer-terminus with residues
Tyr254 and Tyr390 (see above), which occlude the nucleotide
insertion site when the fingers are open (Dahl et al., 2012).
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are indicated. Reproduced with permission from Berman et al. (2007).

FIGURE 4 | Comparison of the binary (yellow) and ternary (green) complex structures of ®29 DNAP. The mechanistically significant amino acid movements

D249

Active site

The Degradative Reactions Catalyzed by
®29 DNA Polymerase: the
Pyrophosphorolysis and the 3'-5
Exonuclease Activity

In addition to the synthetic activities described above, $29 DNAP
catalyzes two degradative reactions:

1. Pyrophosphorolysis. 29 DNAP possesses an inorganic
pyrophosphate-dependent degradative activity,
pyrophosphorolysis (Blasco et al., 1991). This activity,
whose optimal substrate is a duplex DNA with a protruding
5 single strand, can be considered as the reversal of
polymerization as it acts in the 3/-5" direction releasing
free INTPs by addition of PPi as substrate, in the presence
of divalent metal ions, probably playing some role in
fidelity (Blasco et al., 1991). The fact that ®29 DNAP
mutants at the catalytic amino acid residues involved in
the DNA polymerization activity were also deficient in the
pyrophosphorolytic activity indicated that both activities
share a common polymerization active site (Blasco et al.,

1991; Santos et al., 2014).
2. 3/-5" exonuclease. A reaction found in the N-terminal

domain of the polymerase, and that requires two divalent
metal ions to release dNMP units from the 3’ end of a
DNA strand at a catalytic rate of 500 s~! (Esteban et al.,
1994). As in other replicases, the 3'-5" exonuclease of ®29
DNAP proofreads DNA insertion errors, as it degrades

preferentially mismatched primer termini (Blanco and Salas,
1985a; Garmendia et al., 1992).

Sequence alignments and extensive site directed mutagenesis
studies carried out during the last three decades in ®29 DNAP
have been pioneer in the identification and role of the catalytic
and ssDNA ligand residues responsible for the 3'-5’ exonuclease
(reviewed in Blanco and Salas, 1995, 1996). The presence of
homologous residues among distantly related DNA-dependent
DNA polymerases allowed us to propose the evolutionary
conservation of 3’-5" exonuclease active site (Bernad et al., 1989)
in the proofreading DNA polymerases. Thus, the exonuclease
active site, located at the N-terminal domain (residues 1-189;
exonuclease domain, see Figure 3), is formed by three conserved
N-terminal amino acid motifs, Exol, Exoll, and Exolll, that
contain four carboxylate groups (Aspl2, Glul4, Asp66, and
Aspl69 in $29 DNAP) that coordinate two metal ions, and
one tyrosine residue (Tyrl65 in ®29 DNAP) that orients the
attacking water molecule (Bernad et al., 1989). Moreover, these
analyses allowed the identification of a new motif (KxyhxA),
specifically conserved in family B DNA polymerases and whose
lysine residue (P29 DNAP Lys143) plays an auxiliary role in
catalysis (de Vega et al., 1997), stabilizing the catalytic Asp169
of the Exo III motif (Berman et al, 2007). Crystallographic
resolution of 29 DNAP with a ssDNA at the exonuclease active
site demonstrated the existence of two stable conformations
at the exonuclease active site of family B DNA polymerases
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(see Figure5), as previously suggested from comparisons of
T4 and RB69 DNA polymerase exonuclease structures with
the E. coli DNA polymerase I Klenow fragment exonuclease
structure (Beese and Steitz, 1991; Wang et al,, 1996, 2004).
In one conformation, the tyrosine from the Exo III motif
(Tyrl65 in @29 DNAP) is solvent exposed, whereas in the
other conformation, it contacts with the scissile phosphate
through the nucleophile while conserved lysine from motif
KxahxA (929 DNAP Lys143) stabilizes the catalytic aspartate
of the Exo III motif ($29 DNAP Aspl69), consistent with
the previous biochemical results (de Vega et al, 1997). The
latter conformation seems to be the more chemically and
biologically relevant complex for exonuclease activity. The two
conformations observed suggest that the movement of the
conserved tyrosine and lysine residues into the active site sets up
the active site for the exonucleolysis reaction in the family B DNA
polymerases.

A tight and fine-tuned coordination between the
polymerization and exonucleolytic cycles should take place
to allow a productive and faithful replication. Previous studies
showed that 29 DNAP proofreads the misinserted nucleotides
intramolecularly (de Vega et al., 1999). This fact implies that the
DNA polymerase transfers the mismatched 3’'-teminus to the
3’-5' exonuclease active site for erroneous ANMP release without
dissociating from the DNA. Comparison of DNA polymerase
structures of RB69 DNA polymerase in polymerization and
editing modes showed that the primer-terminus switches
between both active sites by the rotation of a top microdomain
of the thumb subdomain (Shamoo and Steitz, 1999; Franklin
et al.,, 2001). However, in the 3D resolution of ®29 DNAP

structure the thumb subdomain has an unusual structure mainly
constituted by a static long B-hairpin that does not rotate upon
DNA binding (Kamtekar et al., 2004; Berman et al., 2007, see
Figure 3). In addition, the blockage of the thumb movements
by introducing a disulfide bond between the tips of the TPR2
and thumb subdomains had not effect in the partitioning of
the primer-terminus between the polymerization and editing
active sites (Rodriguez et al., 2009), a result that led us to
suggest that in ®29 DNAP the primer-terminus switches
between both active sites by a passive diffusion mechanism.
In this sense, the recent use of single-molecule manipulation
method has made possible the study of the dynamics of the
partitioning mechanism by applying different tension to a
processive single ®29 DNAP-DNA complex (Ibarra et al,
2009). Thus, the application of mechanical force to the template
causes the gradual intramolecular switch of the primer between
the active sites of the protein by decreasing the affinity of the
polymerization active site for the template strand with the
further disruption of the dsDNA primer-template structure
that provokes a fraying of 4-5 bp of dsDNA, allowing primer-
terminus to reach the exonuclease active site intramolecularly
(Ibarra et al., 2009), supporting the passive diffusion mechanism.
The energetically unfavorable gradual melting of 4-5 bp of
dsDNA should be progressively balanced by the establishment
of new and specific interactions with DNA ligands of the thumb
subdomain (Pérez-Arnaiz et al., 2006). Such contacts would also
guide the primer-terminus to interact with ssDNA ligands of the
exonuclease domain that stabilize the primer-terminus at the
exonuclease site (de Vega et al.,, 1996, 1998b; Kamtekar et al.,
2004; Pérez-Arnaiz et al., 2006; Rodriguez et al., 2009).
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FIGURE 5 | The two conformations of the exonuclease active site of ®29 DNAP. The Lys143, Tyr165, and two of the catalytic aspartates are shown in stick
representation. Green arrows indicate the movement of Tyr165 and Lys143 from the open conformation to the closed conformation. The black dashed lines represent
the observed hydrogen bonds between Lys143 and Tyr165 with each other and with other parts of the active site. The interactions between the waters in the metal
binding sites and the protein are represented as gray dashes. Most of the interactions that the water in the metal in B site would be making with the protein are
missing due to the D12A/D66A mutations in the polymerase used in these crystallographic studies. Reproduced with permission from Berman et al. (2007).
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Recent development of a single-molecule approach using
a nanoscale pore has allowed to conclude that transfer of
the primer strand from the polymerase to the exonuclease
site takes place before translocation, the pre-translocation state
being therefore the branchpoint between the DNA synthesis
and editing pathways (Dahl et al., 2014). Once the 3’ terminal
nucleotide is released, the primer-terminus goes back to the
polymerase site and pairs with the template strand in the post-
translocation state being poised to bind the incoming dNTP and
resume DNA synthesis (Dahl et al., 2014).

Biotechnological Applications of 29 DNA

Polymerase

The two distinctive features of $29 DNAP, high processivity, and
strand displacement capacity, together with a remarkably faithful
replication, contributed by a high nucleotide insertion fidelity,
and an intrinsic proofreading activity, led to the development of
isothermal multiple displacement amplification (MDA) currently
exploited (Dean et al., 2001, 2002). These amplification methods
based on ®29 DNAP show two main advantages respect to
classical PCR DNA amplification: first, the use of random
hexamer primers eliminates the previous sequence information
requirement allowing the amplification of any DNA molecule,
and second, the products of the amplification reaction can be
much larger than those obtained by classical PCR. In addition, the
capacity displayed by 29 DNAP to use circular multiply primed
ssDNA templates gave rise to the development of the multiply
primed rolling circle amplification of circular DNAs of variable
size (Dean et al., 2001). This technology has been successfully
exploited to amplify and detect circular viral genomes (Johne
et al,, 2009), to genotype single nucleotide polymorphisms (Qi
et al., 2001), to analyze the genome of non-cultivable viruses
(Johne et al., 2009), to detect and identify circular plasmids
in zoonotic pathogens (Xu et al., 2008), and to describe new
metagenomes (Lopez-Bueno et al., 2009). Recently, we have been
able to improve isothermal MDA by making new variants of
@29 DNAP (de Vega et al., 2010). Thus, we have fused DNA
binding domains (Helix-hairpin-Helix) to the C-terminus of the
polymerase increasing the DNA binding ability of the enzyme
without compromising its replication rate. As a result, the new
variants display an improved DNA amplification efficiency on
both circular plasmids and genomic DNA and are the only ®29
DNAP variants with enhanced amplification performance so far.

INITIATION OPPOSITE AN INTERNAL
TEMPLATING NUCLEOTIDE: A SMART
SOLUTION TO PRESERVE THE FIDELITY
DURING INITIATION

The ®29 TP/DNAP heterodimer recognizes the replication
origins at the genome ends (see Figure1). Such origins are
constituted by specific sequences as well as by the parental TP,
the major signal in the template for recognition, a fact that
suggests that the heterodimer is recruited to the origin through
interactions with the parental TP. The use of heterologous
systems in which DNA polymerase, primer TP, and TP-DNA

were from the ®29 and Nf related phages allowed us to infer
specific contacts between the DNA polymerase and the parental
TP, as the initiation only occurred when the polymerase and
the TP-DNA were from the same phage (Gonzalez-Huici et al,,
2000b; Pérez-Arnaiz et al., 2007). In addition, the presence of
mutations in the intermediate domain of both the parental and
primer TPs precluded DNA replication, suggesting also a role for
the primer TP in the specific recognition of the replication origins
(Illana et al., 1998; Serna-Rico et al., 2000; del Prado et al., 2012).

As already indicated, the DNA ends of ®29 have a repetition of
three nucleotides (3'-TTT.... 5). Once the replication origins are
specifically recognized by the TP/DNA polymerase heterodimer
(Blanco et al., 1987; Freire et al., 1996; Gonzélez-Huici et al.,
2000a,b; Pérez-Arndiz et al., 2007), the DNA polymerase catalyzes
the formation of a phosphoester bond between the initial
dAMP and the hydroxyl group of Ser232 of the TP. Therefore,
during the initiation reaction, the priming Ser232 of the TP is
placed at the catalytic site of the DNA polymerase to attack
nucleophilically the a-phosphate of the initial dAMP which
is inserted opposite the 3’ second nucleotide of the template
strand (Méndez et al., 1992, see Figure 6A). This reaction is
carried out by the catalytic residues responsible for canonical
polymerization (Blanco and Salas, 1995, 1996). The initiation
reaction implies that the 3’ end of the template strand should
enter deep into the catalytic site of the DNA polymerase to
place the penultimate 3’ dTMP of the template strand at
the catalytic site (see Figures 6A,B). The interchanging of the
priming domains of the related ®29 and Nf TPs, allowed us to
conclude that this domain is the one responsible for dictating
the internal 3’ nucleotide used as template during initiation,
the 2nd and 3rd in ®29 and Nf DNA, respectively (Longds
et al., 2008). Recently, we have shown that the aromatic residue
Phe230 of the ®29 TP priming loop is the one responsible for
positioning the penultimate nucleotide at the polymerization
site to direct insertion of the initial dAMP during the initiation
reaction, most probably by interacting with the 3’ terminal
base, limiting the internalization of the template strand (see
del Prado et al., 2015; Figure 6B). To perform TP-DNA full-
length synthesis, the TP-dAMP initiation product translocates
backwards one position to recover the template information
corresponding to the first 3'-T, the so-called sliding-back
mechanism that requires a terminal repetition of 2 bp. This
reiteration permits, prior to DNA elongation, the asymmetric
translocation of the initiation product, TP-dAMP, to be paired
with the first T residue (Méndez et al., 1992) (see scheme in
Figure 7).

We have shown that the sliding-back, or variations of it, is
a mechanism shared by the protein-priming systems to restore
full-length DNA. In the case of the ®29-related phage GA-1,
initiation takes place at the 3’ second nucleotide of the template
(3-TTT) (Illana et al.,, 1996). The ®29-related phage Nf and
the S. pneumoniae phage Cp-1 initiate opposite the 3’ third
nucleotide of their terminal repetition (3'-TTT) (Martin et al.,
1996; Longas et al., 2008), whereas the E. coli phage PRD1
initiates at the fourth nucleotide (3’-CCCC) (Caldentey et al.,
1993), being required two and three consecutive sliding-back
steps, respectively, to recover the information of the DNA termini

Frontiers in Molecular Biosciences | www.frontiersin.org

August 2016 | Volume 3 | Article 37 | 57


http://www.frontiersin.org/Molecular_Biosciences
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Biosciences/archive

Salas et al.

DNA-Binding Proteins in 29 Replication

penultimate template
nucleotide

incoming
dNTP

polymerization
active site

Copyright©2015, by the American Society for Biochemistry and Molecular Biology.

FIGURE 6 | Modeling the initiation reaction. (A) Placement of TP priming residue Ser232 (in lemon green) and penultimate template nucleotide at the ®29 DNAP
active site during initiation of ®29-DNA replication (catalytic aspartates and Mg2+ jons are shown in red and gray, respectively). Reproduced from de Vega and Salas
(2011). (B) Schematic representation of the placement of the 3’ end of the template strand at the active site of 29 DNA polymerase. The templating nucleotide and
the aromatic residue of the priming loop are indicated. This research was originally published in The Journal of Biological Chemistry. del Prado et al. (2015).
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(stepwise sliding-back). The case of adenovirus is a little more
complex as its genome ends have a duplication of the sequence
GTA (3'-GTAGTA). In this virus, the 3’ fourth to sixth template
positions guides the formation of the TP-CAT initiation product
that jumps back to pair with the terminal GTA, a variation of the
sliding-back mechanism called jumping-back (King and van der
Vliet, 1994) (see scheme in Figure 7).

What is the rationale of the sliding-back mechanism? $29
protein-primed initiation is an unfaithful reaction with a
nucleotide insertion discrimination factor about 102, In addition,
the 3'-5" exonucleae activity of ®29 DNAP cannot release a
wrong nucleotide that had been added during the initiation
reaction (Esteban et al., 1993). Therefore, the sliding-back
mechanism could guarantee the fidelity during the initiation
stage through different base pairing checking steps before further
elongation of the TP-dNMP complex occurs (Méndez et al., 1992;
King and van der Vliet, 1994). Thus, an erroneous TP-dNMP
complex will not pair with the terminal 3'-T of the template after
the sliding-back, hindering its further elongation. In addition,
if an incorrect TP-dNMP product were elongated the resulting
TP-DNA molecule could not be used as a template in the next
replication round, as the 3’ terminus of the template strand would
not include the required nucleotide reiteration. The presence of
sequence repetitions at the ends of other TP-containing genomes
allows to surmise that the sliding-back type of mechanism could
be a common feature of protein-primed replication systems
(Méndez et al., 1992).

TRANSITION FROM PROTEIN-PRIMED TO
DNA-PRIMED REPLICATION

Previous biochemical studies showed that once the initiation
reaction has taken place the polymerase incorporates the next
4 nucleotides to the TP-dAMP product while is still complexed
with the primer TP (initiation mode), goes through some
structural changes during insertion of the sixth to ninth
nucleotide (transition mode) and finally dissociates from the
primer TP once the tenth nucleotide is added to the growing
strand (elongation mode) (Méndez et al., 1997). Resolution of the
@29 DNAP/TP complex has given the insights on the transition
mechanism, explaining how the polymerase can insert up to nine
nucleotides while complexed to the TP (Kamtekar et al., 2006).
The transition stage relies on a different strength interaction
of the TP priming and intermediate domains with the DNA
polymerase (Pérez-Arnaiz et al., 2007). On the one hand, the
TP intermediate domain remains in a fixed orientation on the
polymerase during insertion of 6-7 nucleotides by means of
stable contacts with the TPR1 subdomain. During this stage the
weakness of the interaction between the DNA polymerase and
the TP priming domain allows the latter to rotate as the DNA
is synthesized. The rotation of the TP priming domain with
respect to the fixed TP intermediate domain is possible due to the
flexibility of the hinge region that connects both domains. Once
6-7 nucleotides have been added, the proximity of the priming
Ser to the hinge region would impede a further priming domain
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FIGURE 7 | Sliding-back (jumping-back) model for the transition from initiation to elongation. TP is represented as a pink oval and DNA polymerase as a
gray square. The internal template nucleotide that directs the insertion of the initial nucleotide is shown in bold red letter. Yellow box represents the catalytic active site
of the DNA polymerase. Reproduced from de Vega and Salas (2011).

rotation, causing heterodimer dissociation (Kamtekar et al., 2006;
see Figure 8).

$29 PROTEIN P5, THE VIRAL
SINGLE-STRANDED DNA BINDING
PROTEIN

Structural and Functional Characteristics

Single-stranded DNA-binding proteins (SSBs) are common in
all three branches of organisms and in viruses and bind with
high affinity to single-stranded (ss) DNA, playing essential roles
as accessory proteins in DNA replication, recombination, and
repair processes that entail the exposure of ssDNA. SSBs usually

bind non-specifically to DNA and can saturate long stretches of
ssDNA, thus providing protection against nuclease attack, and
preventing the formation of secondary structures (Chase and
Williams, 1986; Kur et al., 2005). Furthermore, SSB proteins are
involved in specific interactions with several proteins that play
important roles in nucleic acids metabolism (Shereda et al., 2008).
As a result of these properties, SSBs increase the efficiency and
fidelity of a number of DNA amplification methods (Rapley,
1994; Perales et al., 2003; Inoue et al., 2006; Mikawa et al., 2009;
Ducani et al.,, 2014).

From a structural viewpoint, SSBs exist as monomeric
or multimeric proteins and, with few exceptions, they
share a structural domain named OB-fold (oligonucleotide/
oligosaccharide binding-fold) involved in nucleic acid
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FIGURE 8 | A model for the transition from initiation of replication to elongation. Reproduced with permission from Kamtekar et al. (2006).
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recognition (Theobald et al, 2003; Savvides et al., 2004).
The OB-fold structural domain consists in a close or semi-open
beta barrel made out of five-stranded fB-strands and a a-helix,
commonly between the third and four strands (Murzin, 1993).

®29 protein p5 is a single-stranded DNA binding protein
(Martin et al., 1989) that protects DNA from nucleases (Martin
et al., 1989) and prevents unproductive binding of ®29 DNAP
to ssDNA generated during replication (Gutiérrez et al., 1991).
@29 SSB has high sequence similarity with SSBs from the related
podoviruses Nf and GA-1, although ®29 and Nf are monomeric
in solution, whereas GA-1 SSB is hexameric (Soengas et al.,
1995; Gascon et al., 2000a), by means of a N-terminal additional
motif (Gascén et al, 2002). Podoviral SSBs share some key
hydrophobic residues with unrelated viral SSBs (Gutiérrez et al.,
1991) and, indeed, they may also share the SSBs common OB-
fold, as found by secondary structure prediction and multiple
sequence alignment (Figure 9). In agreement with this predicted
protein folding, previous circular dichroism spectra indicated
that ®29 SSB is largely made up of p-strands (Soengas et al.,
1997a).

The interaction of ®29 SSB with ssDNA is consistent with
a moderate cooperative binding to 3-4 nt per molecule, not
impaired by ionic conditions (Soengas et al., 1994). Detailed
analysis of intrinsic tyrosine fluorescence quenching upon
binding to ssDNA and site-directed mutagenesis indicated that

Tyr50, Tyr57, and Tyr76 play essential role in complex formation
with DNA (Soengas, 1996; Soengas et al., 1997b).

As other SSBs, ®29, Nf, and GA-1 SSBs, are able to unwind
duplex DNA (Soengas et al., 1995; Gascén et al., 2000b),
suggesting that they can favor DNA replication by unwinding
the secondary structures formed in the ssDNA produced during
genome replication. However, although all the three SSBs
increase DNA replication efficiency (Martin et al., 1989), only
®29 SSB enhances the replication rate of the DNA polymerase,
especially when strand displacement is impaired, although it does
not seem to have specificity for its cognate DNA polymerase
(Soengas et al., 1995; Gascon et al.,, 2000b). Therefore, rather
than the interaction of the SSB and its own DNA polymerase,
improvement of the replication rate by ®29 SSB is mediated
by its dynamic dissociation from the nucleoprotein complexes
ahead the polymerase, in agreement with its relative low intrinsic
binding constant (Soengas et al., 1994; Gascon et al., 2000a).

Biological Role

SSBs are required in stoichiometric quantities with respect to
the template rather than in catalytic amounts. Accordingly,
®29 SSB is required in high amounts for in vitro $29
genome amplification (Blanco et al, 1994) and it is an
extremely abundant protein in the infected B. subtilis cells
(~700,000 molecules per cell, Martin et al, 1989). Early
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FIGURE 9 | Multiple sequence alignment of diverse SSBs from prokaryotic origin. Source and GenBank identification number (Gl) of each protein is indicated.
Alignment was made with Promals3D (Pei et al., 2008), based secondary structure predictions and the crystal structure of E. coli and T7 SSBs (1SRU and 1JE5,
respectively, in Protein Data Bank). The protein sequences are colored according to actual or predicted secondary structures (red: alpha-helix, blue: beta-strand). Also,
the consensus five beta-strands and the alpha-helix that correspond with a common OB-fold are depicted above the sequences. Note that in the case of T7 SSB the
a-helix is between the second and third strands. The last line in each block (Consensus_aa) shows consensus amino acid sequence as follows: conserved amino
acids are in uppercase letters; aliphatic (I, V, L): I; aromatic (Y, H, W, F): @; hydrophobic (W, F, Y, M, L, I, V, A, C, T, H): h; alcohol (S, T): o; polar residues (D, E, H, K, N,
Q,R, S, T):p;tiny (A, G, C,9): t; small (A, G, C, S, V,N, D, T, P):s; bulky residues (E, F, I, K, L, M, Q, R, W, Y): b; positively charged (K, R, H): +; negatively charged (D,
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genetic characterization of 29 mutants allowed the mapping of  of this possible temperature-dependent role of $29 SB remains
temperature-sensitive mutants in gene 5 (Mellado et al., 1976).  unclear.

Those mutants had a strong impairment in DNA synthesis

(Talavera et al., 1972), indicating an essential role in replication

of the viral genome that, as mentioned above, was subsequently A HISTONE-LIKE PROTEIN ENCODED BY
demonstrated thanks to the in vitro characterization of T-DNA BACTERIOPHAGE 29

replication.

Strikingly, recent isolation of a non-sense mutant in gene 5 Structural Characteristics and DNA

that only had a 20% reduction in viral yield (Tone et al, 2012), Binding Mechanism

suggested that 29 SSB might be dispensable for viral replication, ~ The viral protein p6 is a DNA binding protein (DBP)
although it seems to be required in a temperature dependent  involved both in DNA replication, activating the protein-
fashion. These results led the authors to speculate that a host SSB primed initiation step, and transcriptional control, modulating
could be able to partially complement the absence of viral SSB  the early-late switch (for a detailed review see Gonzélez-
at permissive temperatures. However, the molecular mechanism  Huici et al, 2004a). This pleiotropic effect is consequence
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of its role as an architectural protein that organizes and
compacts the viral genome, analogously to eukaryotic histones
(Serrano et al., 1994).

Structure-function work on p6 indicated that the N-terminal
region of the protein plays a role in both DNA binding (Otero
et al,, 1990) and dimer formation (Abril et al., 2000). By site-
directed mutagenesis, it could be disclosed that residues Ile8 and
Val44 are directly involved in protein dimer formation (Abril
et al., 2000, 2002), whereas Lys2, Lys10 and, especially, Arg6,
are essential for DNA binding in vitro and viral DNA synthesis
in vivo (Bravo et al., 1994b; Freire et al., 1994).

According to footprinting assays (Prieto et al., 1988; Serrano
et al,, 1990), p6 binding to DNA gives rise to a nucleoprotein
complex formed by a repeated motif of p6 dimers bound to a
24 bp DNA segment. Thus, a protein monomer would contact
and bend the DNA every 12 bp, suggesting a model in which
the DNA would wrap around a multimeric core of protein p6,
forming a right-handed superhelix that comprises around 63 bp
per turn (Serrano et al., 1990, 1993a,b). As a consequence of
DNA wrapping, this nucleoprotein complexes show a remarkable
reduction in length with respect to naked DNA, between 4.2- to
6.5-fold (Serrano et al., 1993a; Gutiérrez et al., 1994).

In vivo, p6 is able to discriminate between bacterial and
viral DNA by their different superhelicity (Gonzalez-Huici et al.,
2004b). Thus, p6 is able to restrain positive supercoiling of the
DNA in vitro (Prieto et al., 1988; Serrano et al., 1993b) and binds
all along ®29 DNA in vivo with a much higher affinity than for
plasmid DNA, although binding to plasmid DNA is enhanced
by decreasing the negative supercoiling (Gonzdlez-Huici et al.,
2004c). Thus, the presumably lower negative superhelicity of
@29 DNA respect to host chromosome likely makes the viral
genome an appropriate target for the binding of p6 (Serrano
et al, 1994; Gonzilez-Huici et al, 2004b). Interestingly, the
preferential binding of ®29 p6 to the lower negatively supercoiled
viral genome seems to be quite specific, since GA-1 p6, which
has a highly conserved sequence (58% similarity, 39% identity),
does not show this binding pattern (Freire et al., 1996) and
accordingly, GA-1 p6 complex with ®29 DNA is not functional
(Alcorlo et al., 2007).

Moreover, p6 has a binding specificity to the ends of the
®29 linear genome, which has a key role in the initiation step
of replication (see below). This binding occurs at recognition
regions that were mapped between positions 62-125 from the
right end, and between positions 46-68 from the left one (Serrano
et al.,, 1989). However, p6 does not recognize a sequence signal,
but rather a sequence-dependent bendability pattern present in
the recognition sites that act as a nucleation site for protein
p6/DNA complex formation (Serrano et al., 1993a; Gonzalez-
Huici et al., 2004b).

Functional Implications of p6

Nucleoprotein Complex

Protein p6 is essential for ®29 DNA replication in vivo
(Carrascosa et al, 1976; Bravo et al, 1994b). In vitro, p6
stimulates initiation as well as the transition to elongation
(Pastrana et al., 1985; Blanco et al., 1986, 1988). Initiation

activation requires the formation of the protein p6 complex with
®29 DNA terminal fragments (Serrano et al., 1989) and it was
suggested to undergo through transient unwinding of DNA at
the p6 specific binding sites that would favor interaction of the
TP/DNAP complex with the template strand (Serrano et al,
1993b). In line with this hypothesis, 29 origins with partially
unpaired ends showed increased utilization (up to 30-fold respect
to wild type origins) (Gella et al, 2014). Initiation of these
modified origins was still stimulated by p6, although to a lesser
extent (around 1.5-fold) than the wild type origin (2.8-fold).

As mentioned above, p6 is also important for the control
of transcription, either by itself or together with the viral
transcriptional regulator p4 (Camacho and Salas, 2000, 2001).
Thus, protein p6 switches off very early transcription from
promoter C2, as shown by in vivo and in vitro studies, impairing
the RNA polymerase complex access to the nucleoprotein
complex at the promoter region (Serrano et al., 1989; Camacho
and Salas, 2001). Moreover, formation of p6 nucleoprotein
complex promotes p4-mediated repression of promoters A2b
and A2c and activation of the A3 promoter (Calles et al., 2002).

In the context of the infected cell, p6 is highly abundant, which
would favor oligomerization and formation of p6 nucleocomplex
(Abril et al., 1997), which might be even more favored under
the crowded intracellular environment (Alcorlo et al., 2009).
This high density is in agreement with a histone-like function
that would complex with the entire genome (Serrano et al,
1994; Holguera et al., 2012), analogously to cellular histones.
At early infection stages, p6 localizes mainly in a peripheral
helix-like configuration (Holguera et al., 2012), whereas the viral
genome and the replication machinery associates with the host
nucleoid (Mufioz-Espin et al., 2010). Since protein p6 is essential
to initiate 29 DNA replication, it was suggested that a small
amount of protein p6 (undetectable by immunofluorescence)
would be recruited early at the bacterial nucleoid, establishing
the appropriate conditions at the phage DNA ends to achieve the
first rounds of replication. Then, and as viral DNA replication
progresses, p6 is recruited to the bacterial nucleoid and, by
topological recognition of the 29 DNA, avoids its sequestration
by the higher volume of the bacterial DNA. Under this scenario,
®29 p6 constitutes a histone-like protein specific for the viral
genome, whose temporal and spatial subcellular localization is
determined by its essential roles in genome replication and
transcription (Holguera et al., 2012).

ROLE OF HOST DNA-BINDING PROTEINS
IN $29 DNA REPLICATION

Bacteriophages have developed different strategies to inactivate
or take advantage of cellular enzymes in their own benefit
(Roucourt and Lavigne, 2009). During ®29 infection several B.
subtilis DNA-binding proteins have been shown to play a role in
the development of the infective cycle.

DNA Gyrase

Chromosomal DNA topology is controlled by various host-
encoded topoisomerases, such as DNA gyrase (topoisomerase
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II) (Drlica, 1992). Despite containing a TP covalently linked
to the 5 ends and therefore not being covalently closed,
®29 DNA is topologically constrained in vivo (Gonzalez-
Huici et al., 2004c). In this sense, it has been shown that
the gyrase inhibitor novobiocin but not nalidixic acid, which
also inhibits DNA gyrase but does not have topological effects
on DNA, increases the binding of protein p6 to the viral
genome in vivo. In addition, both novobiocin and nalidixic
acid impair viral DNA replication in vivo, suggesting that B.
subtilis gyrase is involved in viral DNA replication (Gonzalez-
Huici et al., 2004c). A topologically constrained DNA should
be allowed to rotate freely during the replication process,
explaining the necessity of the bacterial DNA gyrase (Munoz-
Espin et al, 2012). Moreover, ®29 genome possesses two
convergently oriented transcription units encompassing genes 7—
16 and 17-16.5. Hence, without the action of DNA gyrase, a
highly positive supercoiled region would be generated between
the two convergently oriented transcription units, preventing
the advance of the RNA polymerase, and/or inducing DNA
polymerase template switching when encountering this blockage.
In fact, during @29 infection subgenomic viral DNA molecules
ranging from 1 to 8 Kb are accumulated, originated mainly from
the right end of the genome and that these kind of molecules
do not accumulate when B. subtilis cells are infected with the
transcription deficient mutant ®29 sus4(56), which does not
express protein p4 (Murthy et al., 1998).

The topological constraint of bacteriophage ®29 genome
could be achieved by binding of the parental TPs either directly
to the nucleoid or to the bacterial membrane through the
interaction with other viral proteins such as pl or pl6.7 (see
above) (Bravo et al., 2000; Serna-Rico et al., 2003; Mufioz-Espin
et al., 2010).

Uracil-DNA Glycosylase

A potential threat to genome integrity is the presence of
uracil residues in DNA. Uracil is eliminated from DNA
genomes by the base excision repair pathway (BER), which is
initiated with the enzymatic activity of a uracil-DNA glycosylase
(UDG). These enzymes (Family 1) selectively remove uracil
bases from both single- and double-stranded DNA, cleaving
the N-glycosidic bond between the base and the deoxyribose,
leaving therefore an abasic site (Savva et al., 1995). This
abasic site is then repaired through the sequential action of
an apurinic/apyrimidinic endonuclease, DNA polymerase and
DNA ligase. Most eukaryotic and prokaryotic cells encode a
UDG to maintain the integrity of DNA genomes. However,
there are some cases in which the presence of uracil in DNA
could be desirable. For instance, B. subtilis phage PBS1 (and
its clear-plaque isotype PBS2) genome contains uracil instead
of thymine and, consequently, encodes a UDG inhibitor (called
Ugi) to assure an efficient viral genome replication (Katz et al.,
1976; Cone et al., 1980; Savva and Pearl, 1995). Additionally,
phage T5 infection induces an inhibitor of E. coli UDG that

has not yet been identified (Warner et al., 1980). Interestingly,
despite having a non-uracil containing genome, phage $29
encodes a UDG inhibitor, a small acidic protein of 56 amino
acids called p56 (Serrano-Heras et al., 2006). Protein p56 is
expressed early after infection and interacts with B. subtilis
UDG, inhibiting its activity (Serrano-Heras et al., 2006). In
vitro experiments showed that protein p56 blocks the DNA-
binding ability of UDG, and structural data suggest that it
does it by mimicking the structure of DNA (Serrano-Heras
et al., 2007; Asensio et al., 2011; Bafios-Sanz et al., 2013; Cole
et al., 2013). As mentioned above, the mechanism of ®29 DNA
replication involves the generation of replicative intermediates
that contain large stretches of ssDNA (Harding and Ito, 1980;
Inciarte et al., 1980; see Figure 1). If uracil residues were present
in these stretches of ssDNA by either the misincorporation of
deoxyuridine monophosphate (dUMP) during the replication
process or by the spontaneous deamination of cytosine in
DNA, the elimination of these lesions by the BER pathway
would give rise to the loss of terminal viral DNA regions.
In fact, it has been shown that ®29 DNA polymerase can
incorporate dUMP during DNA synthesis with a catalytic
efficiency of only 2-fold lower than dTMP, and perform the
extension of base-paired uracil residues to give full-length DNA
in vitro (Serrano-Heras et al., 2008). Hence, by encoding an
UDG inhibitor, 29 prevents the elimination of uracil residues
that could be present in the ssDNA portions of the genome
replicative intermediates and that would compromise viral
genome integrity (Serrano-Heras et al., 2006; Mufioz-Espin et al.,
2012).

It is worth mentioning that ®29-related phages PZA, B103,
Nf, and GA-1 encode homologs of p56. The product of GA-1 gene
56 was purified and shown to inhibit UDG activity in extracts of
both B. subtilis and B. pumilus, which is the natural host of GA-1
(Pérez-Lago et al., 2011).

The elucidation of the function of several ®29 proteins yet
to be characterized and the improvement of in vivo techniques
for both protein-protein and protein-DNA interactions detection
will lead to a better understanding of the virus-host interactome
in the future.
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The proper initiation and occurrence of DNA synthesis depends on the formation and
rearrangements of nucleoprotein complexes within the origin of DNA replication. In
this review article, we present the current knowledge on the molecular mechanism of
replication complex assembly at the origin of bacterial chromosome and plasmid replicon
containing direct repeats (iterons) within the origin sequence. We describe recent findings
on chromosomal and plasmid replication initiators, DnaA and Rep proteins, respectively,
and their sequence-specific interactions with double- and single-stranded DNA. Also, we
discuss the current understanding of the activities of DnaA and Rep proteins required
for replisome assembly that is fundamental to the duplication and stability of genetic
information in bacterial cells.

Keywords: replication initiation, DnaA, Rep, iteron plasmids, replisome assembly

INTRODUCTION

The replication of genetic material is one of the most fundamental processes that influence
the proper functioning of each living cell. The synthesis of new DNA molecule, in case
of both bacterial chromosomes and plasmids, starts at a well-defined place called origin
and can be divided into the following steps: (1) origin recognition by replication initiation
proteins and open complex formation (2) helicase loading, activation and primer synthesis
(3) replisome assembly and DNA synthesis. Although these main steps during the DNA
replication process are common, when considering replication of bacterial chromosomes
and iteron plasmids replicated by theta mechanism, some differences can be observed
(Table 1).

A DNA replication process of chromosome and plasmid DNA starts when Origin Binding
Proteins (OBP) recognize and bind specific motifs located within origin region. Despite the
differences in structure of bacterial and plasmid initiators, DnaA and Rep proteins, respectively,
they have the same function. Binding of initiators results in a modulation of nearby DNA
topology and opening of double-stranded helix structure in DNA unwinding element (DUE).
A single-stranded DUE region becomes a place where helicase is loaded. In the next step the
replisome is assembled and holoenzyme of DNA Polymerase III can play its role during DNA
synthesis.

Despite many years of research on DNA replication, new aspects of this process are
still being discovered. Recently, the novel activities of replication initiator proteins have
been shown. However, especially in case of plasmid DNA replication, there are many
questions concerning the replication initiation and replisome assembly that still need to be
answered.
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TABLE 1 | Comparison of general features of iteron plasmid and chromosomal DNA replication initiation.

Bacterial chromosome

Iteron plasmids

Replication initiator DnaA

Binding sites for initiator

DNA binding domain of initiator

Nucleotide binding by initiator +
Oligomer formation by initiator protein +
Binding of initiator to dsDNA +
Binding of initiator to ssDNA +

Assistance of architectural proteins: IHF, HU

Interaction of initiator with helicase DnaB +

Strong and weak DnaA-boxes

DNA binding domain (DBD) AAA+ domain

More efficient oriC-dependent DNA replication

Rep, DnaA

DnaA-boxes for DnaA
Iterons for Rep
Weak binding sites ?

Winged Helix domain (WH)

Rep protein ?
DnaA protein ?

Rep oligomers ?
Rep-DnaA oligomers ?

Rep protein +
DnaA protein + (in Pseudomonas spp. DnaA is dispensable)

Rep protein +
DnaA protein ?

More efficient plasmid origin-dependent DNA replication
HU is required for replication of some plasmids

Rep +
DnaA +

ORIGIN RECOGNITION AND OPEN
COMPLEX FORMATION BY REPLICATION
INITIATION PROTEINS

Origin Recognition and Open Complex
Formation by Chromosomal Initiator at
Chromosomal Origin

The very first step of replication initiation process is the
recognition of specific motifs located within the origin region
of DNA molecule (Figure 1) by replication initiation proteins
(Figure 2, Stage I). The bacterial chromosome replication
initiator DnaA protein consists of four domains, which play
distinct roles (Sutton and Kaguni, 1997, Figure 3A). The best
characterized DnaA is the Escherichia coli protein (EcDnaA),
although structural data is limited only to domain I (resolved
by NMR-analysis; Abe et al., 2007b) and IV (resolved in a
nucleoprotein complex by crystallography; Fujikawa et al., 2003).
Information concerning the structure of DnaA initiator is
supplemented by structure of domains I and II of Mycoplasma
genitalium DnaA (MgDnaA; Lowery et al, 2007), domains I
and II of Helicobacter pylori DnaA (HpDnaA) in a complex
with HobA protein (Natrajan et al, 2009), domains III and
IV of Aquifex aeolicus DnaA (AaDnaA; Erzberger et al., 2002,
2006), domain III of Thermatoga maritima DnaA (TmDnaA;
Ozaki et al., 2008), and domain IV of Mycobacterium tuberculosis
(MtDnaA; Tsodikov and Biswas, 2011). Domain I of EcDnaA,
located at the N-terminus of the protein, was shown to be
involved in oligomerization of DnaA (Weigel et al., 1999;

Simmons et al, 2003; Abe et al, 2007a), helicase loading
(Sutton et al., 1998; Seitz et al., 2000), and interaction with
DiaA (Keyamura et al., 2007), HU (Chodavarapu et al., 2008a),
Dps (Chodavarapu et al., 2008b), and ribosomal protein L2
(Chodavarapu et al., 2011). The interaction with DiaA homologe,
HobA protein, was shown for domains I and II of HpDnaA
(Natrajan et al., 2007, 2009; Zawilak-Pawlik et al., 2007). In
Bacillus subtilis, domain I of DnaA (BsDnaA) interacts with
SirA, the sporulation-related protein (Rahn-Lee et al., 2011).
However, the binding partner proteins can vary among DnaA
orthologs, and replication initiator from one bacterium can
interact with different partners compared to other orthologs,
e.g., interaction of Thermoanerobacter tengcongensis DnaA with
NusG protein, is not observed for BsDnaA (Liu et al., 2008).
The second domain, forming a flexible linker, although it is not
essential (Messer et al., 1999; Nozaki and Ogawa, 2008), was
proposed to be involved in optimal helicase DnaB recruitment
(Molt et al., 2009). The domain II, links domain I with domain
III, which contains a common core structure of AAA-+ proteins
family members (Neuwald et al, 1999). Recent data showed
that residues within this domain are engaged in interaction of
DnaA (TmDnaA, EcDnaA, AaDnaA) with single-stranded DNA
(ssDNA; Ozaki et al.,, 2008; Duderstadt et al.,, 2011). At the
C-terminus of DnaA, domain IV (DNA Binding Domain, DBD)
can be distinguished, which is responsible, via a helix-turn-
helix motif (HTH), for interaction with double-stranded DNA
(dsDNA) containing specific motifs named DnaA-boxes (Roth
and Messer, 1995; Fujikawa et al., 2003). Interaction with these
sequences is the very first step of the replication initiation process.
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FIGURE 1 | The minimal origins of DNA replication of (A) E. coli
chromosome and (B) RK2 plasmid. (A) The genetic organization of E. coli
oriC comprises 13-mers within the DNA Unwinding Element (DUE) and
DnaA-boxes as well as binding sites of IHF and Fis proteins. Asterisks ()
below the oriC indicate strong DnaA-boxes. (B) The genetic organization of
RK2 plasmid oriV consisting of DnaA-boxes, Iterons, and DUE. Black arrows
mark 13-mers.

In bacterial chromosome origin, regions that are composed
of a variable number of DnaA-boxes, can be identified (Ozaki
and Katayama, 2009; Rajewska et al., 2012; Wolanski et al.,
2014; Leonard and Grimwade, 2015). In the origin of E. coli
chromosome (oriC), five 9-bp in length DnaA-boxes (R1-R5)
were originally identified (Fuller et al., 1984; Matsui et al., 1985);
in contrast, the origin of Caulobacter crescentus chromosome
(Cori) possesses only two DnaA-boxes (named G-boxes; Shaheen
et al,, 2009). The studies with the use of in vivo and in
vitro dimethylsulphate (DMS) footprinting as well as DNase I
footprinting method showed that other, non-R DnaA binding
sites are present in oriC, i.e., I (Grimwade et al., 2000; McGarry
etal., 2004), C (Rozgaja et al., 2011), and < sites (Kawakami et al.,
2005). Such non-canonical sequences recognized by bacterial
initiator were also found in oriC of C. crescentus (termed
W-boxes; Taylor et al., 2011). The affinity of DnaA binding to
R-boxes and non-R DnaA binding sites is different. Interestingly,
binding of inititor to the DnaA-boxes in Cori of C. crescentus,
both G-boxes and W-boxes, is lower compared to DnaA binding
to the R-boxes in oriC of E. coli (Taylor et al., 2011), which
might be characteristic for bacteria with a complex regulation of
development. The DnaA binding sites, bound by initiator with
affinity comparable only to interaction between DnaA and weak
DnaA-boxes in E. coli oriC, were found in the origin of H. pylori
(Zawilak-Pawlik et al., 2007; Charbon and Lebner-Olesen, 2011).
In E. coli oriC three (named R1, R2, and R4) out of five DnaA-
boxes are the widely separated, high affinity DnaA-boxes. They
were found to be almost constantly bound by EcDnaA protein
(Samitt et al., 1989; Nievera et al., 2006). The occupancy of only
these three sites is insufficient for spontaneous origin opening
and it was proposed that interaction of EcDnaA protein at high
affinity binding sites may regulate conformation of the origin
DNA (Kaur et al., 2014). Between the peripheral R1 and R4 sites,
there are two arrays of low affinity binding sites, t1 R5 t2 I1 12
and C3 C2 I3 Cl, separated by one of high affinity—R2 (Rozgaja
etal., 2011). EcDnaA molecules bound to the high affinity DnaA-
boxes, termed bacterial Origin Recognition Complex (bORC),
act as anchors and are required to assist in occupying weak

sites by the EcDnaA protomers (Rozgaja et al, 2011; Kaur
et al., 2014), and formation of replication-active pre-replication
complex (pre-RC; Figure 2, Stage II). The binding affinity to
particular sequences and replication activity of EcDnaA protein
depend on nucleotide-bound state of protein. Although ADP-
EcDnaA binds the high affinity DnaA-boxes and also R5 and
C1 low affinity ones, the ATP-EcDnaA form is thought to be
the replication-active one (Sekimizu et al.,, 1987; Leonard and
Grimwade, 2011). ATP-EcDnaA form of initiator binds efficiently
both high and low affinity binding sites (McGarry et al., 2004;
Kawakami et al.,, 2005). Based on molecular docking, binding
of ATP, instead of ADP, is presumed to cause changes in the
EcDnaA protein conformation, thus leading to the formation
of large oligomeric complex within the origin region (Saxena
et al, 2015). The crystallographic data, when nonhydrolyzable
ATP analog AMP-PCP was used, showed the formation of open-
ended, right-handed helical filament of AaDnaA (Erzberger et al.,
2006). Based on biochemical and genetic approaches it was found
that there is an interaction between domain III (AAA + domain)
of one DnaA (EcDnaA or AaDnaA) molecule and domain IV
(DBD domain) of partner subunit (Duderstadt et al., 2010). It was
proposed that during pORC and pre-RC complexes formation
of the DBD domain is extended and the HTH motif is exposed,
which results in the efficient binding of high and low affinity
binding sites (Duderstadt et al., 2010). Occupation of the EcDnaA
binding sites was shown to be sequential and polarized and
DnaA protomers are released preferentially from the peripheral
high affinity R1 and R4 boxes, through arrays of low affinity
binding sites to the middle high affinity one—R2 (Rozgaja et al.,
2011). The formation of DnaA oligomer within the oriC results
in DNA destabilization in the DUE region (Speck and Messer,
2001; McGarry et al., 2004; Leonard and Grimwade, 2005, 2011;
Duderstadt et al., 2010). Although two arrays of low affinity
binding sites separated by high affinity sequences are occupied by
EcDnaA protomers for efficient double-stranded DNA opening,
binding of EcDnaA to a part of origin (containing only R1 high
affinity box and t1 R5 12 I1 12 low affinity binding sites array)
was shown to be active in DUE unwinding (Ozaki and Katayama,
2012). It was proposed that distinct DnaA multimers are formed
on the left half (containing binding sites from R1 to 12) and the
right half (containing binding sites from R2 to R4) of oriC (Ozaki
and Katayama, 2012; Ozaki et al., 2012a).

The DUE melting is the consequence of DnaA binding to
arrays of DnaA-boxes (Figures 1A, 2, Stage II). The location of
particular binding sites suggests that DnaA, bound to sequences
of the high affinity DnaA-boxes (R1, R2, R4), could cause the
bending of DNA molecule via interaction through domain I of
already bound three protomers (Rozgaja et al., 2011; Kaur et al,,
2014; Leonard and Grimwade, 2015). The model of constrained
loop formed by EcDnaA bound to the high affinity binding sites
was proposed (Kaur et al., 2014). The bending of oriC containing
DNA molecule is supported by accessory histone-like proteins
HU and integration host factor (IHF). A binding site for IHF was
found within the oriC region (Polaczek, 1990) and it was shown
that IHF can enhance the unwinding of DNA by DnaA (Hwang
and Kornberg, 1992; Ryan et al., 2002). It was demonstrated that
HU has the same effect on DUE destabilization (Hwang and
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FIGURE 2 | The process of bacterial chromosome and plasmid DNA replication initiation and replisome assembly. The scheme presents replication
initiation and replisome assembly at chromosomal E. coli origin, oriC (left), and RK2 plasmid origin, oriV/ (right). The DNA replication initiation starts with binding a
replication initiator(s) DnaA and TrfA to the DnaA boxes and Iterons, respectively (Stage I). Origin Recognition Complex (ORC) formation induces local destabilization
and pre-Replication Complex (pre-RC) formation and melting of the DNA Unwinding Element (DUE) region (Stage Il). Then, assisted by replication initiators and the
DnaC helicase loader, the DnaB helicase is recruited and loaded onto the single-stranded DUE (Stage Ill). In case of plasmid DNA replication the requirement for DnaA
and DnaC is optional as it depends on the host organism. Association of DnaG primase triggers the release of helicase loader, helicase activation and primers
synthesis (Stage IV). Next, the holoenzyme of DNA Polymerase Ill, which comprises clamp loader, DNA Polymerase Il core (Pol lll core), and B-clamp is assembled
and conducts DNA synthesis (Stage V). Lagging strand synthesis was omitted for simplicity. Proteins involved in described stages of DNA replication initiation and
replisome assembly processes are depicted in the scheme. IHF and Fis were omitted in this scheme.
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Kornberg, 1992), although its mechanism of action is different
(Ryan et al., 2002). Data obtained with ELISA (Enzyme Linked
Immunosorbent Assay) showed that HU interacts with domain I
of EcDnaA, which was proposed as an interaction which stabilizes
the DnaA oligomer (Chodavarapu et al., 2008a). The Fis protein,
identified originally as factor for inversion stimulation in site-
specific DNA recombination, was also shown to have an influence
on DNA unwinding (Wold et al., 1996). Specific binding sites for
Fis were identified in oriC (Gille et al., 1991). Although Fis, in

contrast to IHF, negatively regulates DNA replication initiation,
when the origin lacks some DnaA binding sites resulting in
altered non-functional conformation of origin, both Fis and
IHF can work together to correct these alterations (Kaur et al.,
2014). This joint action is achieved by inducing bends in oriC
and establishing functional origin conformation (Kaur et al.,
2014).

The formation of DnaA oligomer with synergistic action of
architectural proteins can introduce torsional strain into DUE,
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FIGURE 3 | Structures of replication initiation proteins: (A) bacterial
DnaA protein and (B) RepE protein from plasmid F. (A) Crystal structure
of Domain | (shown in violet) of EcDnaA protein was obtained from the PDB
database (2E0G). Domain Il (shown in blue) and Domain IV (shown in red)
were modeled using SWISS-MODEL server (http://swissmodel.expasy.org)
basing on crystal structure of Domain IV obtained from PDB database (1J1V).
The presented structure of EcDnaA does not include Domain Il. (B) Crystal
structure of RepE protein, comprising Winged Helix domain 1 (WH1), and
Winged Helix domain 2 (WH2) (shown in yellow and green, respectively), were
obtained from the PDB database (1REP).

facilitating the melting of the double-stranded DNA helix. The
binding of DnaA to DUE region was also thought to introduce
DNA melting, and ATP-DnaA-boxes were distinguished within
the oriC DUE sequence (Speck and Messer, 2001). Recent studies
showed direct binding of EcDnaA and AaDnaA protein to
formed single-stranded DNA within the DUE (Ozaki et al., 2008;
Duderstadt et al.,, 2010, 2011; Cheng et al., 2015). Studies with
DnaA mutants (Ozaki et al., 2008; Duderstadt et al., 2010), as
well as crystallography (Duderstadt et al., 2011), showed that this
interaction occurs through residues located within the AAA+
domain IIT of bacterial initiator. The AaDnaA protomers form
a helical filament on ssDNA (Duderstadt et al., 2011), however,
it differs from the filament formed on the dsDNA (Erzberger
et al, 2006; Duderstadt et al, 2010). It was proposed that
protomers in this oligomer are more compact when compared
to the extended DnaA molecules in dsDNA-DnaA complex
(Duderstadt et al., 2010, 2011). The binding of ssDNA concerns
just one T-rich strand of DUE and depends on sequence of
13-nucleotide sequences, which can be distinguished within the
DUE. In oriC three 13-mers are present (Bramhill and Kornberg,
1988a) and the binding of EcDnaA occurs at least two 13-mers.
EcDnaA does not form a complex with ssDNA containing just
one 13-mer (Ozaki et al., 2008). Formation of this nucleoprotein
complex is achieved only by ATP-DnaA protein (Ozaki et al.,
2008) and one AaDnaA protomer binds three nucleotides of
ssDNA (Duderstadt et al., 2011; Cheng et al, 2015). Studies
with the use of single-molecule fluorescence assays showed that

the formation of this nucleoprotein complex is highly dynamic
and that AaDnaA molecules assemble on ssDNA in the 3’ to 5’
direction (Cheng et al., 2015). The presence of dsDNA region
containing DnaA-boxes, adjacent to ssDNA DUE, stabilizes the
DnaA (EcDnaA and AaDnaA) filament on ssDNA (Ozaki and
Katayama, 2012; Cheng et al., 2015). Recently published data
revealed presence of a new origin element, termed DnaA-trio,
composed of repeated trinucleotide motif that stabilizes DnaA
filaments on the ssDNA (Richardson et al., 2016). What is
important, binding single strand of DUE region is required for
origin activity (Ozaki et al., 2008, 2012a,b; Duderstadt et al.,
2011).

Origin Recognition and Open Complex
Formation by Plasmid Initiator at Origin of

Iteron Plasmids

Similarly as during bacterial chromosome replication, the first
step in open complex formation in many theta-replicating
plasmids, especially in iteron-containing plasmids, is the binding
of plasmid replication initiator, Rep protein, to specific sequences
within origin region (Figure2, Stage I). Rep proteins are
structurally different from bacterial DnaA protein and consist
of winged-helix (WH) domains (Figure 3B, Komori et al., 1999;
Diaz-Lopez et al., 2003; Sharma et al., 2004; Swan et al., 2006;
Nakamura et al., 2007a,b; Pierechod et al., 2009). The crystal
structures of nucleoprotein complexes of 7 protein from plasmid
R6K (Swan et al., 2006), RepE protein from plasmid F (Komori
etal.,, 1999; Nakamura et al., 2007b), and a DNA binding domain
of Rep protein from ColE2-P9 plasmid (Itou et al., 2015) as
well as N-terminal domain of RepA protein from plasmid pPS10
(Giraldo et al., 2003) were obtained. Furthermore, homological
models for plasmid Rep proteins: RepA from P1 (Sharma et al,,
2004), RepA from pSC101 (Sharma et al., 2004), and TrfA from
RK2 (Pierechod et al, 2009) were shown. Plasmid Reps are
composed of two WH domains, of which one is responsible for
oligomerization and the role of a second one is the protein’s
interaction with DNA (Giraldo et al., 1998; Nakamura et al.,
2004; Pierechod et al., 2009). Plasmid replication initiators are
present as dimers in solution, however, an exception is known
i.e., RepE protein from pAMB1 plasmid is present as a monomer
(Le Chatelier et al.,, 2001). Although the Rep dimers interact
with DNA (Filutowicz et al., 1985; Ingmer et al., 1995; Komori
et al., 1999), they are replication-active in the monomeric form
(Kawasaki et al., 1990; Wickner et al., 1992; Sozhamannan and
Chattoraj, 1993; Konieczny and Helinski, 1997). Conformational
activation of plasmid replication initiators is carried out by
chaperon proteins (Kawasaki et al, 1990; Wickner et al.,
1992, 1994; Sozhamannan and Chattoraj, 1993; Konieczny and
Helinski, 1997). In contrast to bacterial replication initiator
DnaA, the domain responsible for binding of nucleotide was not
identified in Reps’ structures. There is also no evidence showing
if Rep proteins can form helical filaments on DNA similar to that
formed by the AaDnaA protein. For some Reps, e.g., TrfA protein
from RK2 plasmid, two forms of protein, different in length,
occur: the shorter 33 kDa (TrfA-33) and longer 44 kDa (TrfA-
44). There are different requirements for each particular form
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depending on the host bacterium. In E. coli both forms of TrfA
can initiate the plasmid replication, whereas in Pseudomonas
aeruginosa only the longer form is active (Caspi et al., 2001; Jiang
et al.,, 2003; Konieczny, 2003; Yano et al., 2013, 2016).

During plasmid replication initiation, monomers of Reps bind
to specific repeated sequences, named iterons, present within
origin region (Figures 1B, 2, Stage I). The number of iterons
varies among plasmid origins, from two iterons in plasmids
ColE2 and ColE3 (Yasueda et al., 1989), three iterons in pSC101
(Churchward et al., 1984), and some plasmids from IncQ
incompatibility group (Loftie-Eaton and Rawlings, 2012), four
iterons in origin of plasmid F and pPS10, up to five (origin of
plasmids RK2 and P1) or even seven such sequences in oriy of
plasmid R6K (Rajewska et al., 2012). Iterons are short sequences,
in length ranging from 17-bp in RK2 plasmid (Stalker et al.,
1981), 19-bp in plasmids F (Murotsu et al., 1981), and P1 (Abeles
et al,, 1984), to 22-bp in R6K (Filutowicz et al., 1987), and pPS10
(Nieto et al., 1992). But in some plasmids the iteron sequences
which are present in one origin can differ in length and apart from
short sequences, significantly longer iterons [up to even 76-bp
in plasmid R478 from IncHI2 incompatibility group (Page et al.,
2001)] can be present. The binding of Rep proteins to iterons is
sequence-specific and mutations in these motifs disrupt binding
of plasmid initiation protein. Changes in a sequence of iterons
abolished binding of m protein within the oriy of plasmid R6K
and thus replication activity in vivo (McEachern et al., 1985).
Negative effects on replication was also observed for mutants
in a sequence of P1 plasmid iterons (Brendler et al., 1997). The
sequences separating particular iterons are also important for
Rep nucleoprotein complexes formation and proper replication
activity of origin. It was shown in case of the RK2 plasmid that
in vitro the TrfA protein has a high preference for binding to
DNA containing at least two out of five binding sites, when
compared to the formation of nucleoprotein complex with DNA
containing just one iteron (Perri et al., 1991). The requirement
for the presence of more than just one iteron sequence for
TrfA binding was also shown in vivo (Perri and Helinski, 1993).
Rep proteins bind to iterons in a cooperative manner (Perri
and Helinski, 1993; Xia et al., 1993; Bowers et al., 2007) and
the cooperativity of binding depends on the spatial location
of iterons, since separation of two iterons by a half helical
turn abolished cooperativity (Bowers et al., 2007). These results
suggest the possibility of formation of higher order nucleoprotein
structure on plasmid iterons bound by Reps. It was shown that
WH domains of Reps contact three nucleotides in DNA. In
protein from R6K plasmid, WH1 domain contacts wGwnCnT
motif, and WH2 domian contacts GAG sequence (Swan et al.,
2006). Similarly, the WH2 domain of RepE monomer also
contacts three nucleotides of top (GTG sequence) and three
nucleotide of bottom strand (GtCA sequence) of double-stranded
molecule containing iteron sequence (Nakamura et al., 2007b).
However, unlike for the bacterial DnaA protein, to date there are
no evidence showing that strong and weak binding sites for Reps
are present within plasmid origins. There were just predictions of
potential binding sites, other than iterons, for 1 protein in R6K
plasmid and suggestions on potential role of such sites (Rakowski
and Filutowicz, 2013). Certainly like DnaA, Rep proteins can

bind within single-stranded region of melted DUE, and this
binding is sequence-specific, since binding concerns a particular
strand. Nucleoprotein complexes formation with the ssDNA
DUE was detected for TrfA (bound with A-rich strand) and
RepE (bound with T-rich strand) proteins (Wegrzyn et al., 2014).
Within the DUE of plasmid origins, repeated sequence, similar to
13-mers distinguishable in oriC, can be found. There are four 13-
nucleotide sequences in plasmid RK2 DUE region (Doran et al.,
1998) and all of them are required for TrfA-ssDNA DUE complex
formation. Lack of even one 13-mer hinders plasmid replication
(Wegrzyn et al., 2014). Also, even a point mutation within this
region affects plasmid replication since the lack of DUE melting
was observed for some of the changed sequences (Kowalczyk
et al.,, 2005; Rajewska et al., 2008).

The Rep protein encoded by plasmids, can be accompanied
by host DnaA initiator during open complex formation and
DUE melting within a plasmid origin (Figure 2, Stage II). DnaA
binding sites have been found in replication origin of many
plasmids including plasmids P1 (Abeles et al., 1984, 1990; Abeles,
1986), F (Kline et al., 1986; Murakami et al., 1987; Kawasaki
et al,, 1996), RK2 (Doran et al., 1998; Caspi et al., 2000), pSC101
(Sutton and Kaguni, 1995). The number of DnaA-box sequences
differs among plasmid origins, the position and orientation of
these binding sites are as important as position and orientation
of the iterons (Doran et al.,, 1998, 1999). The inversion of one
out of four DnaA boxes in origin of RK2 plasmid abolished
plasmid DNA replication, despite the fact that three remaining
DnaA boxes were bound by the host initiator (Doran et al.,
1999). Although the DnaA protein is not required for replication
initiation for some plasmids, e.g., R1, binding of DnaA increased
the plasmid replication efficiency (Bernander et al., 1991, 1992)
and mutations within a binding site for DnaA decreased the R1
plasmid replication (Ortega-Jiménez et al., 1992). In bacteria,
ATP-DnaA form is essential for chromosomal DNA replication
(Sekimizu et al., 1987; Leonard and Grimwade, 2005, 2011).
Interestingly, studies with ATP-binding mutant of DnaA, which
was inactive in oriC replication, showed that bacterial initiator
lacking an ability to bind a nucleotide was effective in open
complex formation within plasmid R6K oriy (Lu et al., 1998).
Also in the presence of ATPyS, a non-hydrolyzable analog of ATP,
the pattern of bands in KMnOy footprinting assay with DnaA
and TrfA proteins and plasmid RK2 DNA showed no significant
differences, when compared to opening reaction containing ATP
(Konieczny et al., 1997). Thus, the DnaA is suspected to play a
different role in plasmid replication initiation, compared to its
role in chromosome replication. A direct interaction between
plasmid and host replication initiators was shown (Lu et al., 1998;
Maestro et al., 2003) and the interaction was detected in the
N-terminus of 1t (between 1 and 116 aa) protein of R6K plasmid
(Luetal, 1998) and RepA protein of pSC101 (Sharma et al., 2001)
and domain I and IV of host initiator (Sharma et al., 2001). The
mutations in RepA protein from pPS10 plasmid were introduced,
which enhanced the interaction of RepA with DnaA protein and
resulted in changes in host range of pPS10 plasmid (Maestro
et al., 2003).

Similarly to bacterial chromosome replication initiation, the
binding of DnaA protein to DnaA-boxes within plasmid origins
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can be enhanced by the presence of architectural proteins IHE,
and HU (Shah et al., 1995; Fekete et al., 2006). The binding of IHF
to its binding site in oriy region significantly enhanced binding of
bacterial DnaA to R6K plasmid origin (Lu et al., 1998). In pSC101
plasmid binding IHF to its cognate binding site is required for
plasmid replication initiation and mutations within this sequence
disrupts plasmid replication (Stenzel et al., 1987). For plasmid
P1 the binding of IHF to its site, located downstream of one
out of two arrays of DnaA-boxes (the second array is located
upstream of DUE) is required only when the nearby DUE array
of DnaA-boxes is not active and the second DnaA-boxes array
serves as a secondary origin compensating the function of the first
one (Fekete et al., 2006). The P1-mini derivative was just slightly
unstable in IHF E. coli mutant (Ogura et al., 1990). The mutations
in gene for IHF protein did not affect plasmids F (Ogura et al.,
1990) and RK2 (Shah et al., 1995) replication. In contrast, the
lack of HU protein in vitro results in significant decrease in
mini-F plasmid DNA synthesis (Zzaman et al.,, 2004) and in
vivo KMnOy reactivity of P1 plasmid origin (Park et al., 1998)
as well as abolishment of plasmid F replication in vivo (Ogura
etal., 1990). During plasmid RK2 replication initiation, HU could
functionally replace DnaA protein, although it could not enhance
DUE melting as efficiently as DnaA (Konieczny et al., 1997).
It was proposed that one of the DnaA functions could be the
stabilization of origin melting induced by Rep protein. The other
DnaA role during replication initiation is its function in helicase
loading. Interestingly, for some plasmids, e.g., RK2, DnaA assists
Rep during plasmid replication initiation only in particular hosts,
while in others DnaA is dispensable [DnaA P. aeruginosa is
dispensable for RK2 plasmid replication initiation, but required
in E. coli (Caspi et al., 2001; Konieczny, 2003)].

HELICASE LOADING, ACTIVATION, AND
DNA UNWINDING

In bacteria the loading of DnaB helicase onto ssDNA of DUE is
achieved by the action of replication initiation protein, DnaA, as
well as the helicase loading factor, DnaC protein (Figure 2, Stage
III). DnaB helicase is a two-tiered ring-shaped hexamer (Bailey
et al., 2007b; Wang et al,, 2008; Lo et al., 2009). Each monomer
consists of N-terminal and C-terminal domain connected via
linker helix (LH) region (Miron et al., 1992; Ingmer and Cohen,
1993; Komori et al., 1999). The N-terminal domain of helicase’s
monomers were shown to interact with ssDNA (observed in a
crystal structure of Geobacillus kaustophilus helicase in a complex
with ssDNA; Lo et al., 2009) which stabilizes the hexameric
structure of DnaB (Biswas et al., 1994). The C-terminal domain,
that contains RecA-like fold, is responsible for ATP binding
and hydrolysis, interaction with DNA (Bailey et al., 2007a), and
binding of DnaC loader factor (Lu et al., 1996). The helicase is
positioned onto the ssDNA DUE in a single orientation with
respect to the polarity of the sugar-phosphate backbone of DNA
and the nucleic acid, bound primarily to one DnaB monomer
(Jezewska et al., 1998a,b), passes through the cross-channel of
helicase hexamer (Jezewska et al., 1998a). The hexamer of DnaB,
when no ATP hydrolysis occurs, is bound to 20 (£3) nucleotides
(Jezewska et al., 1996).

The binding of nucleotide as well as particular partner protein
and DNA promotes helicase to adopt specific conformation.
The X-ray crystal structure of A. aeolicus helicase revealed
large conformational rearrangements, observed in N-terminal
domain and the presence of at least two highly-distinct
conformations: widened with broad central channel and a
highly-constricted with a narrow pore (Strycharska et al., 2013).
These conformations were also observed for E. coli DnaB,
when analyzed in solution with the use of small-angle X-ray
scattering (SAXS; Strycharska et al., 2013). Structural analysis
with the use of negative-stain electron microscopy (EM) and
SAXS of DnaB protein in complex with its loader, DnaC, showed
that the hexamer of helicase interacts with helical arrangement
of six DnaC monomers (Kobori and Kornberg, 1982; Arias-
Palomo et al., 2013). However, it was argued that the active
form of the DnaB-DnaC complex exists in 6:3 stoichiometry,
which was studied by quantitative analysis of pre-priming
complex (Makowska-Grzyska and Kaguni, 2010). Furthermore,
the imbalance in level of DnaB and DnaC was shown to impair
DNA replication (Allen and Kornberg, 1991; Briining et al.,
2016).

The concept of DnaC as a protein that loads DnaB helicase
onto ssDNA of DUE, has been early established (Wickner and
Hurwitz, 1975; Funnell et al., 1987; Bell and Kaguni, 2013).
To further explain its exact function, the following models
have been proposed: (1) DnaC breaks the helicase ring (Davey
and O’Donnell, 2003; Arias-Palomo et al.,, 2013), (2) DnaC
traps DnaB helicase as an open ring (Chodavarapu et al,
2016). Those hypotheses were tested by the SAXS method and
deuterium exchange coupled to mass spectrometry, respectively.
The ATPase activity of DnaC, a member of AAA+ proteins
family, is not required for helicase hexamer opening and its
loading by DnaC, hence the DnaB-binding domain of loader is
sufficient for this process (Arias-Palomo et al., 2013). Yet the ATP
hydrolysis by DnaC was proposed to occur during DnaB helicase
activation, which results in DNA unwinding (Felczak et al., 2016).

Regarding the DnaC key contribution to helicase loading
and activation in E. coli, it is particularly interesting to discuss
replicons that are independent of helicase loader. The helicase
loaders were identified only in few species and it is possible
that in some bacteria the yet unidentified helicase loaders
are present. The lack of DnaC orthologs can also arise from
ability of self-loading by helicase (Costa et al., 2013) or it is
possible that another protein of already assigned role, substitutes
the DnaC function. Those hypotheses can be supported by
complementation of dnaC temperature-sensitive mutant of
E. coli by helicase from H. pylori (Soni et al, 2003). The
dispensability for helicase loader was also shown during RK2
plasmid replication in Pseudomonas species (Jiang et al., 2003).
In Pseudomonas sp. the helicase loading at plasmid RK2 origin
is performed by the longer form of plasmid Rep protein, TrfA-
44, which interacts with Pseudomonas helicase (Caspi et al., 2001;
Jiang et al., 2003; Zhong et al., 2003). The shorter form of this
plasmid initiator, TrfA-33, is not sufficient for helicase loading in
P. aeruginosa. In Pseudomonas putida TrtA-33 can load helicase
but only in the presence of DnaA (Caspi et al., 2001; Jiang et al.,
2003). On the contrary, the DnaC helicase loader, together with
DnaA, and Rep protein (either short or long form), is absolutely
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required for helicase loading at plasmid RK2 origin in E. coli
(Caspi et al., 2001). It was shown that via interaction of DnaA
with DnaBC, the helicase is first localized in DnaA-boxes and
then via DnaA-DnaB and Rep-DnaB interactions translocated
to ssDNA DUE (Pacek et al., 2001; Rajewska et al., 2008).
Probably the Rep-DnaA interaction is also important in these
processes. Apart from the proper protein-protein interaction, an
efficiency of helicase translocation from DnaA-box position to
DUE depends on the sequence of DUE region. It was shown
via electron microscopy and in vitro experiments that even
point mutations within the DUE of RK2 plasmid origin results
in a decrease in helicase translocation and thus helicase DNA
unwinding activity (Rajewska et al., 2008).

It was proposed that, upon DnaB-DnaC binding to ssDNA,
DnaC dissociates, thus allowing DnaB to unwind double helix,
and further to bind DnaG primase (Wahle et al, 1989,
Figure 2, Stage IV). However, Makowska-Grzyska and Kaguni
demonstrated, by performing molecular filtration of pre-priming
complex at E. coli oriC, that the DnaG primase binds DnaB,
synthesizes primer and in consequence, induces the release of
DnaC from DnaB (Makowska-Grzyska and Kaguni, 2010). In
E. coli, in further steps DnaG primase is associated with DnaB
helicase and synthesizes primers on lagging strand (McHenry,
2011). Plasmid ColE2-P9 does not require DnaG primase
in replication initiation (Takechi et al, 1995). Itoh group
demonstrated that ColE2 origin and Rep protein as well as E. coli
host DNA Polymerase I and SSB are sufficient for in vitro DNA
synthesis (Itoh and Horii, 1989). Further studies revealed that the
ColE2-Rep protein has joined functions, i.e., replication initiator
and plasmid-specific primase (Takechi and Itoh, 1995).

Once activated, DnaB unwinds one nucleotide per one
catalytic step in ATP-dependent manner (Lohman and Bjornson,
1996, Figure 2, Stage IV). It was shown that at 25°C the DnaB
unwinds around 291 bp per second (Galletto et al., 2004) and
it moves from 5 to 3’ direction along the ssDNA (LeBowitz
and McMacken, 1986). Because the replication of bacterial
chromosome is bidirectional two helicases are loaded: one is
loaded by DnaC on the top strand invaded by DnaA molecules
and the other on the bottom strand. It was proposed that the
helicase delivery to ssDNA DUE bottom A-rich strand occurs by
direct interaction between DnaB and DnaA proteins (Mott et al.,
2008; Soultanas, 2012). The Phe-46 of DnaA was shown to be
important for this interaction (Keyamura et al., 2009). The order
of helicase loading to a particular strand of DUE is not random
but defined; first helicase is loaded onto the bottom/lower strand
then the second onto the top/upper one (Weigel and Seitz, 2002).
Such order of helicase loading probably supplies head-to-head
orientation of unwound region of oriC and prevents back-to-
back loading of the helicase. The basal level of DnaB activity in
oriC is achieved when DnaA forms an oligomer in ssDNA DUE
and dsDNA containing DnaA-boxes from R1 to 12 (called DAR-
DF and DAR-LL). For the full activity of helicase the formation
of DnaA filament on other DnaA-boxes (from R2 to R4; called
DAR-RL and DAR-RE) is needed (Ozaki and Katayama, 2012).

The interaction between plasmid initiator Rep and helicase
is an important factor for helicase activity on plasmid origin
(Figure 2, Stage 1V). It was shown for E. coli F plasmid that
its initiator, RepE protein, cannot form a stable complex with

Pseudomonas helicase and thus it does not replicate efficiently
in Pseudomonas cells (Zhong et al., 2005). Interaction between
plasmid Rep and host DnaB was also detected via ELISA and
protein affinity chromatography for m protein of R6K (Ratnakar
et al,, 1996) and mutations within 1 were identified which
decreased helicase binding and resulted in impaired plasmid
DNA replication (Swan et al., 2006). A similar effect was observed
for mutants of RepA protein form plasmid pSC101, invalid in
the interaction with helicase (Datta et al., 1999). Although the
Rep-DnaB interaction is required for helicase loading, the right
balance in the strength of the interaction must be maintained. It
was shown that too tight binding of Rep to DnaB is undesirable
and the mutations within Rep, acquired by adaptation under
antibiotic selection that decreased binding to helicase, result in
the decrease in fitness cost and increase in plasmid copy number
(Yano et al., 2016).

REPLISOME ASSEMBLY

Once DnaB helicase is loaded, DNA is unwound and primer is
synthesized, the contribution of replication initiators becomes
more enigmatic. Subsequent stages of DNA replication require
building the replisome, ie., the multiprotein replication
machinery that synthesizes DNA (O'Donnell et al, 2013,
Figure 2, Stage V). The replisome in bacteria is composed of
DnaB helicase, DnaG primase, single-stranded DNA binding
protein (SSB), and the holoenzyme of DNA Polymerase IIT (hPol
III) (divided in three subcomplexes: Pol III core, clamp loader
and B-clamp; O’Donnell, 2006). Reyes-Lamothe et al., suggested
that both DnaA replication initiator and DnaC helicase loader
are crucial for replisome assembly in E. coli (Reyes-Lamothe
et al., 2008). This conclusion was drawn from studies that
tracked the replisome components in living cells during the
stages of DNA replication. However, it does not exclude the
possibility that the role of replication initiator is limited to DUE
destabilization and helicase loading, hence, indirect effects may
be observed. Most studies regarding the mechanism of replisome
assembly are performed using simplified experimental setup, e.g.,
primed ssDNA and replisome components, where replication
initiators are omitted (Yuzhakov et al., 1996, 1999; Downey and
McHenry, 2010; Cho et al., 2014).

Clamp Loader and Its Activity

Following the primer synthesis, clamp loader complex loads the
ring-shaped p-clamp (discussed below in details), that encircles
dsDNA, tethers DNA polymerase, and slides along dsDNA, thus
significantly increasing speed (up to 100-fold), and processivity
(up to 5000-fold) of DNA replication (Kelch et al., 2012). The
E. coli clamp loader is composed of y, 1, §, 8, x, and
subunits, albeit only vy, 8, § are crucial for pB-clamp loading
(reviewed in details in Kelch, 2016). The y subunit is a truncated
version of T subunit, encoded by dnaX gene, and arises from
translational frameshift (Flower and McHenry, 1990). Both y
and T subunits have AAA™ domain, however, y subunit lacks
T subunit domain responsible for DnaB helicase and Pol III
core binding (Tsuchihashi and Kornberg, 1989; O’Donnell and
Studwell, 1990; Flowers et al., 2003). Before clamp loader binds
DNA, it adopts appropriate, ATP-driven conformational state
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that increases its affinity for the f-clamp (Podobnik et al., 2003).
It is under debate whether the ring structure of -clamp is actively
opened or captured in open conformation. The T4 bacteriophage
trimeric clamp is the least stable sliding clamp and it was found
to dissociate from DNA by monomerization, thus no force in
opening of the ring is required (Soumillion et al., 1998). The
dimeric clamps (bacterial, e.g., E. coli) are regarded as stable,
hence more active ring-opening mechanism is expected to be in
demand. On the basis of a crystal structure of single subunit of E.
coli clamp loader (namely § subunit) in complex with B-clamp,
it was proposed that § subunit is a molecular wrench, that
induces rearrangements of B-clamp at dimerization interface,
albeit without ATP hydrolysis (Jeruzalmi et al., 2001). With the
use of real-time fluorescence-based clamp binding and opening
assays, it was shown that clamp loader binds closed B-clamp in
solution, prior to B-clamp opening (Paschall et al., 2011). Yet, the
deuterium exchange coupled to Mass Spectrometry experiments
revealed that most sliding clamps are dynamic at their monomers’
interfaces (Fang et al., 2011, 2014). Therefore, it is also probable
that B-clamp is trapped in an open conformation by clamp
loader.

The crystal structure of clamp loader complex was solved
from T4 bacteriophage (Kelch et al., 2011), E. coli (Simonetta
et al,, 2009), and its eukaryotic homolog, Replication Factor C
(REC), from Saccharomyces cerevisiae (Bowman et al., 2004).
Each of the clamp loader complex reveals pentameric structure.
Since AAA + ATPases usually adopt circular hexamers, it was
proposed that sixth subunit was lost during the evolution (Indiani
and O’Donnell, 2006). Indeed, the gap between the first and
fifth clamp loader subunits is favorable, because it provides the
mechanism of specific accommodation of the primer-template
junction structure (Kelch, 2016). It was suggested that clamp
loader recognizes minor groove and thus it binds at the
3’ primer-template junction specifically. However, the crystal
structure of the clamp loader:DNA complex revealed that clamp
loader contacts template DNA exclusively (Bowman et al., 2005;
Simonetta et al., 2009). Despite the fact that the DNA synthesis
may be initiated only from 3" OH primer end, the clamp loader
can assemble in vitro at either 3’ or 5’ primer terminus forming a
stable complex (Park and O'Donnell, 2009). While clamp loader
binds only DNA template, 3-clamp interacts with both RNA
primer, and DNA template within the RNA-DNA hybrid and
it was shown that the B-clamp distinguishes between the 5’
and 3’ primer end (Park and O’Donnell, 2009). Consistently,
it was demonstrated that SSB hampers clamp loading on the
5’end of primer (Hayner et al., 2014). The ATPase activity of the
clamp loader is lower when it is assembled at the 5" terminus,
comparing to the ATPase activity of clamp loader located at 3’
terminus (Park and O’Donnell, 2009). ATP hydrolysis triggers
B-clamp closing on DNA and the release of clamp loader from
p-clamp:DNA nucleoprotein complex (Pietroni and von Hippel,
2008). Thereby, the 3’ primed end loading preference also
arises from the higher rate of clamp closure and clamp loader
dissociation (Park and O’Donnell, 2009). The p-clamp must be
closed in the ATP hydrolysis-dependent manner, to release clamp
loader (Hayner et al., 2014). Clamp loader must free the p-clamp
to allow the Pol IIT core to bind, since they accommodate the

same binding site within the p-clamp, namely the hydrophobic
cleft.

f-Clamp—Hub for Protein Interactions
B-clamp crystal structures were obtained from various organisms
i.e,, E. coli (Oakley et al., 2003; Burnouf et al., 2004), P. aeruginosa
(Wolffetal., 2014), Streptococcus pyogenes (Argiriadi et al., 2006),
M. tuberculosis (Gui et al., 2011; Kukshal et al., 2012; WolfT et al,,
2014), B. subtillis (Wolff et al.,, 2014), T. maritima (structure
1VPK), Eubacterium rectale (structure 3TOP), Streptococcus
pneumoniae (Argiriadi et al., 2006). The crystal structures
of B-clamp homologs—Proliferating Cell Nuclear Antigen
(PCNA)—are also available from Eukaryotes and Archea (to
name a few: Homo sapiens (Punchihewa et al., 2012), S. cerevisiae
(Krishna et al., 1994), Sulfolobus solfaraticus (Williams et al.,
2006). All of them adopt ring shaped homodimer (e.g., E. coli) or
homotrimer (human PCNA, Pyrococcus furiosus PCNA), albeit
the exception is PCNA of Archea, S. solfataricus, which exists as
a heterotrimer (Dionne et al., 2003). B-clamp monomers bind
in a head to tail manner (Kelman and O’Donnell, 1995). The
B-clamp and PCNA structure is conserved among all kingdoms
of life, in contrast to amino acid sequence (Jeruzalmi et al.,
2001). However, the amino acid sequence of region termed
hydrophobic cleft was found to be highly conserved (Jeruzalmi
et al,, 2001). The hydrophobic cleft is a site for interaction with
B-clamp binding partners (Jeruzalmi et al., 2001). p-clamp forms
a protein interaction hub and serves as a platform for multiple
protein interactions crucial in various cellular processes, i.e.,
DNA elongation in every living organism (Hedglin et al., 2013),
regulation of DNA replication in E. coli, B. subtilis, C. crescentus
(Katayama et al., 2010), DNA repair in E. coli (Rangarajan et al.,
1999), toxin-mediated replication fork collapse in C. crescentus
(Aakre et al., 2013). All described p-clamp interaction partner
proteins share similar motif, the Clamp Binding Motif (CBM;
Dalrymple et al., 2001).

f-Clamp Loading at Origin of Iteron

Plasmid

Interestingly, clamp binding motif was also identified in plasmid
replication initiators, including RK2 plasmid initiator-TrfA
(Kongsuwan et al., 2006; Dalrymple et al., 2007). It was shown
that TrfA protein lacking the leucine 137 and phenyloalanine
138 within the clamp binding motif is unable to bind B-clamp
(Kongsuwan et al., 2006). The TrfA ALF mutant facilitated the
determination of biological relevance of this interaction. The
complex of TrfA and B-clamp was found to be the key feature
for replisome assembly and thereby for oriV-dependent DNA
replication of both supercoiled dsDNA plasmid and ssDNA
plasmid in vitro, albeit the clamp loader complex is still crucial
(Wawrzycka et al., 2015). Hence, the question arises—how do the
Rep and clamp loader cooperate to load the B-clamp at plasmid
origin? Three hypothetical models to explain the mechanism of
Rep-mediated B-clamp loading could be considered (Figure 4).
In the “B-clamp hand-off model” TrfA binds to the bottom
strand of ssDNA close to the 3’ end of synthesized primer,
recruits B-clamp, and hands it off to the clamp loader complex
(Figure 4A). Then, the d subunit of clamp loader opens the
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B-clamp and clamp loader positions it onto primer-template
junction, as it is thought to occur during replisome assembly at
E. coli oriC. This model is consistent with the results of the in
vitro DNA replication experiments performed with the use of
ssDNA, containing sequence of RK2 plasmid oriV (Wawrzycka
et al, 2015). It was demonstrated that TrfA interacts with
specific strand of ssDNA of DUE, i.e., the bottom strand, which
serves as the site for replisome assembly (Wegrzyn et al., 2014;
Wawrzycka et al., 2015). It can be further speculated that TrfA
may assist the clamp loader in recognition of the 3" end of primer-
template junction within the oriV. Another possible role of TrfA
is illustrated in Figure 4B (second model, “B-clamp:clamp loader
recruitment model”). Once TrfA is bound to bottom single strand
of DUE, it recruits the -clamp, which is in complex with clamp
loader, to the RK2 plasmid origin. Thus, the local concentration
of B-clamp:clamp loader complex increases, the clamp loader can
assemble B-clamp onto the 3’ end of a primer within the plasmid
origin. Because TrfA-p-clamp interaction was shown in the
absence of DNA [using both ELISA and SPR (Surface Plasmon
Resonance) technique (Kongsuwan et al., 2006; Wawrzycka et al.,
2015)], the third model may also be justified (Figure4C, “B-
clamp directed to oriV model”). In the third model the TrfA that
is not bound to DNA forms complex with B-clamp associated
with the clamp loader, then directs it to the plasmid origin,
oriV. Next, the clamp loader:B-clamp:TrfA complex binds to the
bottom strand of DUE via TrfA. TrfA passes the $-clamp bound
to clamp loader on the primer-template junction. Although ATP
binding to clamp loader (namely y and t subunit) is required
for B-clamp opening, it cannot be excluded that TrfA—whose
ATPase activity has not been revealed—substitutes the clamp
loader’s function at this stage. TrfA may capture B-clamp in
open conformation and load it onto primed DNA. Since ATP
hydrolysis is required for 3-clamp closing (Trakselis et al., 2001),
here may participate the clamp loader.

DNA SYNTHESIS AND THE ROLE OF SSB

After the p-clamp closes around primer-template junction and
clamp loader dissociates, the final replisome component arrives—
the Pol III core, that is composed of three subunits: o (DNA
polymerase), ¢ (3’5 proofreading exonuclease) and 6 (¢ subunit
stabilizer; Kelman and O’Donnell, 1995; Taft-Benz and Schaaper,
2004). The number of Pol III cores within the replisome strictly
depends on the clamp loader composition, since Pol III core is
connected only through t subunit to the clamp loader. Various
clamp loader complexes were widely studied in the light of
processivity of DNA replication and it was established that three
ATPases (t or y subunit) must be included with § and §” subunits
to form active pentameric structure (Kelch, 2016). Initially, it was
thought that clamp loader contains two t subunits (t2y38 x ),
so that two Pol III cores could constitute the replisome and
synthesize the leading strand and lagging strand at the same time
(Maki et al., 1988). However, further reports have argued on the
stoichiometry of hPol III subunits (McInerney et al., 2007; Reyes-
Lamothe et al., 2010; Dohrmann et al., 2016). The millisecond
single molecule fluorescence microscopy as well as in vitro
biochemical experiments showed that active E. coli replisome

A
B-clamp hand-off model
v
TrfA
) B-clamp
clamp
loader
B
B-clamp:clamp loader recruitment model
/\ TrfA
clamp ~
loader p-clamp
c

B-clamp directed to oril model

clamp
loader

B-clamp

FIGURE 4 | Models for the contribution of TrfA to g-clamp loading at
RK2 plasmid origin (oriV). We propose three model mechanisms for
B-clamp loading at oriV through cooperated action of TrfA and clamp loader.
(A) The first model suggests that ssDNA-bound TrfA recruits and hands off the
B-clamp to clamp loader. (B) The second model implies that ssDNA-bound
TrfA recruits the p-clamp in complex with clamp loader, thereby increasing the
local concentration of B-clamp:clamp loader complex at oriV. (C) The third
model indicates that TrfA binds B-clamp that is in complex with the clamp
loader and directs it to the ssDNA of oriV.

contains three molecules of polymerase that are functional at
replication fork (McInerney et al., 2007; Reyes-Lamothe et al.,
2010). Both these studies assumed that trimeric polymerase is
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associated with three molecules of t subunit. However, the very
recent data indicated that in a bacterial cell there is predominately
present Pol ITI; 1, y88’ x  complex (Dohrmann et al., 2016). Since
plasmids do not encode all essential proteins required for a
plasmid replication, it is implied that the stage of DNA synthesis
is similar during chromosomal DNA replication.

The DNA synthesis is facilitated by SSB, especially on
the lagging strand (where the DNA synthesis is performed
discontinuously) and is present in organisms from all domains of
life (Shereda et al., 2008). Primary function of SSB is to protect
ssDNA against degradation and melting secondary structures
(Mackay and Linn, 1976; Meyer et al., 1979). SSB is linked to the
clamp loader via x subunit (Glover and McHenry, 1998), which
was shown to be important for DnaG primase displacement
(Yuzhakov et al, 1999). Yet, SSB was termed the organizer
of genome maintenance complexes and was shown to interact
with at least 14 proteins, thus implying its diverse functions
(reviewed in details in Shereda et al., 2008). The SSB interactions
with proteins involves the C-terminal region of SSB, that is
highly conserved among eubacterial SSB proteins. Some plasmids
also encode SSB-like proteins, ie., plasmid F Collb-P9, and
RK2 (Chase et al,, 1983; Howland et al., 1989; Thomas and
Sherlock, 1990). While SSB of plasmid F and Collb-P9 have
similar structural domains, the RK2 SSB, termed P116, is smaller
and contains only the N-terminal domain, which is responsible
for DNA binding. P116 lacks the C-terminal protein binding-tail
(Curth et al.,, 1996; Naue et al., 2013; Su et al., 2014), which may
suggest that the role of P116 limits to ssDNA protection against
nucleases.

CONCLUSIONS AND PERSPECTIVES

The ground-breaking model of DNA replication initiation,
introduced by Bramhill and Kornberg is still valid today
(Bramhill and Kornberg, 1988b). They proposed that first
the DnaA binds to DnaA-boxes to form an initial complex,
then DnaA melts the AT-rich region (DUE) to form an open
complex. Finally, DnaA directs the DnaB:DnaC complex
into the open complex, thus forming a pre-priming complex,
which marks the future forks of DNA replication (Bramhill
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ParB Partition Proteins: Complex
Formation and Spreading at Bacterial
and Plasmid Centromeres
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Department of Molecular Genetics, University of Toronto, Toronto, ON, Canada

In bacteria, active partition systems contribute to the faithful segregation of both
chromosomes and low-copy-number plasmids. Each system depends on a site-specific
DNA binding protein to recognize and assemble a partition complex at a centromere-like
site, commonly called parS. Many plasmid, and all chromosomal centromere-binding
proteins are dimeric helix-turn-helix DNA binding proteins, which are commonly hamed
ParB. Although the overall sequence conservation among ParBs is not high, the
proteins share similar domain and functional organization, and they assemble into similar
higher-order complexes. In vivo, ParBs “spread,” that is, DNA binding extends away from
the parS site into the surrounding non-specific DNA, a feature that reflects higher-order
complex assembly. ParBs bridge and pair DNA at parS and non-specific DNA sites. ParB
dimers interact with each other via flexible conformations of an N-terminal region. This
review will focus on the properties of the HTH centromere-binding protein, in light of
recent experimental evidence and models that are adding to our understanding of how
these proteins assemble into large and dynamic partition complexes at and around their
specific DNA sites.

Keywords: chromosome dynamics, segregation, ParABS, DNA-binding, bridging

In bacteria, the segregation, or partition, of low-copy-number plasmids and cellular chromosomes
depends on the activity of site-specific DNA binding proteins to recognize one or more copies of a
centromere-like DNA site. These “centromere-binding proteins” generally work in concert with an
ATPase or GTPase, resulting in dynamic movement and positioning of plasmids or chromosomal
domains during the cell cycle (reviewed in Wang et al., 2013; Baxter and Funnell, 2014; Bouet
etal., 2014). Centromere-binding proteins fall into one of two structural classes, as helix-turn-helix
(HTH), or ribbon-helix-helix site-specific DNA binding proteins. In bacteria, the proteins of all
chromosomal, and many plasmid partition systems are members of the HTH class. They share
similar properties in vivo and in vitro, including similar domain organization and DNA-binding
properties, although there are also interesting differences. They all form large partition complexes
in vivo that can be visualized as foci using fluorescence approaches. This review will focus on
the properties of the HTH centromere-binding proteins, and in particular, how they assemble
into large partition complexes. I will discuss the contribution of protein domains, the “spreading”
phenomenon that has been reported as a general property of HTH centromere-binding proteins,
and how flexibility in the protein allows multiple conformations and binding modes in complex
assembly.

The components of partition systems are commonly named ParA (the partition ATPase), ParB
(the centromere-binding protein), and parS (the centromere or partition site). Plasmids typically
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contain one parS located near the parA and parB genes,
although some have multiple parS sites. Bacterial chromosomes
contain several parS sites, which are primarily located in
the chromosomal domain that contains the replication origin.
Bacterial ParA and ParB are also called Soj and Spo0J,
respectively, because their genes were first defined by roles in
sporulation of Bacillus subtilis (Ireton et al., 1994). For simplicity,
I will use the ParABS nomenclature, with specific names for some
of the discussion to be consistent with published literature.

HTH ParBs share a similar domain organization although
the primary sequence conservation is not high among members
of this family. In general, the protein is divided into three
regions: A central HTH DNA binding domain is flanked by a
C-terminal dimer domain and an N-terminal region necessary
for protein oligomerization (Figure 1A). Flexible linkers connect
the domains, and flexibility in domain organization, orientation,
and folding have been observed in biochemical experiments and
crystal structures. The most highly conserved sequence among
plasmid and chromosomal ParBs is a short arginine-rich motif in
the N-terminus, which is often called an arginine patch (Yamaichi
and Niki, 2000). ParA interactions are often specified by residues
near the N-terminus of ParB (Radnedge et al., 1998; Figge et al,,
2003; Leonard et al,, 2005; Ah-Seng et al., 2009), although there
are exceptions. For example, the ParA interactions for RK2
KorB and Pseudomonas aeruginosa ParB map to the center and
dimer domain, respectively (Lukaszewicz et al., 2002; Bartosik
et al.,, 2004). There are also added complexities to the general
arrangement. For example, P1 ParB and its relatives contain an
additional site-specific DNA binding activity within the dimer
domain. These ParBs recognize both an inverted repeat and a
second DNA motif in their parS sites, via their HTH domain and
dimer domains, respectively (Schumacher and Funnell, 2005).

PARTITION COMPLEX ASSEMBLY,
SPREADING, AND BRIDGING

Partition complex assembly begins with the recognition of parS
by a dimer of ParB, followed by loading of multiple ParB dimers
to form a very large protein-DNA complex (Baxter and Funnell,
2014). These higher-order complexes are necessary as both the
substrates and the activators of the mechanisms of partition. The
number of ParB protein foci observed inside cells is usually lower
than the number of parS sites, leading to the idea that inter
and intra-molecular pairing of parS sites occurs in plasmids and
chromosomal domains.

Spreading is an unusual feature for site-specific DNA binding
proteins that is common to HTH ParBs, and it reflects how
ParB assembles into higher-order complexes (Rodionov et al.,
1999; Murray et al., 2006; Breier and Grossman, 2007; Sanchez
etal,, 2015). Measured by ChIP approaches, in vivo ParB binding
extends beyond parS into the surrounding non-specific DNA,
often many kb away from the site. Binding is maximal at parS,
and diminishes non-linearly as a function of distance from parS.
Spreading can be impeded by “roadblocks,” which are strong
binding sites for other proteins (Rodionov et al., 1999; Murray
et al., 2006). Spreading has also been inferred from the ability of

B 1D+3D

FIGURE 1 | Assembly of ParB partition complexes. (A) Cartoon of the
conserved domain structure of HTH ParBs, shown as a dimer. The black
rectangles represent the regions of the protein for which there is some
structural information: the C-terminal dimer domain, the HTH DNA binding
domain, and the N-terminal domain. The three regions are connected by
flexible linker sequences (arrows). The linker length here is represented as
short, as in the HpSpo0J and P1 ParB published structures (Schumacher and
Funnell, 2005; Chen et al., 2015), but may be longer in other ParBs. The wavy
line represents the region that interacts with ParA in many, although not all,
ParBs. The position of the HTH motif (blue) and the conserved arginine patch
motif (RR, red) are indicated in one monomer. (B) Diagrams of 1D + 3D and
caging models for higher-order ParB binding and partition complex assembly.
ParB dimers bound to parS (in red) nucleate complex assembly and interact
with other ParBs in green. Arrows in the caging architecture illustrate that

dynamic associations maintain the cluster of ParB.

some ParBs, especially when overexpressed, to silence expression
of nearby genes (Lynch and Wang, 1995; Rodionov et al., 1999;
Bartosik et al.,, 2004; Bingle et al., 2005; Kusiak et al., 2011).
Silencing is likely a consequence of protein overexpression and
is not necessary for partition (Rodionov and Yarmolinsky, 2004).
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Spreading ability is required however, as ParB mutants that do
not spread are defective in partition (Rodionov et al., 1999; Autret
et al., 2001; Breier and Grossman, 2007; Kusiak et al., 2011;
Graham et al,, 2014). In particular, the arginine patch in ParB is
essential for spreading, focus formation, and partition activity in
vivo.

The first and simplest model described spreading as lateral
protein-protein association along the DNA as a one-dimensional
filament (Rodionov et al., 1999). However some properties of
ParBs lead investigators to question this idea. Studies with
plasmid KorB and with B. subtilis Spo0] (BsSpo0J) argued that
the intracellular concentration of ParB was insufficient to account
for the amount of spreading observed in vivo if arranged as a one-
dimensional filament (Bingle et al., 2005; Graham et al., 2014). It
was also difficult to demonstrate biochemically that ParB binding
to parS increased the affinity of ParB for adjacent non-specific
DNA.

Two other models have emerged recently, based on
sophisticated microscope and ChIP-seq technologies as well as
computer modeling and traditional biochemistry (Broedersz
et al,, 2014; Graham et al, 2014; Sanchez et al., 2015). The
first proposes that limited lateral ParB-ParB interactions (1D)
in combination with inter and intra-molecular looping and
bridging (3D) act to build large complexes and coalesce many
ParB molecules into foci (Broedersz et al., 2014; Graham et al,,
2014; Figure 1B). Computer modeling was used to argue that
neither 1D nor 3D interactions alone could generate ParB
foci; that the 1D + 3D arrangement allows focus formation
because it creates a surface tension on the ParB cluster that
counteracts the tendency for entropy to disperse the protein
on DNA (Broedersz et al, 2014). Elegant in vitro TIRF
microscopy experiments provided experimental support for
the bridging activity: flow-stretched DNA was condensed
by BsSpo0] in a manner that is most consistent with ParB
bridging across loops within the same or across different DNA
molecules (Graham et al., 2014). The experiments were however
unable to demonstrate any sequence-specificity for parS,
leading to the suggestion that experiments on flow-stretched
DNA were not recapitulating an undefined aspect of critical
nucleation properties of ParB bound to parS. For example, one
factor missing from these experiments is DNA supercoiling,
which affects chromosome compaction and may strongly
influence the DNA binding properties of ParB in higher-order
complexes.

Mutations in conserved arginine residues of the arginine patch
motif eliminated bridging in the TIRF assay, consistent with the
requirement for this motif for spreading and partition in vivo
(Graham et al., 2014). Interestingly, BsSpo0] mutated at one
residue in the arginine patch (G77S), which is unable to form
foci or spread in vivo, was still able to bridge DNA, and with
slightly higher stability than that of wild-type BsSpo0]J. Therefore
the bridging activity of ParB is necessary but not sufficient for
complex formation. These observations lead to the suggestion
that the G77S mutation may promote inappropriate bridging
and/or alter the dynamics of bridging necessary for proper
complex assembly in vivo. Modeling the spreading/bridging
behavior also predicted that roadblocks would decrease the

probability of loops forming in their vicinity, interfering with
complex assembly beyond the roadblock (Broedersz et al., 2014).

In contrast, a second model proposes that a network of
stochastic binding of ParB explains the clustering of ParB
molecules around parS (Sanchez et al., 2015). In essence, the
nucleation of ParB by parS§ creates, and maintains a very high
localized concentration of ParB in a “cage” by many weak but
dynamic interactions with itself (dimer-dimer interactions via
the N-terminal domains), as well as with non-specific DNA
around parS (Figure 1B). In caging, these interactions do not
need to occur simultaneously or to bridge DNA (Figure 1B).
Computer modeling of the patterns of ParB occupancy around
parS measured by ChIP was used to argue that they are not
consistent with either 1D lateral spreading or a combination of
1D spreading and 3D bridging. Biochemical examination showed
no evidence that binding of one ParB could stabilize binding
of an adjacent ParB. The caging model neither requires nor
excludes bridging, although bridging interactions are intuitively
attractive as part of the dynamic glue. The model does depend on
other properties of the DNA chromosome, such as topology or
organization by other nucleoid-binding proteins in vivo to help
restrict the DNA within the cage. Roadblocks could alter local
DNA organization and reduce the proximity of parS to the rest
of the DNA in three-dimensional space; that is, place this DNA
outside the cage.

Both models agree that ParB binding to parS must nucleate the
formation of higher-order complexes to explain ParB clustering
and foci in vivo (Broedersz et al., 2014; Sanchez et al., 2015).
This is most simple to envision in plasmid systems such as P1,
in which ParB’s affinity for parS is at least 10,000-fold higher
than that for non-specific DNA (Funnell, 1991). However this
affinity difference is small for some ParBs (Broedersz et al., 2014;
Taylor et al., 2015), and it was suggested that a conformational
change is induced in ParB by parS-specific binding to effectively
anchor the focus at the site. Both models agree that multiple
ParB-ParB interaction interfaces must be involved in assembly
of higher-order partition complexes, and that the dynamics of
these interactions are critical for proper assembly and function in
partition. How bridging activities detected in vitro contribute to
ParB activity in vivo remains to be resolved. Further refinement of
these models will depend on the ability to completely reconstitute
the parS-dependent complex assembly in vitro, which will in
turn depend on identifying the other factors necessary for caging
or bridging, and on the nature of ParB-ParB and ParB-DNA
interactions at the molecular level. The influence of ParA on
complex architecture and dynamics has also yet to be defined (see
below).

ParB-ParB AND ParB-DNA INTERACTIONS
IN HIGHER-ORDER-COMPLEX ASSEMBLY

Site-specific DNA binding of ParBs to cognate parS sites has
been examined directly and in detail in many different partition
systems, but the parS-dependent formation of higher order, large
partition complexes has been difficult to reconstitute in vitro.
However, there are insights arising from structural biology of
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several plasmid and chromosomal ParBs, which are leading to
a preliminary, albeit incomplete, picture of partition complex
assembly.

Although there are no structures of a full length ParB, those
of individual domains or combinations of domains, with and
without parS DNA, have provided clues concerning the three
dimensional organization of the protein with respect to DNA
and to itself. There are structures of the HTH domains of three
plasmid ParBs (P1 ParB, F SopB, and RP4 KorB) in complex with
their specific DNA sites, and of their dimer domains (SopB and
KorB dimer domains solved separately from the HTH; Delbriick
et al,, 2002; Khare et al., 2004; Schumacher and Funnell, 2005;
Schumacher et al., 2010). Structures of two chromosomal ParB
fragments, each containing the N-terminal region and adjacent
HTH domain, have visualized the oligomerization interactions
of the proteins. These ParBs are Thermus thermophilus Spo0]
(TtSpo0J) and Helicobacter pylori Spo0J (HpSpo0J); structure of
the latter was solved bound to parS (Leonard et al., 2004; Chen
etal., 2015).

One of the first themes to highlight is that of flexibility.
Taken together, the structures indicate that these three regions
of the protein are connected by flexible linkers, and that
their orientation with respect to each other can vary. The
conformation of the N-terminus is particularly flexible (Chen
et al., 2015).

Second, ParBs are bona-fide HTH site-specific DNA binding
proteins, but with a twist. As expected, the HTH domains
contact inverted repeat sequences within parS via helix insertion
into the major groove of DNA. However, unexpected features
emerged from the structures. First, residues outside of the
recognition helix also contribute to specificity for parS in SopB,
KorB, and HpSpoOJ (Khare et al., 2004; Schumacher et al,
2010; Sanchez et al., 2013; Chen et al., 2015). Second, both the
P1 ParB and HpSpo0J structures demonstrated bridging across
parS sites mediated by the dimer and N-terminal domains,

respectively (Schumacher and Funnell, 2005; Chen et al., 2015).
Each monomer of a P1 ParB dimer interacts with a half-
site on a different DNA molecule, effectively pairing two parS
sites. HpSpo0J-parS bridging interactions are mediated by the
N-terminal oligomerization regions of the protein (Figure 2).
Four monomers of HpSpo0OJ (monomeric because it lacks the
C-terminal dimer domain) interact with two parS oligos and
with each other in a cross-bridge arrangement across the DNA
molecules (molecules A-D in Figure 2). The monomers share
a common HTH domain, but show different conformations in
the extended N-terminal regions as well as different interactions
with each other. There are two adjacent (AB and CD) and one
transverse (AC) sets of protein-protein interactions, which are
distinct. For example, the conserved arginine patch motifs are
close to each other at the AC interface, but not at the AB or CD
interfaces (Figure 2). In the structure, there is no BD interaction,
leaving these surfaces available, perhaps for interactions with
different conformations of ParB or with different partners.

The overall fold of HpSpo0J is similar to that of TtSpo0],
except for a bend in the linker between the N-terminal and
HTH domains (Leonard et al., 2004; Chen et al., 2015). It was
suggested that the TtSpoO] structure may represent a closed
conformation that opens up following DNA binding to the
HpSpo0J architecture.

How do these structures inform us of higher-order complex
assembly, particularly when ParB binds, bridges, and spreads
on non-specific DNA adjacent to and away from parS? The
simplest model is that the HTH is responsible for both specific
and non-specific DNA interactions, which is supported by the
observation that a triple substitution in the HTH domain of
F SopB impairs both DNA binding activities (Ah-Seng et al.,
2009). In this case the HpSpo0J-DNA structure may represent
ParB-ParB and ParB-DNA interactions during spreading at any
DNA site. The requirement for the N-terminus in higher-order
complex formation in vivo is also consistent with this picture.

FIGURE 2 | Structure of HpSpo0J monomers (lacking C-terminal dimer domain) bound to and across parS DNA (PDB 4UMK, Chen et al., 2015). Four
monomers (A to D) make adjacent (AB and CD) and transverse (AC) interactions. The arginine patch motif is illustrated by two red arginines from each monomer. The
arrangement on the left is rotated approximately 90° and magnified on the right to illustrate the environments of these arginines in the different interactions. The
images were generated using the PyMOL Molecular Graphics System, Version 1.8.2.1 Schrédinger, LLC.
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The flexibility of and variation in the cross-monomer interactions
and interfaces seen in the HpSpoOJ structure make it an
attractive model for the ability of ParB to make multiple and
flexible interactions during complex assembly and maintenance.
However, one recent study suggests that the specific and non-
specific DNA binding activities may be distinct (Taylor et al,
2015). The specific and non-specific DNA binding activities of
BsSpo0] showed different properties in vitro, including different
abilities to protect the HTH domain from proteolysis. The results
lead to the proposal that the N-terminus contains a DNA binding
region that is distinct from the HTH. These observations may
also reflect differences between plasmid and chromosomal ParBs.
We must await identification of the protein-DNA contacts at
non-specific sites before we can confirm the organization of ParB
during higher-order partition complex assembly.

THE ROLE OF ParA IN ParB-DNA
COMPLEXES

During partition, ParAs form patterns on the surface of the
bacterial nucleoid due to dynamic interactions with ParB bound
to parS (Hatano et al., 2007; Ringgaard et al., 2009; Hatano and
Niki, 2010; Ah-Seng et al., 2013). The patterning is necessary
for the segregation of plasmids and chromosomal domains, and
the molecular mechanisms involved are still being defined. ParA
is not necessary to form the large ParB-DNA complexes seen
in vivo and in vitro, but ParA can influence or modulate these
complexes. For example, the behavior of several parA and parB
mutants supports a proposal that ParA is necessary to separate
pairs or groups of plasmids during segregation (Fung et al,
2001; Ah-Seng et al.,, 2013). For the ParBs that interact with
ParA via N-terminal regions that are adjacent to the flexible
ParB-ParB oligomerization interface, one attractive idea is that
ParA-ParB interactions at the N-terminus may influence the
available conformations for ParB-ParB interactions next door.
For example, specific interference with the transverse ParB-ParB
interactions in the HpSpo0J structure might favor intramolecular
associations over intermolecular ones (Figure 2).
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Bacterial extrachromosomal DNAs often contribute to virulence in pathogenic organisms
or facilitate adaptation to particular environments. The transmission of genetic information
from one generation to the next requires sufficient partitioning of DNA molecules to
ensure that at least one copy reaches each side of the division plane and is inherited
by the daughter cells. Segregation of the bacterial chromosome occurs during or
after replication and probably involves a strategy in which several protein complexes
participate to modify the folding pattern and distribution first of the origin domain and
then of the rest of the chromosome. Low-copy number plasmids rely on specialized
partitioning systems, which in some cases use a mechanism that show striking similarity
to eukaryotic DNA segregation. Overall, there have been multiple systems implicated in
the dynamic transport of DNA cargo to a new cellular position during the cell cycle but
most seem to share a common initial DNA partitioning step, involving the formation of
a nucleoprotein complex called the segrosome. The particular features and complex
topologies of individual segrosomes depend on both the nature of the DNA binding
protein involved and on the recognized centromeric DNA sequence, both of which vary
across systems. The combination of in vivo and in vitro approaches, with structural
bioclogy has significantly furthered our understanding of the mechanisms underlying DNA
trafficking in bacteria. Here, | discuss recent advances and the molecular details of the
DNA segregation machinery, focusing on the formation of the segrosome complex.

Keywords: DNA segregation, partitioning systems, segrosome, partitioning complex, nucleoprotein complex,
ParB, ParR, TubR

DNA MAINTENANCE DURING BACTERIAL CELL DIVISION

The process of DNA segregation is a crucial stage of the bacterial cell cycle and it depends on
the precise coordination with other cellular events. The faithful inheritance of genetic information
during cell division ensures that each daughter cell receives a copy of the newly replicated DNA.
In many organisms, the DNA-encoded genome consists of a core genome (the chromosome)
and accessory genomes (extra-chromosomal, mobile genetic elements, MGEs). MGEs (plasmids,
phages, conjugative transposons, etc.) often confer evolutionary advantages to the host bacteria,
including the adaptation to different environmental niches. Many, if not most, naturally occurring
MGE:s are in low or unique copy number and thus bring their own post-replication survival
apparatus encoded in stability determinants (partitioning systems, toxin-antitoxin systems, and
multimer-resolution systems).
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Segrosome Assembly in DNA Partitioning

Partitioning (par) systems help to reliably segregate sister
DNAs via a process that could be seen as functionally analogous
to the mitotic segregation of chromosomes in eukaryotic cells.
The best studied and probably the most common partitioning
systems constitute a compact genetic module that is tightly auto-
regulated by one of the gene products and consists of only
three elements: a cis-acting DNA sequence and two trans-acting
proteins. The DNA sequence denotes a par site or centromere-
like region, and can be located at a single site (upstream or
downstream of the operon) or at multiple positions within
the MGE. The trans-acting proteins consist of a centromere-
binding protein (CBP) that binds to the centromere and forms
a nucleoprotein complex (partition complex or segrosome), and
a motor protein (an NTPase), that sometimes is a cytomotive
filament, which effectively moves the MGE inside the bacteria
through direct interaction with the segrosome. Initially, these
systems were classified as follows, based on the molecular nature
of the NTPase: type I (Walker A-type ATPase), which further
divided into Ia and Ib based on differences in the trans-acting
proteins and the position of the centromere in the operon;
and type II (cytomotive, actin-like ATPase) (Gerdes et al,
2000). Recently, an additional type III system has emerged, in
which a cytomotive, tubulin-like GTPase serves as the motor
protein (Larsen et al., 2007). Further, there may exist a type IV
partitioning system, in which only a cis-acting DNA site and a
DNA binding protein seem required for plasmid maintenance
(Simpson et al., 2003; Guynet and de la Cruz, 2011). Hence, they
may use a host bacteria’s motor protein to track the DNA, or may
even segregate passively by establishing an association with the
chromosome (Guynet and de la Cruz, 2011).

It seems that partitioning systems share a common initial
step that involves the specific recognition of the centromeric
DNA region by the CBP. This step is crucial for assembly of
the segrosome and subsequent events during DNA segregation.
However, there is a considerable divergence among par sites
and CBPs display different domain folds and organization
(Hayes and Barilla, 2006; Baxter and Funnell, 2014), indicating
differences in the segrosome assembly process and by extension,
the corresponding partitioning mechanism. Here, I review the
molecular mechanisms underlying segrosome formation in the
partitioning systems that have been studied, focusing on those
where structural information is available. Despite these variations
in centromere sequences and the natures of the CBPs, common
to all systems is the formation of the nucleoprotein complex that
I propose may be categorized into two classes: those that mediate
DNA segregation via bridging and those that do so via wrapping.

DNA BRIDGING IN TYPE IA PARTITIONING
SYSTEMS

Many plasmids, phages and chromosomes encode type Ia
partitioning systems (Martin et al., 1987; Balzer et al., 1992; Lewis
and Errington, 1997; Grigoriev and Lobocka, 2001). No single,
common segrosome assembly mechanism has been described
for these systems, probably owing to the wide diversity of
centromeres and variations on the CBPs (below). The exact

nature of the partition complex is unknown, if it even exists
in only one particular conformation, but the CBP bridges
distant regions of DNA via both specific and non-specific
binding (Rodionov et al., 1999; Bingle et al., 2005; Murray
et al., 2006; Schumacher et al., 2007b; Graham et al., 2014),
enabling the formation of a nucleoprotein complex linking
and/or spanning thousands of base pairs with a small number of
CBPs. Furthermore, spreading of the CBP has a masking effect on
the function of the covered DNA, preventing interaction between
the motor protein and the DNA and favoring the interaction with
the segrosome (Bouet et al., 2007).

While the sequences of cis-acting sites (parS, sopC or Og)
vary, the sites always contain inverted repeats. The parS site
contains two different repeats asymmetrically arranged around a
binding site for the IHF protein (Davis and Austin, 1988; Funnell,
1988b). One of the motifs is a heptamer (A-box) and the other a
hexamer (B-box). Binding of IHF bends the DNA by 180°, thus
strongly promoting ParB binding (Funnell, 1988a; Funnell and
Gagnier, 1993; Rice et al,, 1996; Bouet et al., 2000; Surtees and
Funnell, 2001). Some chromosomes contain several parS sites
dispersed over ~15% of the DNA, surrounding the replication
origin (Lin and Grossman, 1998; Livny et al., 2007). However,
the chromosomal parS sites consist exclusively of palindromic
A-box motifs. SopC and Op sites comprise only one type of
short inverted repeats contained within longer iterons that can
be found either at a single locus (Mori et al., 1986) or scattered
across the genome (Balzer et al.,, 1992; Ravin and Lane, 1999).
The function of the regions flanking the inverted repeats is
puzzling, as their presence is not conserved (Ravin and Lane,
1999). Similarly, the need for more than one iteron remains
unclear, as in almost all cases a single copy is sufficient for
segregation (Martin et al., 1987; Williams et al., 1998; Yates et al.,
1999). However, given that the full-length centromere maximizes
partitioning efficiency (Martin et al., 1987), the architecture of
each segrosome may reflect evolutionary pressure on how well
the systems work.

Type I CBPs are members of the ParB protein superfamily
but show low sequence conservation. ParB, Spo0J, SopB, and
KorB share the same domain organization, consisting of three
flexibly linked domains (Schumacher et al., 2010): N-terminal,
central (with a DNA-binding helix-turn-helix, HTH, motif),
and C-terminal domains, which have been seen in various
inter-domain conformations (Chen et al., 2015). The central
domain is responsible for the primary CBP-DNA interaction, and
the N- and C-terminal domains contribute to CBPs spreading
around the centromere DNA. ParB proteins show high structural
conservation only in the central domain, probably due to the
presence of the HTH motif. For DNA binding, the HTH
recognition helix inserts into the major groove, but there are
differences between CBPs. In ParB, the HTH motif binds the
parS box-A exclusively via the recognition helix (Schumacher
and Funnell, 2005). SopB uses the recognition helix and an Arg
outside the HTH (Schumacher et al., 2010; Sanchez et al., 2013).
Spo0J binding is very similar to that observed for SopB but uses
a Lys instead of an Arg and form additional specific contacts via
another Arg and a Glu (Chen et al., 2015). Surprisingly, the HTH
motif of KorB mediates only non-specific interactions, and DNA
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binding specificity depends on contacts formed via a Thr and
an Arg located outside the HTH (Khare et al., 2004). All these
proteins bind DNA as dimers, whereby each molecule generally
interacts with opposite sides of the inverted repeat (Figure 1A).
However, in the crystal structure of ParB, the monomers of
each dimer bind to box elements of different DNA molecules,
suggesting a possible DNA crosslinking function or, that crystal
packing occluded correct binding (Schumacher and Funnell,
2005).

ParBs’ flexible N-terminal domain is responsible for the
binding to the motor protein, oligomerization of the CBP around

the centromere, and also loading of bacterial condensin (Gruber
and Errington, 2009; Sullivan et al., 2009; Minnen et al., 2011;
Havey et al, 2012; Graham et al, 2014). Figure 1B shows
the domain topology of Spo0] (al-B1-pB2-a2-B3-a3), in which
B-strands fold to form a B-sheet (Leonard et al., 2004). The two
conserved motifs, box 1 and box 2 [with an “arginine patch,
(Yamaichi and Niki, 2000)] are located between ol and 1 and
between B2 and a2, respectively (Chen et al,, 2015). Upon DNA
binding the protein opens into an elongated, 78A long structure,
leaving the N-terminal domain exposed and available for protein-
protein interactions (Chen et al., 2015). These interactions are

A Central domain: DNA specific binding

HTH specific binding

B  N-terminal domain: protein-protein contacts

Close
conformation

conformation

DNA crosslinking

HTH non-specific binding

C C-terminal domain: dimerization & DNA contact

p3 b2 B1
al
SopB ¥
: S
2y B X extended loop
\\'v’;a‘{r\f’ = DNA contact
A BoxB
TR
.
v b g ‘;ﬁ,&
KorB N TN
SH3-like A W \\ Y
N \ |f
N ParB

J DNA crosslinking

FIGURE 1 | Scheme showing the structures of Type la CBPs domains and their interaction with DNA during bridging. (A) Central domain showing primary
specific DNA interaction of ParB, SopB, Spo0J, and KorB. These proteins bind as dimers, making contact with both sides of the DNA. However, ParB dimerization
generate a different contact mechanism that involves the bridging of different DNA molecules. (B) SpoOJ N-terminal domain structures, both unbound and
DNA-bound. Binding to the centromere induces a domain rearrangement that favors DNA bridging. (C) The C-terminal domain folding differs considerably between
ParB/sopB and KorB. ParB folding includes extended loops that make contacts with DNA, favoring bridging distant molecules. DNA is shown in light purple, the HTH
motif in blue, the N-terminal domain in light blue, and the C-terminal domain in dark blue.
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very flexible, but always include box 1 and 2 (Kusiak et al., 2011).
Through this arrangement, the N-terminal domain is able to
assist CBP spreading (Kusiak et al., 2011; Graham et al., 2014).
Due to a lack of structural data, it remains unclear how the
flexibility of the domains and their binding to DNA enables
simultaneous or alternative interactions with the condensin and
motor proteins.

The C-terminal domain is the most divergent, but in all
these proteins shares the ability to dimerize (Leonard et al,
2004; Chen et al, 2015). The domain topology of ParB/SopB
is p1-B2-B3-al, where the B3s of each monomer combine to
form a continuous 6-stranded B-sheet and the helices interact
to form an antiparallel coiled-coil (Figure 1C, Schumacher and
Funnell, 2005; Schumacher et al., 2010). ParB contains extended
loops between PB1-f2 and P2-f3 that form highly specific
contacts with the parS B-box (Schumacher and Funnell, 2005),
generating a secondary DNA binding domain and contributing
to DNA bridging during segrosome formation. By contrast,
the C-terminal domain of KorB displays a completely different
folding pattern, resembling an SH3 protein and consisting of a
5-stranded antiparallel B sheet (Delbruck et al., 2002). However,
crosslinking studies suggest that this domain also facilitates DNA
binding (Delbruck et al., 2002).

SEGROSOME ASSEMBLY VIA WRAPPING

This strategy involves the formation of a filamentous
nucleoprotein complex, in which the CBP wraps the centromere
(type Ia partition systems) or the DNA wraps around a CBP
oligomer (type II and III partition systems). The resulting
segrosome is a single and discrete structure.

Type Ib Systems
Surprisingly, the arrangement of the components in Type
Ib systems is the only common aspect shared with the
aforementioned systems. The interactions between their main
components are different, and so may be the segregation
mechanism. The centromere site localizes upstream of the par
operon and consists of direct and inverted repeats. However,
in plasmid pCXC100 the centromeric site contains only direct
repeats (Yin et al., 2006; Huang et al., 2011). The CBPs, which
also functions as repressors (Carmelo et al., 2005; Weihofen
et al, 2006) are small proteins that share the arrangement
into N- and C-terminal domains (Figure 2C). The N-terminal
domain, which shows a highly divergent sequence, is flexible and
unstructured, and includes a conserved arginine finger that has
been implicated in the activation of ATP hydrolysis in the motor
protein (Barilla et al., 2007). The C-terminal domain topology is
pl-al-a2 and includes a ribbon-helix-helix (RHH) DNA-binding
motif (Murayama et al., 2001; Golovanov et al., 2003; Huang
et al,, 2011). The 1 strand from two different molecules pairs
into an antiparallel B-ribbon, meaning that these CBPs are also
present as dimers in solution (Barilla and Hayes, 2003; Golovanov
et al., 2003).

Plasmid pSM19035 harbors a unique partitioning system:
rather than being encoded in a single operon, each gene
is transcribed separately from different promoters. The full

centromere contains 3 separate parS sites, consisting of 9,
7, and 10 iterons that occur twice in the plasmid genome
(parS1, parS1’, parS2, parS2', parS3, parS3’, de la Hoz et al,
2000, 2004; Dmowski et al., 2006). However, parS2 appears
to be the main centromeric sequence (Dmowski and Kern-
Zdanowicz, 2016). Interestingly, each parS overlaps with the
promoters of genes involved in plasmid copy number and
maintenance: parS1 with P8, parS2 with Pw and parS3 with
Peops (de la Hoz et al,, 2000). The CBP, w, binds to each parS
with different affinities, depending on the number of iterons
(de la Hoz et al, 2004). This feature may be crucial to fine-
tune repressor affinity for different promoters (Weihofen et al,,
2006). The nucleoprotein complex is a left-handed protein helix
that wraps the DNA (Weihofen et al, 2006) covering only
the parS site (Pratto et al., 2009). Protein binding to both
direct and inverted repeats involves comparable interactions,
due to the pseudo-symmetry of the dimer (Weihofen et al.,
2006, Figure 2C). Binding induces minor structural changes
mainly affecting the loop connecting al and a2. In contrast to
other RHH DNA-binding proteins, there is no DNA bending
(Pratto et al., 2009). Because the DNA is not curved, o first
makes contact with the DNA major groove via base specific
interactions with residues on the B-sheet and then the N-
termini of the a2 helices clamp the phosphate backbones
(Weihofen et al., 2006). Assuming nearly straight DNA, the
number and orientation of repetitions will affect the distances
between helices al of adjacent w dimers, thereby modulating
the cooperativity. The motor protein, 8, binds non-specifically
to DNA but is recruited to the location of the segrosome
(Pratto et al., 2009) to form a ternary complex, giving rise to
intermolecular pairing of parS regions (Pratto et al., 2008, 2009).
This bridging may increase the local concentration of w, in turn
increasing the ATPase activity of the motor protein and thus
inducing detachment of this protein and promoting mobility
(Pratto et al., 2009). This system may combines both DNA
wrapping mechanisms (during segrosome formation) and DNA
bridging mechanisms (when the motor protein participates in
segregation).

In plasmid TP228, the centromere (parH) is continuous and
consists of direct and inverted repeats separated by AT-rich
regions. A DNA region between the operon genes and the
centromere (Op) comprises more repeats that play important
roles in partitioning and transcription regulation (Zampini et al.,
2009; Wu et al,, 2011). Binding of the CBP, ParG, to parH occurs
via the RHH motif, but unlike in w, ParG is also dependent on
the protein’s N-terminal tail, which modulates binding affinity
(Golovanov et al., 2003). Apparently, the AT-enriched spacers
may increase the binding cooperativity of ParG to DNA (Wu
et al, 2011). Like plasmid pSM19035, the centromere site is
not curved and ParG binding does not induce DNA bending.
The motor protein, ParF polymerizes into filaments and does
not bind to DNA (Barilla et al., 2005; Schumacher et al., 2012).
The N-terminal domain of ParG is not only important for
the activation of the ATPase but also facilitates ParF filament
nucleation and bundling (Barilla et al., 2007). Furthermore, in
contrast to all other described systems, the ParF-ParG interaction
is not dependent on the formation of the segrosome. This
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FIGURE 2 | Structural comparison of CBPs involved in segrosome assembly by wrapping. (A) Type Il partition systems. Structure of ParR dimer (left),
showing topology and the RHH motif; DNA changes upon ParR binding (middle), with enlargement of the DNA major groove; and formation of the the segrosome
complex by DNA wrapping of the ParR super-helical oligomer (right), leaving the ParR C-terminal tail in the helix inside. (B) Type Il partition systems. Structure of TubR
dimer (left), showing topology and the HTH motif; the TubR-DNA binding mechanism (middle), in which the HTH makes contacts with the DNA major groove and the
wing forms contacts with the minor groove; and putative filamentous vs. helical segrosome complexes (right), according to two crystal packing arrangements. (C)
Type Ib partition systems. Structures of ParG and o dimers (left), showing the RHH motif and the flexible N-terminal domain, and protein binding to direct and inverted

repeats in equivalent ways (right).
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suggests that pSM 19035 and TP228 despite sharing the same type
Ib partitioning system employ distinct segregation mechanisms.

Type Il Systems

The centromeric site (parC) consists of tandem repeats localized
in a single locus upstream of the operon. The arrangement can be
continuous (plasmid pSK41, Schumacher et al., 2007a) or split
into two regions (plasmid R1), with the par cassette promoter
in the middle (Dam and Gerdes, 1994). However, the resulting
segregation complexes are very similar. The CBP, ParR, contains
two domains, an N-terminal domain with a RHH DNA binding
motif (as seen in type Ib systems), and a C-terminal domain that
is involved in the interaction with the motor protein. The domain
topology of the ParR N-terminal domain is f1-al-a2-a3-a4-a5
(Figure 2A). The B1-strands from two monomers combine in
an antiparallel fashion and the al-a2 helices come together to
form an extensive dimer (Moller-Jensen et al., 2007; Schumacher
et al., 2007a). The C-terminal domain includes a 3-helix cap that
reinforces the tight dimerization of the N-terminal domain and
an unstructured C-terminal tail with a high degree of sequence
conservation (Moller-Jensen et al., 2007).

The nucleoprotein complex forms a discrete helical
arrangement with a diameter of 15-nm (Moller-Jensen et al.,
2007; Hoischen et al., 2008). The structure of the nucleoprotein
complex (Schumacher et al., 2007a) reveals a continuous helical
array in the crystal packing (Figure 2A). Each turn consists
of 6 symmetrical pairs of dimers (involving the assembly of
12 ParR dimers), producing distinct negative and positive
electrostatic on the inner and outer surfaces of the helix. The
DNA wraps ParR by interacting with the outer, positively
charged surface of the super helix, with each dimer binding one
parC iteron. When the centromere is split in two, the promoter
region forms a DNA loop that protrudes out of the ParR-parC
ring structure (Hoischen et al., 2008; Salje and Lowe, 2008),
repressing the promoter (Jensen et al, 1994; Breuner et al,
1996), and regulating transcription of the partition genes (Salje
and Lowe, 2008). The DNA is bent by 46° and widened so that
the major groove grows from 11 to 14A (Schumacher et al.,
2007a). The groove enlargement allows the insertion of the
RHH motif, as described for other DNA-binding RHH proteins
(Somers and Phillips, 1992; Raumann et al., 1994; Gomis-Ruth
et al, 1998). Interestingly, the phosphate contacts cluster at
the 5" ends of the 10-bp repeats, creating the closest physical
associations between ParR and the DNA. Full-length ParR from
plasmid pB171 crystallized in a helical superstructure in the
absence of DNA, with a diameter very similar to that measured
in the nucleoprotein complex (15 vs. 18nm) (Figure 2A).
Moreover, the protein arrangement into dimers and the
electrostatic distribution are also similar (Moller-Jensen et al.,
2007). These observations lead to the question; which event
occurs first? If ParR assembly into a super-helical structure
occurs first, then the macromolecular complex may recruit parC.
Otherwise, the centromere might function as a scaffold for ParR
oligomerization.

For ParR, the segrosome structure positions the conserved
C-tails clustered on the inside surface of the helix, where
they mediate binding to the motor protein, ParM (Schumacher

et al., 2007a; Salje and Lowe, 2008). The ParR tail binds to
a hydrophobic pocket in ParM in an interaction resembling
that described for actin polymer modulators and the barbed
end of actin filaments (Gayathri et al., 2012). Furthermore, the
segrosome binds only at the growing end of the polar ParM
double helical filament favoring filament growth via a formin-
like mechanism (Gayathri et al., 2012). Why does the ParR-
ParM interaction require the clustering of so many ParR tails?
It is possible that several tails bind to a single ParM molecule
with distinct affinities, regulating ParM filament dynamics.
Alternatively, the presence of free tails may be necessary to
explore the space around the filament end and to facilitate
the addition of ParM molecules to the growing filament while
remaining attached at all times.

Type lll Systems
The type III system were the most recently discovered
partitioning systems (Larsen et al., 2007). For TubZRC, the
centromeric site (tubC) is localized upstream of the operon
and contains several direct repeats in a single locus that can
be split into two (pBtoxis) or three (pBsph) blocks, resembling
discontinuous parC sites (Aylett and Lowe, 2012; Ge et al,
2014a). During partitioning, the CBP (TubR in this case)
mediates the assembly of the segrosome nucleoprotein complex
and acts as a repressor of tubRZ transcription (Tang et al., 2006;
L