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Bacteria are among the earliest forms of life on Earth. Notwithstanding their small
size and primitive origin, bacteria still have a tremendous impact on everyday human
life. Over the centuries, research into bacteria have provided and enriched the
fundamental biological knowledge due to their readily measured processes and
effects on higher organisms. Although molecular genetics and microbiology were
among the scientific fields that have mostly benefited from the discoveries made in
bacteria, our current state of knowledge has gone beyond what anyone could have
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ever imagined. The present Research Topic aims to cover new and exciting broad
aspects of the importance of bacteria to human life, both positive and negative influ-
ences. Regulation of bacterial gene expression, replication and segregation control
mechanisms, cell to cell communication via quorum sensors, and the relatively recent
finding of bacterial immunity via CRISPR, have led to the development of many, and
very important new tools in biotechnology and the emerging field of molecular
medicine. The battle against infectious diseases has also benefited from the genetic
approaches that have been developed in the quest for finding new targets and novel
drugs against pathogenic bacteria. At the next level, the human microbiome project
has opened up new avenues in understanding the role of bacteria in human health
and wellbeing. Finally, the relationship between bacterial infections and human can-
cers will also be covered, a subject that is still under verification through rigorous
experimental approaches. Special emphasis will be given to the bacterial accessory
genome, i.e the mobilome, as the primary cause of health-threatening antimicrobial
resistance and the production of toxins and virulence factors. Taking into account
the evolutionary importance of horizontal gene transfer and the additional beneficial
roles of certain bacterial mobile genetic elements, they help project best “the Good,
the Bad and the Ugly” outline of this topic.

At the time this eBook is about to be published, our Research Topic has registered
nearly 55,000 views.

Citation: Venkova, T., Yeo, C. C., Espinosa, M., eds (2018). The Good, The Bad and
The Ugly: Multiple Roles of Bacteria in Human Life. Lausanne: Frontiers Media.
doi: 10.3389/978-2-88945-574-4
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“If you don't like bacteria, you are on the wrong planet.”
(Brand, 2010).

Quoting the writer and editor Stewart Brand, summarizes the solid facts, knowledge, and
fascination that we all share with regard to the smallest and simplest organisms on Earth. Bacteria
are not only considered the cradle of Life, but as revealed by history and centuries of scientific
interest, they are the living organisms that affect us, the Humans, most. From the moment Antonie
van Leeuwenhoek observed for the first time the tiny bacterial cells under the microscope, up
until the ongoing sequencing projects on the human microbiome, it has been and is an exciting
journey of understanding, fighting, and using bacteria for our benefit. Many a time we tend to
anthropomorphise our subjects of study, which is not necessarily a wrong practice if we remain
aware of our doings and of our conclusions, thus we can artificially classify bacteria into “beneficial
or pathogenic” in unequal proportion. However, with the knowledge gained throughout the years,
we are still under the impression that it is still enigmatic whether we can consider bacteria as “The
Good” or “The Bad” and “The Ugly” that co-habits with us. This is precisely what we have tried
to do under this Research Topic with such a well-known and anthropological name, in which we
have tried to combine different aspects of the bacterial world and to show how bacteria strongly
influence our lifestyle. Of course, we are aware that drawing lines is a risky exercise, because what
to do when a “Good” converts itself into a “Bad” and “Ugly”? Enterococci are a good example: from
being a respectable member of our gut microbiome, it can turn Ugly given certain circumstances
(low immuno-response on their host, we, Humans). Being scientists and trying to guide the present
Research Topic, we take the scientific approach in addressing such a complex and difficult task by
presenting facts and drawing conclusions that should help the readers appreciate the fascinating
full spectrum of the roles that bacteria play in human life.

First and the foremost, Molecular Biology would not be where it stands today were it not for the
knowledge of the basic blocks of life, i.e. DNA, RNA, and proteins, and of processes such as gene
expression and its control, chromosome replication and cell division, horizontal gene transfer, cell
to cell communication, DNA repair, cell immunity and cell death, that were obtained from studies
in bacteria. As all these processes are relatively easy to measure in bacteria, and that the basic
principles of biological regulation being same in all organisms, the knowledge gained in studying
bacteria is benefiting biological sciences as a whole, including biotechnology and the emerging
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Bacteria and Human Life

field of molecular medicine. In these, plasmids and phages, i.e. the
bacterial mobilome, play an important role. Plasmids and phages
were not only the main platform of the fundamental biological
discoveries, but they are also a versatile tool for gene delivery in
all organisms and the main reason for the spread of antibiotic
resistance that takes a harsh toll on human life and the economy.
Because many bacteria that are opportunistic pathogens live in
symbiosis with plants or inhabit polluted environments, carry
plasmids with genes for resistance or production of a particular
enzyme, the scientific community is in a quest for finding new
antibiotics to deal with infections caused by pathogenic bacteria,
increase yield of plants and stimulate biodegradation. Bacterial
plasmids have also been associated with and considered the
“culprit” for beneficial production of animal and human food
and beverages. Probiotics, which stimulate immunity and anti-
inflammation, and the increasing reports of bacteria linked to
cancer, are the two ultimate examples of the opposite Good and
Ugly sides of bacteria. Until recently, we knew only that bacteria
inhabit soil, water, extreme environments such as acidic hot
springs and radioactive waste, and live in symbiotic and parasitic
relationships with plants and animals. The human microbiome
project opened new avenues in our understanding on the close
relationship between bacteria and humans. The fact that our
body, on the inside and its surface, is heavily inhabited by
bacteria, urges the need for deeper investigation and we are
hopeful the current Topic will provide new clues and valuable
information supporting the importance of studying bacteria.

THE RESEARCH TOPIC

Despite the vast information available to date and the general
belief that bacteria are more harmful than beneficial to the human
population, the mere intent of proposing this Research Topic was
to probe the current state of knowledge on bacteria and to figure
out whether they affect our life simply in a negative/positive way,
or the picture is more complex than we could have imagined.
We were delighted to see that the Topic attracted the attention
of 214 authors from 5 continents that responded enthusiastically
with 40 original research and review articles. Our colleagues were
from different scientific fields with diverse interests and points
of views, which enriched enormously our understanding and
knowledge on the subject. It is thus our pleasure to present the
contributors to the Research Topic “The Good, The Bad and
The Ugly: Multiple Roles of Bacteria in Human Life” with their
invaluable reports.

CHAPTERS

Chapter 1: The Beneficial Micro-World

1.1. Source of Fundamental Biology Knowledge
1.2. Use in Biotechnology

1.3. Probiotics

1.4. Environmental Bioremediation

Chapter 2: Pathogens unveiled

2.1. Molecular Mechanisms

2.2. In-Depth Antibiotic Resistance
2.3. Genomics and Evolution of pathogenic bacteria
2.4. Infectious Diseases and Link to Cancer

Chapter 3: Bacteria and Human Life

3.1. Novel Antibiotics
3.2. Drug Delivery and Cancer Therapy
3.3. New Aspects

The Topic initiates with papers reporting on the fundamental
biological discoveries that enable deeper understanding of
bacterial gene expression and draw more accurate models for
predicting bacterial transcription targets (Djordjevic et al.), the
circuits of regulation of the replication genes in bacterial plasmids
for their successful establishment in new hosts (Ruiz-Masé et
al.), and a review on the possible biological roles of type II
toxin-antitoxin modules, in both plasmids and chromosomes,
showing evidence of the functional overlap of these modules
irrespective of their genomic location (Diaz-Orejas et al.). The
following two articles then deal with fundamental discoveries
in the mobilome, such as the finding of two previously
unknown proteins participating in the mobilization complex
(relaxosome) encoded by plasmid pLS20 (Miguel-Arribas et al.),
and the characterization of a mysterious protein encoded by
lambda and lambdoid phages (Dydecka et al.) that may play
an important role in the regulation of the decision of these
phages in becoming “Ugly” (lysogeny) or “Real Bad” (Iytic)
in this case for the bacterial host. Two more articles relate
to the Firmicutes lifestyle: how to deal with the chromosomal
supercoils and the expression of genes in the pneumococcus
(De La Campa et al.), one of the “Bad Ones,” usually acting
as a harmless commensal in our nasopharynx, but ready to
strike pneumonia when our immune system goes down, and
the second dealing with the response of bacteria to stressful
situations that lead to another decision: to be swept away
by the stress or to survive in a dormant persister state, thus
permitting the bacteria to cope with adverse (for the bacterium)
situations, like facing antibiotic treatments (Moreno-del Alamo
etal.).

The uses of bacteria in Biotechnology is covered by
an extensive review on bacterial stationary phase promoters
and their application for construction of improved gene-
expression systems in recombinant protein production and in
the bioremediation processes (Jaishankar and Srivastava). The
“hot” topic of the CRISPR-Cas bacterial immune system that
has been famously utilized in the gene-editing of mammalian
cells in recent years is tackled by a closer look into its
fine-tuned regulation and the proposed efficient expression of
small RNAs in a narrow time interval (Rodic et al.). New
insights on the genotype, enzyme production and physiological
properties of beneficial bacteria such as the well-known
probiotic Bifidobacteria (Alnajar et al.) and the newly-described
Pediococcus parvulus (Pérez-Ramos et al.) are presented in depth,
with a special emphasis on the role of their plasmids as in
Lactobacillus sakei (Nacher-Vazquez et al.). Plasmids are also
the main mediator of bioremediation of contaminated soils as
reported by two independent groups (Garbisu et al.; Wang et al.).
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The theme of the bacterial mobile genetic elements, plasmids,
and phages, is extensively covered in our next Chapter
(Pathogens Unveiled), as they are the driving force for horizontal
gene transfer and the main cause of antibiotic resistance and
virulence. We learned the interesting fact that the virulence
of the pathogen Pseudomonas syringae is mediated by natural
chimeras of distinct plasmid families (Bardaji et al.). Lean and
Yeo examine our current knowledge of plasmids that are less
than 10 kb in size commonly found in the nosocomial pathogen,
Acinetobacter baumannii, in a mini-review. Some of these
small plasmids harbor resistance as well as potential virulence
genes whereas others are truly enigmatic. An interesting article
relates the wide-spread world of prokaryotic toxin-antitoxin
systems to bacterial virulence in the important pathogen of the
Campylobacter genus, one of the “Bad Ones” because of their
multiple resistances to antibiotics and their clinical relevance.
Sprenger et al. show that in Campylobacter fetus subspecies
venerealis, the activity of some FIC (filamentation induced by
cyclic AMP) proteins resemble classical TA systems and appeared
to be related to virulence. Graciela Pucciarelli et al. examine
in detail the role of a disulfide bond in the major periplasmic
loop of the IgaA inner membrane protein of another pathogen,
Salmonella enterica serovar Typhimurium, in the regulation of
the ResCDB phosphorelay system, which is involved in regulating
the expression of a multitude of cellular processes including
motility, biofilm production and virulence. The potential use of
the lectin produced by the edible snail, Helix pomatia agglutinin
(HPA) as a novel diagnostic tool for the identification of
Streptococcus pneumoniae is proposed by Domenech and Garcia
who show that the HPA lectin specifically recognizes the terminal
aGalNAc residues of the cell wall teichoic and lipoteichoic acids
of S. pneumoniae.

The role of the bacterial viruses, the bacteriophages (or just
phages), in the rapid dissemination of antibiotic resistance is
presented by Valero Rello et al., whereas the entire spectrum
of their impact on human health is summarized in the review
article by Navarro and Muniesa. It is important to remember
that bacterial phages played (and still do!) a key role in the
early stages of Molecular Biology research, since they enabled
the study of the control of gene expression and decision-making
responses, which led to the development of controlled expression
systems for protein over-expression. Further, the number of
bacteriophages on planet Earth (around 10°!) is more than any
other organism, including bacteria, combined, making them a
formidable evolutionary driving force.

Plasmids as vehicles for horizontal (lateral) transfer of
antibiotic-resistance traits and their “evil” doings are represented
by important contributions in both the Gram-positive and
the Gram-negative bacterial pathogens. Identification of these
genetic elements and the ways they perform their role in
gene transfer are major problems nowadays, when the number
of new antibacterials are dwindling. An excellent review on
the replication mechanisms of several staphylococcal plasmids
that mediate antimicrobial resistance is presented by Kwong
et al. Aguila-Arcos et al. show that in all 25 biofilm-forming
clinical staphylococcal isolates that were studied, horizontal
transfer and relaxase genes of two common staphylococcal

resistance plasmids, pSK41 and pT181, were detected, inferring
the possibility of the dissemination of antibiotic resistance
to other clinical isolates. In another paper, Ares-Arroyo et
al. analyze various ColE1l replicons using bioinformatics and
experimental approaches. They developed a new PCR-based
system for the detection and analysis of ColEl plasmids
and validated their important role in the dissemination of
antibiotic resistance. Whole genome sequencing (WGS) has been
routinely implemented for the identification and surveillance
of Salmonella at Public Health England’s Gastrointestinal
Bacteria Reference Unit since 2014. Neuert et al. evaluated
the prediction of phenotypic antimicrobial resistance in non-
typhoidal Salmonella enterica from the genotypic profiles
obtained from the whole genome sequences of 3,491 isolates
received between 2014 and 2015 by Public Health England and
showed that discrepancies between phenotypic and genotypic
profiles were low and that by and large, WGS is suitable as a
rapid means of determining antimicrobial resistance profiles for
surveillance.

Looking at the other side of the coin, the study on gut
microbiota and the changes in gene expression and glucose
metabolism induced by antibiotic treatment shows the complex
nature of our choices onto how to fight bad bacteria (Rodrigues
etal.).

Taking into account the medical and environmental impact of
bacterial pathogens, a special emphasis is given on understanding
their genomics and evolution. Escherichia coli and Bordetella,
two of the most devastating human and animals pathogens are
covered extensively (Pasqua et al. and Hamidou Soumana et
al.). A very important example of our change of views from
“forgotten” to “Real Bad” bacteria is provided by the tuberculosis
pathogen. Two papers show that Mycobacterium tuberculosis
causing prolonged infections can acquire a limited genetic
diversity, and yet there are strains prone to microevolution
within the infected host (Herranz et al.; Navarro et al.). Lira et
al. present comparative genomic analyses of the opportunistic
pathogen, Stenotrophomonas maltophila, obtained from clinical
as well as environmental samples and show that there are
no distinct or separate clinical and environmental lineages of
the pathogen. This indicates that infection is mainly due to
impaired immune response of infected patients and given the
biotechnological potential of S. maltophila, its use in its natural
habitats will likely only lead to an incremental risk in acquiring
infections.

Morris et al. present a comprehensive review on the role of
secondary bacterial infections in increasing the morbidity and
mortality of influenza infections, especially during epidemics
and pandemics. The increasing antimicrobial resistance and
vaccine evasion presented by these bacterial pathogens have
made it even more crucial to monitor their epidemiology to
better guide clinical treatment and development particularly
during an influenza epidemic or pandemic. In another review,
Sahan et al. show how pathogenic microorganisms can induce
various levels of inflammation which can lead to DNA damage,
thereby posing a risk for the development of cancers. The
review focuses on Helicobacter pylori-mediated inflammation
and gastric cancer as well as the potential role of Fusobacterium
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nucleatum in colorectal cancers besides indicating the important
role of DNA repair pathways in precluding the development of
such cancers.

The last Chapter (Bacteria and Human Life) starts with
tackling the current shortage of effective treatment for bacterial
infections and the quest for new antibiotics, being a priority
of the scientific microbiological community. In a Perspective
article, Grimwade and Leonard examine our current knowledge
regarding the initiation stage of bacterial chromosomal
replication, mediated by the bacterial orisome, and they identify
potential targets that could prevent bacterial chromosomal
replication, which therefore could serve as targets for novel
antibacterial compounds.

Molecules that are able to inhibit conjugation (COINS) have
been proposed and thought to provide a novel avenue to combat
the spread of antibiotic-resistance traits encoded by mobile
elements. Some effective COINS were discovered a few years
ago, and the strategies to identify and to further develop them
are reviewed by Cabezon et al. Another approach to deal with
pathogens is related to the hindering of their lifestyle. Many
bacteria (and the Bad Ones are no exception) grow happier
when they grow together forming biofilms that will stick to
living (teeth, nasopharynx) or implant (catheters, prosthesis)
surfaces to better communicate among them as well as to colonize
new niches. Inhibitors of biofilm formation are an interesting
source of potential antimicrobial drugs that is recorded by
Vaishampayan et al.

One of the major difficulties in the drug discovery field is
how to deliver the desired drug so that it reaches its final target.
Drug delivery strategies can be costly and time-consuming: this
could make a cleverly designed drug unable to be used because
of the lack of proper delivery procedures. Exploring this field has
been the subject of the Llosa’s laboratory for years. They provide
now an insightful review on how to use the bacterial Type IV
secretion system pathways to deliver and to stably integrate into
mammalian cell chromosomes with desired traits that would, in
time, lead to anti-tumor drugs (Guzman-Herrador et al.).

The use of several bacterial species in cancer therapy is
examined in a Perspective article by Gabriela Kramer et al., thus
contrasting with the “Bad” side of other bacterial species that have
been shown to be potential causal agents for cancer (Sahan et al.).
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Intriguingly, attenuated mutants of the pathogen, Salmonella
enterica serovar Typhimurium have been shown to invade and
destroy a broad range of cancer cell types in vitro and are so far,
the most efficient anti-tumor bacteria in experimental models of
cancer.

Finally, unexpected facts on bacteria are unveiled by the
last 2 articles in our Topic. Molina-Garcia et al. show
that bacteria can be the ideal model for studying human
neurodegenerative diseases, whereas Javan et al. report on
the bacterial thanatomicrobiome that could aid in forensic
investigations.

WHAT IS NEXT?

Despite the vast knowledge on bacteria, including the current
Research Topic, new and exciting scientific reports are coming
up every day. Among those, the human microbiome project plays
a central role on revealing the true interaction between us, the
humans, and those “primitive” but powerful living organisms
that have now been shown to play central roles in shaping our
health and our environment. As the collection of articles in this
Research Topic has shown, bacteria do indeed display all facets of
the “Good,” the “Bad,” and the “Ugly,” and like everything else in
this world of ours, all three facets co-exist as a dynamic, chaotic
whole.
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Reliable identification of targets of bacterial regulators is necessary to understand
bacterial gene expression regulation. These targets are commonly predicted by
searching for high-scoring binding sites in the upstream genomic regions, which typically
leads to a large number of false positives. In contrast to the common approach, here
we propose a novel concept, where overrepresentation of the scoring distribution that
corresponds to the entire searched region is assessed, as opposed to predicting
individual binding sites. We explore two implementations of this concept, based
on Kolmogorov-Smirnov (KS) and Anderson-Darling (AD) tests, which both provide
straightforward P-value estimates for predicted targets. This approach is implemented
for pleiotropic bacterial regulators, including o’9 (bacterial housekeeping o factor) target
predictions, which is a classical bioinformatics problem characterized by low specificity.
We show that KS based approach is both faster and more accurate, departing from
the current paradigm of AD being slower, but more accurate. Moreover, KS approach
leads to a significant increase in the search accuracy compared to the standard
approach, while at the same time straightforwardly assigning well established P-values
to each potential target. Consequently, the new KS based method proposed here,
which assigns P-values to fixed length upstream regions, provides a fast and accurate
approach for predicting bacterial transcription targets.

Keywords: direct target gene predictions, transcription factor binding site predictions, transcription regulation,

position specific weight matrices, transcription targets, transcription start starts, sigma70, bacterial gene
expression regulation

INTRODUCTION

Identifying targets of transcription regulators (transcription targets), such as genes that are directly
regulated by a given transcription factor, or transcribed by a certain o factor, is a crucial step toward
understanding bacterial gene expression regulation. Such knowledge is in turn crucial for both
biotechnology applications and fundamental understanding of how bacteria respond to changing
environment (e.g., during host pathogen interactions).

The task of identifying transcription targets is typically exhibited by starting from either: (i)
large scale in vivo binding experiments such as ChIP-Seq (Wade et al., 2007; Park, 2009), (ii)
large scale in vitro binding data, such as high-throughput SELEX (Roulet et al., 2002; Jagannathan
et al., 2006) and protein binding microarrays (PBM) (Bulyk, 2006; Newburger and Bulyk, 2009),
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and (iii) smaller scale experiments, such as SELEX, primer
extension (for o factors) and DNA footprinting (Green et al.,
1989; Tuerk and Gold, 1990), which are typically assembled
in databases such as TRANSFAC (Wingender, 2008), JASPAR
(Mathelier et al., 2016), or RegulonDB (Gama-Castro et al,
2008). From these binding experiments, specificity of a given
transcription factor (TF) is then extracted through some of the
numerous methods that have been developed for this purpose.
Those methods can be based on either information theory
considerations (Stormo, 2000; Bulyk, 2004; Favorov et al., 2005;
Ozoline and Deev, 2006; Levitsky et al., 2014; Korostelev et al.,
2016), or on biophysical models (Stormo and Fields, 1998;
Djordjevic et al., 2003; Djordjevic and Sengupta, 2006; Stormo
and Zhao, 2010; Vilar, 2010; Djordjevic, 2013; Vilar and Saiz,
2013; Locke and Morozov, 2015), but in either case the inferred
DNA binding specificity is represented in a form of a matrix,
often called position specific weight matrix (PSWM). Note that,
in the case of biophysics based approaches, these PSWMs in
fact correspond to the so-called energy matrix (Djordjevic et al,,
2003; Stormo and Zhao, 2010). These methods, up to now, have
been shown to be able to extract the binding specificity with a
reasonable accuracy, particularly when the data are coming from
(controlled) high-throughput in vitro experiments (Bulyk, 2004,
2006; Djordjevic and Sengupta, 2006).

Once PSWMs are inferred, in prokaryotes they are used to
scan genomic regions upstream of potential targets (e.g., the
upstream intergenic regions), to find putative direct regulatory
targets (Kim and Ren, 2006). These putative targets are
next typically compared with the results of high-throughput
experiments, such as DNA microarray data, or crosschecked
with results of in vivo binding experiments (e.g., with the
locations of binding peaks from ChIP-Seq experiments). This
crosschecking may provide comprehensive information on the
underlying regulatory mechanism, e.g., to what extent binding of
the regulator under the given experimental conditions matches
with the putative list of the genomic regions to which it is
expected to bind. Such information is particularly useful when
the binding specificity is inferred from in vitro binding studies,
and is then crosschecked with independent experiments coming
from in vivo binding measurements (Kim and Ren, 2006; Stormo
and Zhao, 2010).

Despite the importance of accurately predicting direct targets
for a given regulator, the bulk of the research efforts concentrate
on more accurately inferring PSWM. On the other hand, a typical
procedure for identifying putative direct targets in bacteria is
rather simple, and involves scanning the upstream genomic
regions by the inferred PSWM (Kim and Ren, 2006; Wade
et al,, 2007; Stormo and Zhao, 2010; de Jong et al., 2012). The
sites with maximal PSWM scores are then identified, and those
above certain thresholds are classified as putative targets. This
procedure, however, often results in low search accuracy, in
particular, in a very large number of false positives (Robison
et al., 1998; Stormo, 2000). In eukaryotes, methods that predict
clusters of transcription factor binding sites (TFBS) are also
used, in addition to predicting individual TFBS. However, to
successfully apply these methods, one often has to know which
TFs functionally interact (Hannenhalli, 2008). Also, a recent

evaluation shows that the clustering methods lead to lower
accuracy compared to individual TFBS predictions (Jayaram
et al., 2016). The major reason behind the apparent low accuracy
in the search of direct target genes is that individual high-
scoring binding sites can easily appear by random chance in
a sufficiently long genomic sequence, leading to so called non-
sites (Kim and Ren, 2006). While this problem may be, to some
extent, alleviated by negative selection acting on these non-
sites, this negative selection is likely small. Furthermore, another
problem, accurately assigning statistical significance to the targets
predicted in such approach is also not well explored. That is,
the maximal scoring sites are located in the tale of the weight
matrix score distribution, and accurately calculating this tale
requires doing an inverse Laplace transform of the corresponding
partition function, which, in itself, is an ill-resolved numerical
problem (Hertz and Stormo, 1999). Consequently, putative
targets above certain threshold are typically reported without
assigning statistical significance to the corresponding hits.

To address the problem of accurate transcription target
predictions, we here develop a new concept which is based
on the following hypothesis. We propose that, rather than
identifying individual sites with high weight matrix scores, a
better measure is assessing enrichment of the high scoring sites
over a certain background in the entire region that is searched.
This proposal then does not depend on individual high-scoring
sites (which can easily emerge by random), but instead on
comparing the weight matrix score distribution for the entire
searched region with a certain background distribution. Note that
this automatically accounts for the random occurrence of high-
scoring binding sites, since such random occurrences (non-sites)
would also appear in the background distribution. Moreover,
this hypothesis directly couples with elegant statistical methods
that allow determining statistical significance of a difference
between the two distributions, such as Kolmogorov-Smirnov
(KS) or Anderson-Darling (AD) tests. Therefore, these statistical
tests also allow straightforwardly assigning a well-established
statistical significance to the predicted direct targets, which also
addresses the other major deficiency of the usual approach
discussed above. Consequently, in contrast to the previous
approaches, we will here develop a method which is based on
assigning P values to fixed length upstream regions (e.g., the
upstream intergenic regions in bacteria), rather than picking up
only the best scoring PSWM matches (or their clusters).

However, significant questions emerge with regard to our
proposed novel concept:

(i) Can search based on this hypothesis indeed identify
direct targets with high accuracy? Does the classification
threshold, based on statistical significance assigned through
this approach, lead to high prediction accuracy?

(ii) What is the appropriate background (null distribution)?

(iii) What statistical method is more optimal to implement in
the problem, Kolmogorov-Smirnov, Anderson-Darling, or
perhaps a combination (hybrid) of these two approaches?

In this proof-of-the-concept paper, we will explore this new
method by predicting direct targets for bacterial pleiotropic
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regulators (6’°, CRP, ENR), which present a classical (currently
unresolved) bioinformatics problem characterized by low
prediction specificity. On the other hand, accurately predicting
transcription targets of bacterial regulators is crucial for
understanding bacterial gene expression regulation. Considering
bacterial regulators also allows a more straightforward
interpretation of the obtained results, as complicating issues such
as chromatin state/accessibility (Forties et al., 2011; Chen and
Bundschuh, 2014; Chereji and Morozov, 2014) that are present
in eukaryotes are largely absent here.

RESULTS AND DISCUSSION

Overrepresentation of PSWM Scoring

Distributions

We start by exploring the basic concept behind our hypothesis
that the distribution of PSWM scores is overrepresented in the
regions where binding of transcription regulators is expected,
and that the overrepresentation is absent in the regions where
they do not bind. This concept is illustrated by the upper panel

of Figure 1, where binding of a pleiotropic Escherichia coli
transcription factor CRP (also known as CAP) to the convergent
intergenic regions, and to the rest of the intergenic regions
(here called the “other intergenic regions”), is assessed. Note
that the convergent intergenic regions are located downstream
of both of the adjacent genes, while the other intergenic
regions are located upstream of at least one of the adjacent
genes. Therefore, there should be no CRP binding sites in
the convergent intergenic regions, while CRP binding sites
should be located in a subset of the other intergenic regions,
which are upstream of its regulatory targets. Accordingly, in
the upper left panel of Figure 1, we observe a significant
overrepresentation of CRP PSWM scores in the other intergenic
regions, while such overrepresentation is absent in the convergent
intergenic regions. Note that, in Figure 1, the background
distribution corresponds to randomized intergenic regions,
with the sequences randomized so as to preserve trinucleotide
frequencies. We obtain similar results (the middle panels)
for another E. coli pleiotropic transcription factor (FNR), i.e.,
we also observe an overrepresentation in the other intergenic
regions (though now smaller compared to CRP), and an

other intergenic convergent intergenic
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FIGURE 1 | The score distributions for CRP and ¢ transcription regulators. The (upper, middle, lower) correspond to CRP, FNR, and ¢'0, respectively. The left
panels correspond to the other intergenic regions (where functional binding is expected to appear), while the right panels correspond to the convergent intergenic
regions (where functional binding is not expected to appear). Other intergenic regions are located upstream of at least one of the adjacent genes, while convergent
intergenic regions are located downstream of both of the adjacent genes (by intergenic region we consider the entire sequence between the two adjacent genes). In
each figure, the actual and the randomized PSWM distributions are shown in black and gray, respectively. Note that the higher binding scores (closer to zero),
correspond to stronger predicted binders. The overrepresentation in the other intergenic regions for CRP and FNR is indicated by arrows.

Frontiers in Microbiology | www.frontiersin.org 14

November 2017 | Volume 8 | Article 2314


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Djordjevic et al.

Kolmogorov-Smirnov Target Prediction

absence of overrepresentation in the convergent intergenic
regions.

On the other hand, a more complex case is presented in
the lower panels of Figure 1. Here, binding of the E. coli
079 factors to the other intergenic (the left panel) and the
convergent intergenic (the right panel) regions is assessed.
Note that bacterial o factors ensure transcription initiation (i.e.,
provide signal for transcription start sites), and different o
factors are related with transcription exhibited under different
conditions in a bacterium (Paget and Helmann, 2003; Feklistov
et al., 2014). In particular, 0’° is the housekeeping o factor in
E. coli, which is associated with transcribing a large number
of bacterial genes under normal conditions (therefore having
a large regulon). We observe an absence of overrepresentation
in both the other and the convergent intergenic regions, in
fact a small underrepresentation in the high scoring tail for
the convergent intergenic regions can be observed. The absence
of the overrepresentation is likely a consequence of significant
negative selection on o’° non-sites, as a subset of the other
intergenic regions (from which transcription of the downstream
genes is directed) has to be enriched with 67 binding sites.

0’9 binding, in which no global overrepresentation is
observed, evidently corresponds to a more complex case
of the regulatory target recognition. Consequently, in the
results below, we will first concentrate on 7%, to demonstrate
utility of the method even in a more complicated scenario.
In addition, prediction of o factor binding sites, and their
corresponding direct targets (i.e., genes that they transcribe) is a
classical (unresolved) bioinformatics problem that is considered
notoriously hard (Stormo, 2000; Towsey et al., 2008; Purtov
et al., 2014), but one that is crucial for understanding bacterial
transcription. Predictions of 67° targets are moreover important
since RNA-seq experiments (which can map transcription start-
sites) are still rare in bacteria, and a number of transcription
start sites are active under non-standard conditions, which likely
differ from those used in the experiments (Feklistov et al., 2014).
Therefore, an additional motivation is to investigate whether our
approach can lead to reasonable predictions for such a difficult
problem. We will then come back to analyzing two other E. coli
pleiotropic regulators (CRP and FNR), which display the more
standard/expected binding score distributions.

Kolmogorov-Smirnov Based Approach

The main idea behind the new approach is to observe an
overrepresentation of PSWM score distribution for the entire
upstream genomic region of interest, with respect to a chosen
background (null) distribution. We then need to provide a
measure of the difference between the two scoring distributions
(corresponding to the upstream genomic regions, and the
background distribution), as well as a measure of statistical
significance for this difference. Assessing this difference can be
directly implemented through Kolmogorov-Smirnov (KS) test,
which is illustrated in Figure 2.

In the left panel, an example of an upstream intergenic region,
which is clearly enriched by ¢’° binding sites, is shown. The
solid curve corresponds to the cumulative distribution function
(CDE), corresponding to PSWM scores of this intergenic region.
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FIGURE 2 | Cumulative distribution functions corresponding to PSWM scores
for the upstream genomic regions (the solid blue curve), and the background
distribution (the dashed red curve) are shown in the figure. In the (left), an
intergenic region that is strongly enriched by ¢”° binding sites, and that would
be reported as a direct target in the search, is shown. In the (right), an
extreme case of the upstream intergenic region, which is depleted of ¢°
binding sites, is shown. P-values from KS are indicated in both panels.

Note that the usual KS measure of the difference between
the two distributions (which we here denote as D score) is
indicated in the figure. With respect to the D score, note that
we here use the one-sided KS test, i.e., we impose the condition
that CDF of the upstream genomic regions has to be above
the background distribution CDF, which is the condition that
corresponds to overrepresentation - i.e., the case of significant
underrepresentation being reported as a hit is excluded. KS
test also directly provides the P-value corresponding to this D
score, which in turn allows assessing statistical significance of the
potential target. On the other hand, the right panel presents an
example where the upstream intergenic region is depleted of 67°
binding sites. In this case, CDF of PSWM scores corresponding to
this depleted intergenic region is actually below the background
distribution, so that the gene downstream of this intergenic
region is clearly not reported as a direct target of 6’ (D score
is very close to zero in this case). Note that CDF of the upstream
intergenic region does not have to be below the background CDF
(as happens in the extreme case shown in the right panel), to be
excluded as a hit. That is, all hits with small D values, which are
statistically non-significant, are not reported as putative targets.

Enrichment of D Scores

To implement the KS based method, the choice of the
background (null) distribution becomes important. This is
actually already indicated in Figure 1, where we have seen that,
due to the negative selection, the distribution corresponding to
the randomized regions may not overlap with the distribution
in the regions where no binding happens. We here test two
choices of the background distributions: (A) the distribution
corresponding to the randomized regions, where the intergenic
regions are randomized, and their corresponding PSWM scoring
distribution is used as the background, (B) genomic regions
where functional binding is not expected, for which we use the
convergent intergenic regions, as explained in Figure 1. Note
that these two choices correspond, respectively, to the left (the
randomized regions) and the right (the convergent intergenic
regions) panel shown in Figure 3.
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(the upstream intergenic regions with experimentally detected binding sites) and the putative negatives (the genomic regions deep inside E. coli ORF, where
functional 7 binding does not appear). The difference between the blue and the red distributions is assessed by the P-value, indicated in each panel.
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For each of these two choices of the background distributions,
the D score distribution is calculated in the following two cases:
(i) the red histogram, which corresponds to positives (i.e., the
upstream intergenic regions, which are experimentally known
to contain 6”0 binding sites); (ii) the blue histogram: which
corresponds to putative negatives, i.e., the genomic regions where
670 binding should not appear. Specifically, we here use genomic
sequences deep inside ORF (coding sequences), where we expect
no initiation of transcription (i.e., no functional o70 binding). We
here mark such regions as putative negatives.

We see a significant enrichment of D scores in the true positive
vs. putative negative regions, for both choices of the background
distributions (i.e., for both Figures 3A,B). However, we see that
the enrichment is clearly much higher when the background
distribution corresponds to the convergent intergenic regions,
as clearly indicated by the P-values in the Figures 3A,B. The
most likely reason is that the randomized regions do not capture
(possibly significant) negative selection that acts on ¢”° binding
sites. That is, the functional binding, which one needs to detect,
comes on the ‘top’ of possibly a large number of non-sites
that are ‘deleted’” by the negative selection. Consequently, in the
further analysis, we will use the background distribution which
corresponds to the convergent intergenic regions.

ROC Curves and Comparison with
Anderson-Darling Test

Our next goal is to compare the accuracy of KS-based
approach, with the standard method for identifying putative
targets in bacteria. This method (which we further call “Max”)
involves scanning the upstream genomic regions by PSWM,
and classifying as putative targets those regions that contain
individual binding sites with PSWM scores above certain
threshold. To this end, we use the same positives and putative
negatives as introduced in the previous subsection, and the
null distribution that corresponds to the convergent intergenic
regions. In addition, as an alternative to KS test, the AD test
can also be used to detect overrepresentation of the binding

N ———AD+KS
200", ™~ KS
[Ty - —-Max

100

false negatives

0 100 200

false positives

FIGURE 4 | ROC curves, ¢'° binding. The ROC curves for o7 direct targets,
which correspond to different tests, are marked in the legend. The positive
and the putative negative sets are the same as in Figure 3, and the false
negatives and the false positives are estimated with respect to these two sets,
where the convergent background distribution is used. In the legend, “Max”
corresponds to the standard method for direct target identification (see the
first paragraph of this subsection).

scores with respect to the null distribution. Consequently, we also
address how accurately the two tests (AD and KS) can predict
direct targets of . The corresponding prediction accuracies are
assessed by ROC curves shown in Figure 4.

Importantly, we see that KS based approach (the solid red
curve) shows a substantially better performance compared to
the standard method (the dot-dashed green curve). In particular,
note that for the fixed number of false positives there are up
to three times fewer false negatives. Such a reduction in the
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TN/N, where TP are true positives, TN true negatives, while P and N are the number of positives and negatives, respectively.
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FIGURE 6 | ROC curves, CRP and FNR. The (A) and the (B) correspond, respectively, to the ROC curves for CRP and FNR. The true positive and the putative
negatives are as in Figure 3, and the convergent intergenic regions are used for the background distribution. Different tests which correspond to the shown ROC

number of false positives is expected, i.e., in accordance with the
hypothesis we presented above, since individual sites with high
PSWM scores can easily appear by random. On the other hand,
their appearance is automatically taken into account through the
background distribution, i.e., a potential target will be classified
as a hit only if the binding scores in the entire searched region
are enriched (overrepresented) with respect to the background
distribution.

Furthermore, we see that KS (the solid red curve) leads to
a higher detection accuracy compared to AD (the dashed black
curve). Moreover, KS test is also much (~400 times) faster in
predicting the direct targets. Consequently, in this application,
KS test is both faster and more accurate than AD. Note that this
runs opposite to the common paradigm, according to which AD
is slower, but more accurate compared to KS (Stephens, 1974).

To investigate the reason behind the (unexpected)
significantly higher accuracy obtained with KS method, in
Figure 5 we compare the sensitivity (the left panel) and the
specificity (the right panel) for KS and AD methods. The
comparison corresponds to the standard classification threshold
(P < 0.05) for both methods, and is provided for 6”° (analyzed in
Figure 4) and for CRP and FNR transcription factors (analyzed
in Figures 6, 7 below). We see that the sensitivity is high, and
about the same, for both methods (with AD displaying even
slightly larger sensitivity). On the other hand, in the right panel
of Figure 5, it can be seen that the specificity is much smaller for
AD method, which then leads to its lower accuracy compared
to KS method. To interpret this result, one should note that
we necessarily work with an approximation of the true null
distribution, e.g., the negative selection on non-sites in the
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convergent intergenic regions is likely not the same as in the
other intergenic regions, in which the target classification is
exhibited. Consequently, the main general advantage of AD
method, which is its large sensitivity, becomes a weakness in
this application, as small differences with respect to the null
distribution (that may also arise from its approximate nature),
are (conveniently) not captured by KS, but are classified as
statistically highly significant by AD test, leading to low AD
specificity (a large number of false positives).

Next, there comes a question if a combination of AD and KS
tests can provide an improved accuracy compared to either of
the two tests alone. With that respect, we made an algorithm
corresponding to a hybrid where the KS test is implemented
first to filter-out those upstream regions with clearly insignificant
P-values, i.e., regions where the actual distribution is clearly
too close to the null distribution. Afterward, AD is applied to
those regions with distributions that are more different to the
null distribution, for which AD performs better. From Figure 4,
we see that such AD-KS hybrid (the dashed blue curve) indeed
shows a substantially better accuracy compared to AD test alone,
and has a similar accuracy to KS test alone. This result is
consistent with the discussion above, i.e., when AD test alone
is used, a number of the upstream regions that are eliminated
by KS test, are falsely classified as targets by AD (since, due to
small specificity, AD proclaims even small difference between the
distributions as being significant). On the other hand, when in
AD-KS hybrid AD is applied only to those distributions that are
more different with respect to the null distribution (therefore
bypassing its main problem of low specificity), the accuracy
becomes similar to KS test. As an outlook, note that AD-KS
hybrid might be further improved by optimizing the threshold
for KS selection. We will further concentrate only on KS and
AD-KS tests, as they have a much better accuracy to AD test
alone.

We next come back to assessing KS approach for two more
standard binding score distributions (see Figure 1), exhibited by
CRP and FNR transcription regulators. We here construct the
positive and the putative negative sets in the same way as for 7,
i.e., the positives correspond to the intergenic regions where the
transcription regulator binding is experimentally shown, while
the putative negatives correspond to the sequences deep inside
the coding regions, where functional binding is not expected. The
corresponding ROC curves are shown in Figure 6.

For FNR (Figure 6B), we obtain similar results as for ¢7°,
i.e,, KS (and KS-AD hybrid) lead to a significantly better ROC
curve performance compared to the standard method (e.g., for
a fixed false negative number, there is a several times smaller
number of false positives for KS). On the other hand, we see
that for CRP the two curves (KS and the standard method)
have apparently similar performances, i.e., while the standard
method shows better performance at low false positive numbers,
it is outperformed by KS at higher false positives. The similar
performance of KS in the case of CRP is not surprising, i.e., is
likely a consequence of the fact that functional binding dominates
over non-sites in this case, as implied by the large PSWM score
overrepresentation exhibited in such case (see the upper left panel
in Figure 1). Consequently, the results in Figure 5 are in line with
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FIGURE 7 | Prediction accuracy for the standard classification thresholds. The
threshold in KS search is based on the estimated statistical significance (the
usual P = 0.05 threshold is taken). The threshold in the PSWM search
corresponds to the standard choice where most (98%) of the experimentally
determined binding examples would be recovered in the search. The
prediction accuracy for these two thresholds is shown for 67° (the left bars),
CRP (the central bars), and FNR (the right bars). The prediction accuracy is
calculated as (TP + TN)/(TP + FP + FN + TN), where TP (true positives), TN
(true negatives), FP (false positives) and FN (false negatives) are calculated for
the two methods at the corresponding threshold choices.

our main hypothesis that the main utility of KS approach is in
accurate classification of non-sites.

Statistical Significance and the

Classification Threshold

Independently from the ROC performance, KS has a significant
advantage of straightforwardly assigning statistical significance to
each predicted target, which is normally not available for standard
PSWM search (see Introduction). We here explore the utility
of such robust statistical significance estimate with the example
of assigning a classification threshold. With the KS approach a
natural threshold choice is provided by the P-value, typically set
to P = 0.05. As such a natural choice is normally not available
for standard PSWM search, the threshold is usually set so that
almost all (~98%) of the experimentally determined binding
sites from which PSWM is constructed are recovered in the
search. In Figure 7, we explore the search accuracy associated
with the two choices of the binding threshold, i.e., P = 0.05 for
KS method and the standard threshold (see above) for PSWM
search.

We see that the threshold based on KS significance estimate
leads to much higher prediction accuracy for 67° and FNR, which
is expected based on the significantly better ROC performance
of KS in these two cases (Figures 4, 6B). Moreover, in Figure 7
we also see notably higher prediction accuracy in the case of
CRP, where a similar ROC performance was observed for KS and
standard PSWM search (Figure 6A). Consequently, the notably
higher search accuracy for KS in the case of CRP observed in
Figure 7 is based on the more optimal choice of the classification
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threshold. This underlines the advantage of the threshold choice
based on the robust statistical significance measure.

CONCLUSION AND OUTLOOK

We here proposed a new computational approach to direct
regulatory target prediction. The approach is based on assessing
the significance of the difference between PSWM scoring
distributions, which correspond to the upstream genomic
regions, and the background distribution. As a consequence,
P-value is assigned to the entire upstream region, instead
of searching for individual high-scoring binding sites. We
implemented this approach through classical Kolmogorov-
Smirnov and Anderson-Darling tests, as well as through a
hybrid of these two approaches. Surprisingly, and contrary
to the current paradigm, we have seen that the approach
based on Kolmogorov-Smirnov test leads to a higher search
accuracy compared to Anderson-Darling based approach, while
also being (as expected) computationally less demanding.
While the hybrid approach has a substantially higher accuracy
compared to Anderson-Darling test, it does not outperform the
simpler Kolmogorov-Smirnov test. We interpreted this result by
Anderson-Darling test classifying small differences with respect
to the background distribution as true binding targets, leading to
low specificity of the approach.

We furthermore showed that the Kolmogorov-Smirnov based
approach leads to a substantially higher accuracy compared to
the standard approach, reducing the number of false positives
for several times. Moreover, a clear advantage of Kolmogorov-
Smirnov approach is that it straightforwardly assigns statistical
significance to any tested upstream intergenic region. We
demonstrated this advantage on the example of the classification
threshold, where we have seen that the robust significance
estimate provided by Kolmogorov-Smirnov leads to a much
more optimal threshold choice. We find that genomic regions,
where functional binding is not expected, provide better
background compared to randomized genomic regions. We here,
i.e,, for analysis of prokaryotic transcription regulation, used
convergent intergenic regions for background distribution. In
eukaryotes the choice of background distribution would be more
complicated and remains to be investigated, where one possibility
would be to take genomic sequences far from coding regions
(where there may not be much TFBS).

To prove this new concept in the direct regulatory target
prediction, we tested it in the case of pleiotropic bacterial
regulators. This allowed a more straightforward interpretation
of the obtained results, while testing the method on some of
the classical problems otherwise characterized by low prediction
specificity. As an outlook, the method proposed here is of a
general significance, and it will be in the future also implemented
in the more complicated case of direct target prediction for
eukaryotic transcriptional regulators. Moreover, while the model
was here applied in the context of PSWM, more complex models
which take into account interdependences of nucleotides in TFBS
were also developed (Eggeling et al., 2015; Kulakovskiy et al.,
2016; Nettling et al., 2017). While these methods lead to a

better performance in some cases, more often (simpler) PSWMs
perform better, which is likely due to overfitting, i.e., due to a
limited number of TFBS from which the model is trained (Benos
et al., 2002; Nguyen and Androulakis, 2009). Therefore, despite
the limitations of PSWMs, they are still the leading approach in
TFBS search (Nguyen and Androulakis, 2009; Fazius et al., 2011).
In any case, the new approach proposed here does not depend on
the scoring method (i.e., if a classical PSWM, or a higher order
model, is used), since the approach is based on comparing the
distributions of the scores (i.e., is not limited by how the actual
scores are calculated). Consequently, the KS approach proposed
here might present a general method of choice for efficiently and
accurately predicting target loci of transcription regulators.

MATERIALS AND METHODS

Defining the Upstream Genomic Regions
The E. coli intergenic sequences are divided in two groups, where
binding of transcription regulators is expected (other intergenic
regions) and not expected (convergent intergenic regions). The
other intergenic regions, and the convergent intergenic regions,
include, respectively, those that are located upstream of at least
one adjacent gene, and downstream of both of the adjacent genes.

For the positive set in 67° case, in KS, AD and KS-AD hybrid
searches, we take those E. coli intergenic sequences that contain
0’0 binding sites with experimental evidence from RegulonDB
database (Gama-Castro et al., 2011), which results in the total
of 263 upstream genomic regions. Similarly, for the positive set
in CRP and FNR case, we take these intergenic sequences with
experimental evidence of the regulator binding from RegulonDB
database. For the putative negative set, we use the same number of
sequences, with the same length, as those in the positive set, but
now sampled from ORF (coding sequences), where we exclude
50 bps at both 5" and 3" ends; this is done to exclude the flanking
sequences, in which 67° binding sites are sometimes located.

For obtaining the randomized distribution, an ensemble
of randomized sequences was constructed, by sampling all
trinucleotide probabilities in the intergenic regions. The
randomized sequences were searched, and the corresponding
randomized scoring distributions are obtained, in the same
manner as for the upstream genomic regions, which is further
described below.

PSWM Scoring Distributions

CRP and FNR PSWM were constructed from the binding sites
assembled in DPInteract database (Robison et al., 1998), through
the standard information-theory based procedure (Stormo,
2000). 670 PSWM were constructed starting from recent de novo
alignment (Djordjevic, 2011), where the promoter elements were
systematically aligned starting directly from the experimentally
determined TSS. Briefly, the alignment includes: —10 and —35
elements, spacer weights corresponding to variable spacer length
(between 15 and 19 bps), conserved sequences upstream of —10
element. PSWMs for CRP, ENR and ¢”° search are provided
in Supplementary Table 1. Scores were assigned to each DNA
segment in the upstream genomic and the randomized sequences
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using these PSWM, from which the corresponding scoring
distributions were generated.

KS, AD, and KS-AD Hybrid Based

Searches

For KS based search, one-sided Kolmogorov-Smirnov test was
used. For each tested upstream intergenic region PSWM score
distribution was generated as described above, and compared
with an appropriate background distribution whose CDF was
constructed. This comparison results in P-value and D score
for each tested upstream genomic segment. The threshold on
D scores was then moved in order to change the number
of false positives and false negatives, and construct the ROC
curves.

For AD based search, the MATLAB based routine ‘adtest’
was used, where PSWM score distributions corresponding to
upstream genomic region, and the background distribution were
compared. For each tested upstream genomic region, P-value and
AD test statistics (‘adstat’) was sampled. The ROC curves were
constructed based on ‘adstat’ scores.

For KS-AD hybrid search, KS and AD tests were implemented
as described above, with KS test used first to exclude the
upstream intergenic regions with low difference between the
two distributions. A liberal P-value threshold of 0.5 was used
in this exclusion, so that only the upstream genomic regions
with very low significance are eliminated by KS test. The rest
of the upstream regions are then subjected to AD test, which
is used to calculate P-value and AD test statistics. The codes
for KS, AD and KS-AD hybrid approaches are available upon
request.
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Successful Establishment of
Plasmids R1 and pMV158 in a New
Host Requires the Relief of the
Transcriptional Repression of Their
Essential rep Genes
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Investigaciones Cientificas, Madrid, Spain

Although differing in size, encoded traits, host range, and replication mechanism, both
narrow-host-range theta-type conjugative enterobacterial plasmid R1 and promiscuous
rolling-circle-type mobilizable streptococcal plasmid pMV158 encode a transcriptional
repressor protein, namely CopB in R1 and CopG in pMV158, involved in replication
control. The gene encoding CopB or CopG is cotranscribed with a downstream gene
that encodes the replication initiator Rep protein of the corresponding plasmid. However,
whereas CopG is an auto-repressor that inhibits transcription of the entire copG-repB
operon, CopB is expressed constitutively and represses a second, downstream promoter
that directs transcription of repA. As a consequence of the distinct regulatory pathways
implied by CopB and CopG, these repressor proteins play a different role in control of
plasmid replication during the steady state: while CopB has an auxiliary role by keeping
repressed the regulated promoter whenever the plasmid copy number is above a low
threshold, CopG plays a primary role by acting coordinately with RNAIl. Here, we have
studied the role of the regulatory circuit mediated by these transcriptional repressors
during the establishment of these two plasmids in a new host cell, and found that excess
Cop repressor molecules in the recipient cell result in a severe decrease in the frequency
and/or the velocity of appearance of transformant colonies for the cognate plasmid but
not for unrelated plasmids. Using the pMV158 replicon as a model system, together
with highly sensitive real-time gPCR and inverse PCR methods, we have also analyzed
the effect of CopG on the kinetics of repopulation of the plasmid in Streptococcus
pneumoniae. We show that, whereas in the absence of CopG pMV158 repopulation
occurs mainly during the first 45 min following plasmid transfer, the presence of the
transcriptional repressor in the recipient cell severely impairs the replicon repopulation
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Cop Proteins in Plasmid Establishment

and makes the plasmid replicate at approximately the same rate as the chromosome at
any time after transformation, which results in maximal plasmid loss rate in the absence of
selection. Overall, these findings indicate that unrepressed activity of the Cop-regulated
promoter is crucial for the successful colonization of the recipient bacterial cells by

the plasmid.

Keywords: plasmid repopulation, establishment phase replication, R1 replicon, pMV158 replicon, Cop
transcriptional repressors, plasmid replication rate

INTRODUCTION

Plasmids specify replication control systems that enable them
to maintain a characteristic steady-state concentration (copy
number) in their host cell. These regulatory systems are frans-
acting and can sense and correct stochastic up and down
fluctuations of the plasmid copy number in individual cells.
By adjusting the replication initiation rate in response to
changes in the intracellular plasmid concentration, control
systems manage to keep the steady-state condition, where every
plasmid copy replicates, on average, once per cell generation
(Nordstrom, 1990). Steady-state control of plasmid replication
has been analyzed at a deep level and a variety of different
regulatory circuits have been mechanistically characterized (del
Solar and Espinosa, 2000; Das et al., 2005; Nordstrom, 2006).
Antisense RNA (asRNA)-mediated control of plasmid replication
is widely spread in theta- and rolling circle-replicating plasmids
from Gram-positive and Gram-negative bacteria (del Solar
and Espinosa, 2000; Brantl, 2014). The small regulatory RNAs
involved in control of plasmid replication and copy number are
bona fide (ie., cis-encoded) asRNAs, as they are encoded on
the DNA strand opposite to an RNA essential for replication
initiation, namely a pre-primer or an mRNA for the replication
initiator protein (Rep). These asRNAs base-pair to their target
(sense) RNA to inhibit its function and/or the completion of its
synthesis through a variety of mechanisms, including inhibition
of primer maturation, transcription attenuation, prevention of
formation of a translation activator RNA pseudoknot, and
inhibition of translation of either rep or a leader-peptide
reading frame to which rep is translationally coupled (del Solar
and Espinosa, 2000; Brantl, 2014). Most frequently, asRNAs
controlling plasmid replication are metabolically unstable, trans-
acting inhibitory elements, whose synthesis is directed by
unregulated and strong promoters. These features enable them to
sense and correct rapidly up and down fluctuations of the plasmid
copy number in individual cells (del Solar and Espinosa, 2000;
Wagner et al., 2002; Brantl, 2014).

Although the asRNA is the sole replication control element
in some plasmids (pT181 family, IncB/Incla family, ColE2),
it is accompanied, in others, by a regulatory protein that acts
either as a transcriptional repressor (Cop proteins in R1, Incl8,
and pMV158 families) or as an RNA-binding protein (Rom/Rop
protein in ColEl-like plasmids) (del Solar and Espinosa, 2000;
Brantl, 2014). Rom/Rop and CopB of ColEl- and Rl-like
replicons, respectively, have been largely considered as mere
auxiliary elements because of their rather secondary role in
the steady-state plasmid replication control, when the activity

of these proteins is almost saturating (Nordstrom et al., 1984;
Rosenfeld and Grover, 1993; Atlung et al., 1999; Summers, 2009).
In contrast, efficient replication control of plasmids of the Inc18
and pMV158 families requires the coordinated participation of
the asRNA and of the transcriptional repressor Cop protein,
both elements playing a primary regulatory role (del Solar and
Espinosa, 2000; Brantl, 2014).

Plasmid R1, originally isolated from Salmonella enterica
serovar Paratyphi, is a low-copy-number, multiresistance,
conjugative plasmid of the IncFII incompatibility group. It has
a narrow host-range restricted to the Enterobacteriaceae family.
The R1 elements and circuits involved in steady-state plasmid
replication control and maintenance have been studied in great
detail (Nordstrom et al., 1984; Olsson et al., 2004; Nordstrom,
2006). In addition to the origin of replication (oriRI), the
R1 basic replicon includes the repA gene for the replication
initiator protein and the two replication control genes, copB
and copA, encoding, respectively, the transcriptional repressor
CopB protein and the CopA asRNA (Figure1). The RepA
protein is rate limiting for initiation of replication. The essential
repA gene is transcribed from two promoters, namely Pcopp
and Prpa. The upstream Pg,pp promoter directs constitutive
transcription of copB, tap (the leader peptide reading frame)
and repA, which is translationally coupled to tap. Transcription
from the downstream CopB-regulated Prps promoter gives rise
to the shorter bicistronic tap-repA mRNA (Figure 1). When
unrepressed, the Prpa promoter is about twice as strong as
Pop; although under normal conditions during the steady-state
plasmid replication, P4 is almost totally (90%) switched off
by CopB-mediated repression (Olsson et al., 2004). Since CopB
acts as a tetramer (Riise and Molin, 1986), the activity of Prepa
is likely to be strongly dependent on plasmid concentration. It
has been shown that the presence of extra copies of copB in
trans, which further reduces the already low activity of Prepa,
increases 7-fold the rate of loss of a Par™ derivative of the R1 basic
replicon (Olsson et al., 2004). The steady-state activity of Prepa
is thought to stabilize the plasmid inheritance both by speeding
up R1 replication in cells with very few plasmid copies (thus
decreasing the frequency of these cells) and by slightly increasing
the average plasmid concentration. CopB also plays a main role
in the coupling between the kis-kid auxiliary maintenance system
and the basic replicon of the plasmid (Lopez-Villarejo et al.,
2015). The switch of this coupling is the antitoxin Kis, whose
levels decrease in cells with lower-than-average plasmid copy
number. Decrease of Kis concentration activates the Kid toxin,
which is an RNase with two efficient target sites in the intergenic
region of the copB-repA mRNA (Pimentel et al., 2005). Cleavage
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FIGURE 1 | Schematic comparison of the mechanisms controlling expression
of the essential rep gene in R1 and pMV158. In R1, repA is transcribed from
Pcops @nd Prepa promoters, and CopB represses transcription from the
stronger Prgpa promoter. Gene copA, which encodes an asRNA, overlaps the
intergenic region of the copB-tap-repA operon. CopA exerts an indirect control
on repA translation by inhibiting synthesis of Tap protein, to which RepA
synthesis is coupled. In pMV158, the copG-repB operon is transcribed from
the P¢r promoter, which is negatively regulated by transcriptional repressor
CopG. asRNAI, transcribed from Py promoter, binds to its complementary
sequence in the copG-repB mRNA, thus inhibiting translation of the replication
initiator repB gene.

at these sites reduces the CopB levels, which leads to activation of
Prepa and subsequent increase in plasmid replication efficiency.
Hence, the kis-kid system coupled to the CopB-mediated loop
functions as a safety device when the plasmid copy number is very
low.

Promiscuous plasmid pMV158 was originally isolated from
a clinical strain of Streptococcus agalactiae (Burdett, 1980)
and subsequently transferred to a large number of bacterial
genera and species. The detailed analysis of its replicon has
made pMV158 the prototype of a vast family of rolling
circle-replicating plasmids (Ruiz-Masé et al., 2015; Boer et al,,
2016). The pMV158 basic replicon includes a compact region
containing the double-strand origin (dso) (Ruiz-Masé et al.,
2007) as well as the genes that encode the replication initiator
protein (RepB) (Ruiz-Maso et al., 2004; Boer et al., 2009) and
the two replication control elements (transcriptional repressor
CopG and asRNA RNAII) (del Solar et al., 1995; Gomis-
Riith et al, 1998; Hernandez-Arriaga et al, 2009; Loépez-
Aguilar et al., 2015) (Figure1). Like the rep gene product of
R1, RepB of plasmid pMV158 is the rate-limiting factor for
the replication initiation process. Unlike R1, the streptococcal
plasmid expresses the essential rep gene from a single promoter
(P¢r), which directs cotranscription of the copG-repB operon
and is subjected to CopG-mediated regulation (del Solar et al.,
1990) (Figure1). In the unrepressed state, P, seems to be
even stronger than promoter Py that directs synthesis of
countertranscript RNAII, a situation that contrasts with the
plasmid replication control systems based exclusively on asRNA,
where the transcription rate of the essential RNA is constant
but rather low compared with that of the asRNA (del Solar
and Espinosa, 2000). Unsuccessful repression of promoter P,
in pMV158 derivatives encoding a defective CopG repressor

leads to a 5-fold increase in the plasmid copy number (del
Solar et al.,, 1990, 1995). On the other hand, the presence in
trans of high dosages of the autoregulated copG gene has been
shown to decrease by ~35% the steady-state copy number
of the pMV158 replicon in S. pneumoniae (del Solar et al.,
1995).

Despite the quite deep current knowledge about the
involvement of the Cop transcriptional repressors in the
control of the steady-state plasmid replication, very little
has been reported so far on their role in the establishment
phase replication. The Cop regulatory elements have
been proposed to play an important role during plasmid
establishment in a new bacterium based on the fact that
the Cop-regulated promoter, when unrepressed, determines
high transcription rates of the essential rep gene (del Solar
et al., 1990, 1995; del Solar and Espinosa, 2000; Olsson et al.,
2004; Brantl, 2014). Yet, only non-published results have
been invoked in a few articles to suggest the involvement
of the Cop regulatory loops of pMV158 and Rl in the
establishment phase replication of these plasmids (Nordstrom
and Nordstrom, 1985; del Solar and Espinosa, 2000; Olsson et al.,
2004).

In this work, we have analyzed the effect of the Cop proteins
of R1 and pMV158 on the establishment of these plasmids.
To this end, we have electrotransferred a mini-R1 derivative
(pKN1562) to Escherichia coli and Salmonella Typhimurium
(S. Typhimurium hereafter) cells that either contain or lack a
compatible recombinant plasmid encoding CopB. Similarly, we
have transferred pLS1 (a mob~ derivative of pMV158, Lacks
et al., 1986) to naturally-competent pneumococcal cells and to
electrocompetent cells of Staphylococcus aureus either containing
or lacking a compatible recombinant plasmid encoding CopG.
We show that, irrespective of the system employed, the presence
of these proteins in the recipient cell selectively impairs the
establishment of the cognate plasmid, resulting in a decrease in
the frequency of total or early transformant colonies. By using
the pneumococcal host as a model system, we also show that
repopulation of the pMV 158 replicon is almost abolished when
autoregulated copG is supplied in trans at a high gene dosage.

MATERIALS AND METHODS

Bacterial Strains and Plasmids

Bacterial strains employed, and their uses for this work, are
summarized in Table 1. Plasmid constructions used throughout
this study, as well as their relevant features, are listed in
Table 2. S. pneumoniae 708 was the host for pLS1, pLSlcop7,
pC194, pCGA3, pCGA3n, pCGA30, and pAMP1 plasmids.
Pneumococcal cells were grown at 37°C in AGCH medium
(Lacks et al., 1986) supplemented with 0.3% sucrose and
0.2% yeast extract. S. aureus RN4220 was the host for pLS1,
pT181cop608, pC194, pCGA3, pCGA3n, and pCGA30 plasmids.
Staphylococcal cells were grown at 37°C in brain heart infusion
medium (BHI, Difco). E. coli C600 and S. Typhimurium SL1344
were the hosts for pUC18-copB, pKN1562, and pACYC184
plasmids; cells were grown at 30°C in Lysogeny broth (LB)
medium.
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TABLE 1 | Strains used in this studly.

Bacteria

Bacteria Characteristics Source

Escherichia coli C600
Salmonella Typhimurium

K12 derivate
Wild-type strain

Appleyard, 1954
Hoiseth and Stocker,

SL1344 1981 NC_016810.1
Staphylococcus aureus Restriction-deficient mutant ~ Kreiswirth et al., 1983
RN4220 of strain 8325-4

Streptococcus end-1 exo-1 trt-1 hex-4 Lacks and Greenberg,

pneumoniae 708 malM594 1977

Plasmidic and Genomic DNA Preparations
Plasmidic DNA (pDNA) content from pneumococcal
transformants was analyzed by preparing total DNA crude
extracts as described (del Solar et al, 1987). These DNA
preparations were also used to estimate the relative plasmid copy
number from the ratio between the intensities of the plasmid and
chromosome DNA bands quantified for the plasmid of interest
relative to a plasmid control whose copy number has been
precisely determined, after correcting for the difference in size of
both plasmids (del Solar et al., 1995). Plasmids pLS1, pLSlcop7,
pC194, pCGA3, pCGA3n, and pCGA30 were isolated from §.
pneumoniae 708 and purified by two consecutive CsCl/ethidium
bromide density gradient centrifugations, as described (Lacks
et al., 1986). Plasmid pAMP1 was isolated from S. pneumoniae
708 and purified by alkaline lysis as described (Stassi et al., 1981).
Plasmid pT181cop608, isolated from S. aureus RN4220, and
plasmids pKN1562, pUC18-copB, and pACYC184, isolated from
E. coli C600, were purified using a Jetstar Plasmid Midiprep Kit
(Genomed). pDNA content from staphylococcal transformants
was analyzed by the same alkaline lysis method used for S.
pneumoniae. In both midipreps and alkaline lysis procedures
lysostaphin (50 jug/ml) was added to the cell resuspension buffer
in order to facilitate staphylococcal cells lysis.

Genomic DNA (gDNA) used as template for real-time
quantitative PCR (qPCR) and inverse PCR (iPCR) was isolated
from pneumococcal cultures in exponential growth phase, which
was determined by measurement of optical density at 650 nm.
The DNA was extracted from cells of S. pneumoniae 708 with
different plasmid content by using the Wizard® Genomic DNA
Purification Kit (Promega) optimized for S. pneumoniae. Cells
resuspended in 50 mM EDTA were incubated with 0.04% of
deoxycholate and 0.1 mg/ml of Proteinase K for 10 min at 37°C.
Next, and before proceeding with the lysis step, the cellular
suspension was quickly frozen on a mixture of dry ice and
ethanol and stored at —80°C. With this method, aliquots taken
at different time intervals were processed simultaneously from
the lysis step. Moreover, 0.05 pg/ml of glycogen (molecular
biology grade) was added in the isopropanol precipitation step
to facilitate gDNA recovery from diluted samples. Contrarily
to the samples where no glycogen was added, the gDNA yield
of the samples treated with glycogen was found to be nearly
proportional to the total amount of lysed cells. Concentration of
the gDNA was determined with a Qubit fluorometer by using the
Qubit HS dsDNA Assay Kit (Molecular Probes).

Purified gDNA was digested with EcoRl, a restriction enzyme
that linearizes the pLS1 DNA but leaves intact the plasmidic
and chromosomal amplicons (i.e., the DNA segments to be
amplified in the qPCR assays). This method has been developed
to obtain accurate gPCR-based copy number results for plasmids
(Providenti et al., 2006).

Calculation of the Experimental Plasmid
Loss Rate

The experimental loss rate (Lex) of pLS1 and pLSlcop7 in
newly transformed pneumococcal cells was calculated from the
equation (Gerdes et al., 1985):

T/TO = (1 - Lex)n> (1)
where T and T are, respectively, the fractions of transformants
ab initio and after n generations. This equation can be converted
into a linear function by taking logarithms,

log (T/To) =log (1 — Lex)n, 2
where log(1-L,y) is the slope of the linear regression fit in the plot

of the experimental values of log(T/Tj) against the number of cell
generations ().

Transformation of Bacterial Species with

Plasmid DNA

Transformation of E. coli C600 and S. Typhimurium
SL1344 cells was performed by electroporation essentially
as described (Dower et al., 1988). Competent cultures of E.
coli C600 and S. Typhimurium SL1344 and those of the same
strains harboring pUC18-copB as the resident plasmid were
transformed with 0.2 pg of plasmid DNA of pKN1562 or
pACYC184. Transformants were grown on LB-agar plates
with antibiotic selection according to the resistance carried
by the plasmids: 50 pg/ml of kanamycin (Km) for pKN1562,
50 wg/ml of ampicillin (Amp) for pUC18-copB, or 20 pg/ml
of chloramphenicol (Cm) for pACYC184. Competent cells
of S. aureus RN4220 were prepared and transformed by
electroporation following the procedure depicted in Augustin
and Gotz (1990). Competent staphylococcal cultures (50 pl)
harboring pC194, pCGA3, pCGA3n, or pCGA30 as the resident
plasmid were transformed with 0.5 g of DNA of the donor
plasmid (pLS1 or pT181). After allowing for phenotypic
expression (60 min), all cultures were treated for 30 min with
0.5 pg/ml of tetracycline (Tc), a sub-inhibitory concentration of
the antibiotic that allows induction of the pT181 fet gene. Cells
transformed with pLS1 or pT181 were selected on BHI-agar
plates containing 5 pg/ml of Tc, for selection of the entering
plasmid, and 3 pg/ml of Cm, for resident plasmid selection.
Competent cells of S. pneumoniae 708 were prepared and
transformed as described (Lopez et al., 1982). Three independent
lots of naturally competent cells were prepared from each of
the four different strains harboring pC194, pCGA3, pCGA3n,
or pCGA30 as the resident plasmid. Since the development
of pneumococcal competence is influenced by many factors
(Attaiech et al.,, 2015), including the exact composition of the
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TABLE 2 | Plasmids used in this study.

Plasmids

Plasmids Characteristics Antibiotic marker Copy number Source
pACYC184 Plasmid vector containing the minimal p15A replicon cmR TR ~152 Chang and Cohen, 1978
PAMB1 Conjugative plasmid from Enterococcus faecalis DS5 EmR ~7° Leblanc and Lee, 1984
pCGA3 copG cloned in the high copy number vector pC194 cmR ~200° del Solar et al., 1995
pCGA3Nn copG cloned in the medium copy number vector pC194n cmi ~258 del Solar et al., 1995
pCGA30 pCGAB derivative with a 48-bp deletion that includes the—10 cmi ~200° del Solar et al., 1993

sequence of the Pgr promoter, and the SD sequence and the two first

codons of copG.
pC194 Rolling circle replicating plasmid from S. aureus cmR ~200° del Solar et al., 1995
pKN1562 Wild-type mini-R1 plasmid carrying the wt kis-kid system KmP 1-2 Molin et al., 1979
pLS1 Non-mobilizable pMV158 derivative plasmid (AmobM, AssoU) TcR 46.0 + 5.00d Stassi et al., 1981
pLS1cop7 pLS1 copy-up mutant TcR 182.1 4+ 15.5¢d del Solar et al., 1990
pT181-cop608 pT181-based high copy number mutant plasmid TcR 800-1 ,OOOb Rasooly et al., 1994
pUC18- copB copB cloned in the high copy number vector puC18 AmpR ~5002 Lopez-Villarejo et al., 2015

Plasmid copy number (PCN) determined in E. coli C600?, S. aureus®, and S. pneumoniae®, “PCN determined by RT-gPCR in this work (+ standard error), ¢Approximate PCN value
estimated by comparative quantitation of total DNA extracted from pneumococcal strains containing the target plasmid or the control pLS1 plasmid; PCN of the latter has been

determined by RT-gPCR.

semi-defined AGCH culture medium, the 12 competent cultures
were each tested for their level of competence by transformation
with chromosomal DNA from a strain able to grow in maltose.
Although the transformation efficiency for maltose utilization
varied significantly from lot to lot of competent cells of the same
strain, the level of competence for chromosomal transformation
of the competent cells prepared in parallel was, consistently, 1.5
to 2-, 2 to 3-, and 4 to 5-fold higher for the strains containing
pCGA30, pCGA3n, and pCGA3, respectively, than for the
strain harboring pC194. The reason for the apparent increase
in the natural competence of S. pneumoniae when the DNA
of gene copG is present has not been investigated yet. Cultures
(1 ml) of competent pneumococcal cells were transformed with
0.25 g of DNA of the donor plasmid (pLS1 or pAMB1). After
allowing for phenotypic expression (70 min), cultures were
induced with 0.5 pg/ml of Cm for 20 min. Transformants were
selected using agar plates containing 1 pg/ml of Tc for pLSI or
1 pg/ml of erythromycin for pAMB1. In these plates, selection
for the resident plasmid (3 pg/ml of Cm) was maintained.
Since pneumococci grow best when protected from air, the
basal AGCH-agar layer containing the cells was overlaid with
AGCH-agar medium.

Repopulation Kinetics Assays

For repopulation kinetics experiments, cultures of competent
pneumococcal cells harboring pCGA3 and pCGA30 were
subjected to a modified version of the transformation procedure
described in Lopez et al. (1982) that yielded 10-fold higher
competence levels. Competent cultures (ODgsp = 0.3) were
diluted 1/20 in 10 ml of AGCH medium supplemented with 0.3%
of sucrose, 0.001% of CaCl, and a sub-inhibitory concentration
of Cm (0.5 pg/ml), in order to keep the induced expression of
the cat gene. The cells were cultured at 37°C to an ODgsp of
0.3, and the cultures were cooled to 30°C for 15 min. Then,
the cells were transformed with 2 g of DNA of the pMV158

derivative (pLS1 or pLSlcop7) by incubation for 30 more min
at the same temperature. To stop the transformation process,
pancreatic DNase I was added to a final concentration of 2 pg/ml,
and the incubation at 30°C was prolonged for 20 more min. Next,
the cultures were diluted 1/10 in pre-warmed (37°C) AGCH
medium supplemented with 0.3% sucrose, 0.2% yeast extract
and 0.5 pg/ml of Cm, and incubated at 37°C up to 150 min.
Immediately after dilution, and at the indicated time intervals,
10 and 0.1-ml aliquots of the cultures were withdrawn and used,
respectively, to extract the gDNA and to determine the number
of total viable cells (c.f.u./ml) and the fraction of transformants.
Transformants were selected in three-layered AGCH-medium
agar plates containing 3 pg/ml of Cm and 1 pg/ml of Tc. Cells
were deposited in the basal layer that was overlaid with a second
layer of AGCH-agar medium. The plates were then incubated at
37°C for 2 h before antibiotics for selection were included in the
third layer and spread across the rest of the plate by diffusion.

No-transformation control experiments were also performed
to ensure that plasmid DNA amplified by real-time qPCR arose
from the transformed cells and was not contaminant DNA
that escaped from the DNase I digestion. For this purpose,
we followed the same transformation procedure as described
above but adding simultaneously 2 pg of pLSlcop7 DNA and
DNase I (2 pg/ml), in order to avoid transformation. Aliquots
of 10 ml of the no-transformed cultures were taken immediately
after dilution and after 30 min of incubation at 37°C. These
cell aliquots were processed as described to obtain gDNA. In
all cases, before proceeding with the gDNA isolation protocol,
cells were washed with 10 ml of 1X PBS (phosphate-buffered
saline).

The total number of cell generations (n) was calculated
according to the following equation:

n = log(V/Vy)/log2, (3)
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where V is the number of viable cells (c.f.u.) at any of the times
analyzed and V is the initial value of viable cells.

A similar expression was used to calculate the number of

gDNA duplications (Dc) at a given time interval (ti-tf):

D‘fi*j = log(gDNAj/gDNAi)/logZ, (4)

where gDNA; and gDNA; are the amounts (ng) of gDNA obtained

(after precipitation in the presence of glycogen, see above) at the
times #j and i, respectively.

Determination of the Copy Number of a
Specific pMV158 Amplicon Relative to a
Chromosomal Amplicon in Transformed
Pneumococcal Cells by gPCR

Two primer sets specific to the PcrA helicase single-copy
reference gene (pcrA) of S. pneumoniae R6 (Hoskins et al., 2001)
and to the tetracycline resistance TetL protein gene (tetL) of
pMV158 were designed. Oligonucleotide primers sets (Table 3)
were designed with Primer3 v0.4.0 (Koressaar and Remm,
2007; Untergasser et al., 2012) based on the pLS1 sequence
(NC_010096.1) and on the S. pneumoniae R6 (NC_003098.1)
pcrA sequence. Criteria used during primer design were that
primers had predicted Tm of ~59°C and that they generated
amplicons ~140 bp in length.

qPCRs were conducted in a total volume of 20 pl using
a LightCycler® 96 real-time detection system (Roche) and
the FastStart Essential DNA Green Master (Roche), as per
manufacturer’s recommendations. Decimally diluted EcoRI-
digested gDNA preparations (14, 1.4, 0.14 ng per reaction)
were analyzed using 0.5 WM (final concentration) of the specific
forward and reverse primers of either primer-pair used (Table 3).
To prepare the reactions and minimize pipetting errors 2 pl of
template DNA were added to individual qPCRs. Thermal cycling
conditions were as follows: initial denaturation at 95°C for 5 min,
followed by 40 cycles of 95°C for 10 s (denaturation), 59°C
for 30 s (primer annealing), and 72°C for 20 s (elongation). A
melting curve analysis of the PCR products, with a temperature
gradient of 0.1°C/s from 59 to 95°C, was performed to confirm
the purity and specificity of the PCR products. Two independent
qPCR trials were conducted for each template source. In each
trial, triplicate samples of the three different amounts of template
were analyzed. Control samples without template DNA were also
analyzed.

Relative copy number (CN) of the pMV158 amplicon was
calculated using equation:

ON = (14 Epora) " /(1 + B, (5)
where Epcra and Epep are, respectively, the PCR amplification
efficiencies of the chromosomal and plasmid amplicons, and
Ctpera and Ctyeqr are the mean threshold cycle values obtained for
the corresponding amplicons. A CN value was calculated for each
of the three template concentrations analyzed, and the mean and

standard deviation of the six values (two independent trials with
three different template concentrations each) were determined.

E values of target (Eyer) and reference (Epcr4) sequences were
empirically calculated for each qPCR trial. For that purpose,
mean Ct values were plotted against the logarithm of the amount
of total DNA template in the assay. From the slope of the
curve generated by linear regression of the plotted points, the
PCR amplification efficiency was determined according to the
equation:

E= lo—l/slope —1, (6)
Although the E values for both amplicons were higher than
0.9, we have chosen Equation (5) to calculate the relative copy
number of the plasmid amplicon as it allows taking into account
the slight differences between Erger and Ejeference that we have
observed.

Determination of the Relative Amount of
Circular Plasmid DNA in Transformed

Pneumococcal Cells by iPCR

The plasmidic DNA (pDNA) present in the gDNA isolated from
the transformed pneumococcal cells was used as template to
perform an inverse PCR protocol with a primer set of divergent
oligonucleotides. iPCR was performed using the Phusion
High Fidelity (HF) (Thermo Scientific) DNA polymerase.
Amplification reactions (20 pl) contained 0.7 ng of gDNA and
0.5 pM of the specific forward and reverse primers (Table 3).
Thermal cycling conditions comprised 25 cycles (98°C for 10 s,
59.5°C for 30 s, and 72°C for 1 min and 25 s) plus a final extension
step of 10 min at 72°C. The amplification reaction yielded a linear
dsDNA fragment corresponding to almost the entire pLS1cop7
plasmid. The products of iPCR were analyzed on 0.8% agarose
gels, stained with GelRed (Biotium), and quantified with the aid
of a Gel Doc (BIO-RAD) system. At least three gels with DNA
products obtained in each of three independent iPCR assays were
analyzed. In vitro DNA amplification in these iPCR assays was
based on equation:

P = Py(1 + E)S, (7)
where P and Py are, respectively, the amount of amplified linear
pDNA product and the initial amount of template pDNA in the
gDNA used for the amplification reaction; E is the amplification
efficiency, and C is the number of cycles. Irrespective of the
gDNA concentration used, the ratio between P and Py is kept
constant for a given C provided there is no exhaustion of the
primers and dNTPs required for DNA synthesis (and hence E
is kept constant). We then confirmed that the employed iPCR
conditions fulfilled this requirement for gDNA concentrations
ranging from half to twice that used for the analysis of the kinetics
of plasmid repopulation.

On the other hand, we have defined the relative plasmid
amplification occurring in the transformants during the time
interval ¢;-; as the ratio between the relative numbers of plasmid
molecules (with respect to the total gDNA) at times #; and
ti, which can be estimated from the intensity of the bands
corresponding to the linear pPDNA products obtained in the iPCR
assays using the same amount of gDNA extracted at different
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TABLE 3 | Oligonucleotides used in this study.

Target Accession No. Sequence (5'-3')2

Length (nt) Primer position Product size (bp)

Sequence of primers used for real-time qPCR

pCrA NC_003098.1 F: GAGTTGGTTGAGTCCGTCCT
R: TGTCACATCCGTGGTGTCAT
tetl NC_010096.1 F: TGCGAGTACAAACTGGGTGA

R: ACCCAATTACCGACCCGAAA
Sequence of primers used for iPCR
del-5 NC_010096.1
dso2 NC_010096.1

F: GTTTGAGGCTCGTCAAATC
R: CAGCTCTAAGGCTAAAGGCG

20 980570-980589 144
20 980713-980694

20 1879-1898 146
20 2024-2005

19 514-532 4403
20 508-489

aF and R indicate forward and reverse primers, respectively.

times after transformation. Considering that, in the time interval
ti to tj, the plasmid replication rate (i.e., the ratio of pDNA
duplications, Dp, to gDNA duplications, D¢,) has a value of R,
the relative plasmid amplification in this interval is given by the
following equation:

Pltj/Plti — obr /ZDC — 2(RDc*Dc) — ZDc(Rfl)’ (8)
where Pltj and PI;; are the relative intensities of the amplified
pDNA products at times ¢ and t;, respectively. Equation (8) can
be converted into a linear function by taking logarithms:

log(Pltj/Pl,,.) = Dc (R—1)log2, 9)
therefore, the R value in the time interval ¢; to ¢; was calculated
from the equation:

R = (log(Pl;/Pl;)/Dclog2) + 1 (10)
Statistical Analysis
ANOVA was run to determine whether experimental Q ratios

differed among groups of staphylococcal strains (p-values < 0.05
were considered significant).

RESULTS

The Presence of the Cop Repressor
Protein of R1 or pMV158 in the Recipient
Cell Decreases the Frequency and/or the
Velocity of Appearance of Colonies

Transformed with the Cognate Plasmid

To know whether an initially unrepressed transcription of the
essential rep gene is required for successful establishment of
plasmids R1 and pMV158 in a new cell, we compared the
efficiencies with which recipient cells that contain or lack the
Cop transcriptional repressor of either plasmid were transformed
in parallel with plasmids harboring the cognate replicon or an
unrelated replicon. It is worth noting that the incoming plasmids
carry their own cop genes, and hence these assays aim to analyze
the importance of the recipient cells having the Cop protein
already synthesized upon plasmid entrance.

The existence of a specific effect of R1 CopB on the
establishment of the cognate plasmid was tested by transforming
either plasmid-free or pUC18-copB-carrying E. coli C600 and
S. Typhimurium SL1344 (WT) cells with DNAs of plasmids
pKN1562 (a mini-R1 derivative) or pACYC184 (harboring the
Rl-unrelated p15A replicon), both of which are compatible
with the pUC18 replicon. Plasmid pUC18-copB provides in
trans a very high dosage of the copB gene cloned under
control of its own constitutive promoter. When S. Typhimurium
cells were transformed with pACYC184, similar transformation
efficiencies were obtained irrespective of the presence of CopB
in the recipient bacteria (Figure 2A). Also, the frequency of
transformation of S. Typhimurium cells lacking CopB with
pKN1562 was basically the same as with the pl15A-derivative
plasmid (Figure 2A). Contrarily, the presence of CopB most
severely impaired the efficiency of transformation with the
cognate plasmid containing the R1-replicon, as no transformant
colonies appeared within 24 h of incubation of the plates
(Figure 2A). The drastic and specific effect of CopB on the
establishment of the R1 replicon was also observed in E.
coli, where the presence of resident pUC18-copB reduced by
more than two orders of magnitude the number of colonies
transformed with pKN162, without affecting the efficiency of
transformation with pACYC184 (Figure 2B).

With respect to the pMV158 system, its CopG repressor
protein was also shown to significantly impair the establishment
of the plasmid, although a differential effect was observed
between S. pneumoniae and S. aureus (Figure3). In these
assays, resident plasmids pC194, pCGA30, pCGA3n, and pCGA3
provided no copG, inactive copG and medium and high dosages
of the autoregulated active copG gene, respectively (see Table 2).
The specific effect of CopG on the establishment of pMV158 in
a new cell was analyzed by comparing the efficiency with which
recipient strains containing each of these resident plasmids were
transformed in parallel with the pMV158-derivative plasmid
(pLS1) and with a pMV158-unrelated plasmid (pAMB1 in S.
pneumoniae and pT181-cop608 in S. aureus).

In the pneumococcal host, the plasmids whose establishment
was to be analyzed were introduced by natural transformation,
a horizontal gene transfer mechanism that requires the
development of a transient physiological property named
competence. Many different factors have been shown to affect
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FIGURE 2 | The presence of excess CopB in the recipient cell dramatically and specifically decreases the efficiency of transformation with the R1 replicon. The vertical
bar graphs show the number of transformant colonies per ml that appeared after transforming either plasmid-free or pUC18-copB-carrying S. Typhimurium (A) and E.
coli (B) cells with DNAs of plasmids pKN1562 (a mini-R1 derivative) or pACYC184 (harboring the R1-unrelated p15A replicon), both of which are compatible with the
pUC18 replicon. The same volumes were plated for all transformed cultures; by plating this volume, 500-1,000 p15A-transformant colonies were counted.
Transformant colonies were counted after incubation for 24 h at 30°C. The asterisk in (A) indicates the absence of transformants after transforming S. Typhimurium
SL1344 carrying pUC18-copB with pKN1562. The ratio (Q) between the number of transformants per ml obtained with pKN1562 and that obtained with pACYC184
is indicated in the graphs on the right of the corresponding vertical bars.
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FIGURE 3 | The presence of CopG in the recipient cell decreases the frequency or the velocity of appearance of transformants for the pMV158 replicon in a selective
and dosage-dependent manner. (A) The vertical bar graph shows the frequency of transformants after transforming S. pneumoniae harboring different plasmids with
pLS1 (pMV158 replicon) or pAMB1 (pMV158-unrelated replicon). The resident plasmids provided no copG (pC194), inactive copG (pCGA30), and medium and high
dosages of active copG gene (pCAG3n and pCGA3, respectively). The ratio (Q) between the frequency of transformants colonies obtained with pLS1 and that
obtained with pAMB1, counted after 60 h of incubation at 37°C, is indicated on the top of the corresponding vertical bars. (B) S. aureus cells, harboring the same set
of plasmids as described in (A), were transformed with plasmids containing the replicon of either pMV158 or pT181. Vertical bars represent the frequency of
transformants colonies counted after 24 h or 60 h of incubation at 37°C. The down facing blue arrow symbol indicates that the pMV158 replicon is only present as a
plasmid cointegrate in the transformants. The ratio (Q) between the frequency of transformants colonies obtained with pLS1 and that obtained with pT181cop608,
counted after 60 h of incubation at 37°C, is indicated on the top of the corresponding vertical bars. The asterisk in (B) indicates the absence of transformant colonies
appeared within 24 h of incubation. The data presented in this figure summarize the results obtained in typical transformation experiments of S. pneumoniae and S.
aureus. Two additional transformation experiments were performed for each species and the results with respect to the inhibitory effect of CopG on the transformation
with the pMV158 replicon were similar to those shown here.

competence (Attaiech et al,, 2015), and we actually observed quite  level (see Material and Methods). The same qualitative trends
different chromosomal transformation frequencies in the various ~ were observed when analyzing the efficiencies of transformation
strains used. Namely, the strain harboring pCGA3 showed  of the various strains with plasmid pAMB1 (whose replicon is
the highest transformation frequency, followed by the strain  not repressed by CopG), although in this case quantitatively
containing pCGA3n, next that harboring pCGA30, and finally  larger differences were observed among them (Figure 3A). In
the strain with the pC194 vector exhibited the lowest competence  order to normalize the frequencies of transformation with the
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pMV158 derivative with respect to the level of competence
for plasmid transfer, the ratio (Q) between the transformation
efficiencies with the pMV158 derivative and with pAMB1 was
used as parameter. This allowed us to evaluate the specific
effect of CopG on the establishment of its cognate replicon.
Since the pAMP1 transformants grew slowly, total transformant
colonies were only counted after 60 h of incubation at 37°C,
regardless of which plasmid was transferred into the recipient
cells. When the void pC194 vector was the resident plasmid, pLS1
yielded 2.5-fold more transformants than pAMB1. This ratio
increased to 24 when the recipient cells contained high-copy-
number plasmid pCGA30 providing an inactive copG gene. The
observed increase in the transformation efficiency is most likely
due to facilitation of plasmid transformation by the existence of
homology between the plasmid and the genome of the recipient
cell, which in this case arises from the presence of a copG
fragment in both the resident and the entering plasmid. The
phenomenon of facilitation has only been reported to occur in
natural transformation systems where donor DNA enters the
competent cells in a linear ssDNA form (Lépez et al.,, 1982). In
spite of the potential facilitation of the transfer of the pMV158
derivative due to the presence of the entire copG gene in the
recipient cells, the ratio of pLS1 to pAMB1 transformant colonies
was reduced to 0.3 and to 0.02 when the resident plasmid
provided, respectively, medium (pCGA3n) and high (pCGA3)
dosages of active copG (Figure 3A). Two other independent
lots of competent cells of the various strains were transformed
in parallel with pLS1 and pAMPB1, and similar Q ratios were
obtained in both cases. These results show that the presence of
CopG in the recipient cell severely and specifically impairs the
success of the establishment of the cognate pMV158 replicon
by decreasing the frequency of transformation, as we have also
shown to be the case with CopB of the R1 system in both E. coli
and S. Typhimurium (Figure 2).

In the staphylococcal host (Figure 3B), slightly different
electrotransformation efficiencies were observed for the various
strains, although all pT181-cop608 transformant colonies
appeared within the first 24 h of incubation irrespective of
the presence or absence of CopG in the recipient cells. This
was also the case for the pLS1 transformant colonies provided
that the recipient strains lacked CopG (i.e., when the resident
plasmids were pC194 or pCGA30). In contrast, virtually all pLS1
transformant colonies of the recipient strains carrying medium
or high dosages of active copG could only be detected after
24 h of incubation, and thus they were counted at 60 h after
plating. Despite the delay caused by CopG in the growth of the
staphylococcal cells transformed with the pMV 158 replicon, the
ratio of pLS1 to pT181-cop608 transformant colonies after 60-h
incubation was close to 1, regardless of the plasmid resident in the
recipient strain. Two more S. aureus transformation experiments
were performed using the frozen stocks of electrocompetent cells.
Although in these experiments the efficiencies of transformation
with either plasmid were lower than when freshly-prepared cells
were used, the Q ratios remained near constant. The mean Q
value for all the strains was 1.1. Analysis of variance (ANOVA) of
all experimental Q ratios indicated that there were no significant
differences among groups, i.e., the same final frequency of pLS1
transformants was obtained irrespective of the presence of

CopG in the recipient cell. Hence, in S. aureus CopG seems to
specifically impair transformation with the pMV158 replicon by
decreasing the velocity of growth, but not the final frequency, of
the transformants (Figure 3B).

To investigate the basis of the differential effect of CopG on
the establishment of the pMV158 replicon in S. pneumoniae
and S. aureus, we analyzed the plasmid content of various
transformants of either species grown under selective pressure
for both the resident and the incoming plasmid. This analysis was
facilitated because the medium or high steady-state copy number
of both resident and newly-acquired plasmids in these bacteria
allows us to visualize the plasmid bands after electrophoretic
separation and staining of DNA minipreps. In S. pneumoniae,
total crude DNA extracts showed the presence of the expected
resident and newly-acquired plasmids in all transformant clones
(Figure 4A). When the co-resident plasmid provided no active
copG (pC194 and pCGA30) or medium dosages of the active
gene (pCGA3n), the steady-state copy number of pLS1 in the
corresponding transformant clones remained the same as in
the homoplasmid situation, whereas a ~35% decrease in the
pLS1 copy number was observed if this plasmid coexisted with
pCGA3, which provides high dosages of the active copG gene. A
similar effect of the different dosages of copG supplied in trans
on the steady-state copy number of the pMV158 replicon has
been previously reported in transformant clones arising from the
reverse transformations (i.e., when pneumococcal cells carrying
pLS1 were transformed with the various pC194 derivatives) (del
Solar et al., 1995). On the other hand, plasmid DNA minipreps of
staphylococcal transformant clones (Figure 4B) only revealed the
presence of the two expected plasmids when the resident plasmid
was pC194 (no copG) or pCGA30 (inactive copG). In the latter
case, however, an additional slight DNA band appeared that,
according to restriction analysis, corresponded to a cointegrate
generated by homologous recombination between the resident
and the newly-acquired plasmids through the pMV158 DNA
region cloned in the resident plasmid (not shown). When
the resident plasmid carried an active copG gene (pCGA3 or
pCGA3n), no separate pLS1 plasmid could be observed and the
pMV158 replicon was only present as cointegrate (Figure 4B).
It is worth noting that, unlike total DNA extracts from S.
pneumoniae, the method used to extract the plasmid DNA from
S. aureus gave random yields and thus could not be employed
to estimate the plasmid copy number. Since CopG selectively
inhibits the pMV158 replicon, generation of cointegrates with
the resident plasmid allows incoming pLS1 to escape from
replication inhibition and yet to reach the concentration required
to render the host cell resistant to the antibiotic (Tc) with
which transformants are selected. According to the results
obtained, the exclusive presence of pLS1 as cointegrate occurs
in all staphylococcal transformants where an active copG gene
is provided by the resident plasmid (Figures 3B, 4B), whereas
cointegrate formation does not seem to be the strategy used by
the equivalent pneumococcal transformants (Figures 3A, 4A),
even though cointegration between the incoming and resident
plasmids can also occur in this bacterium (Figure S1). This
distinct behavior might arise from differences in the frequency
with which this Campbell-like recombination takes place in
these two bacteria. Cointegrate formation seems to be ultimately
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FIGURE 4 | Analysis of the plasmid DNA content of the indicated transformant clones grown under selective pressure for both the resident and the incoming plasmid.
(A) Pneumococcal cells harboring pCAG3, pC194, pCGA3n, or pPCGA30 were transformed with pLS1 and pAMB1. The gel shows the total DNA content of several
transformant clones. Four transformant clones were analyzed for each transformation with pLS1 and only two clones in the case of each transformation with pAMB1.
The combination of recipient strain and incoming plasmid is indicated on the top of the gel. The copG gene content of the resident plasmid in the recipient strain is
indicated below the gel image. Homoplasmid strains harboring pCGAS3, pC194, pCGA3n, pLS1, or pAMB1 were used as controls. Supercoiled monomeric forms of
the five plasmids are indicated in the gel; monomeric forms of pCGA3, pCGA3n, and pCGAS0 have a similar electrophoretic mobility. (B) Staphylococcal cells
harboring pCAG3, pCGA3N, pCGAB0, or pC194 were transformed with pLS1 and pT181cop608. The gel shows the plasmid DNA content of several transformant
clones. Two transformant clones were analyzed for each transformation experiment with pLS1, and one clone resulting from the transformation of S. aureus/pCGA3
with pT181cop608 was also analyzed. The combination of recipient strain and incoming plasmid is indicated on the top of the gel. As in (A), the copG content of the
recipient strain in indicated below the gel image. Homoplasmid strains harboring pCGAS3 or pLS1 were used as controls. Supercoiled monomeric forms of pLS1 and

pT181cop608 are indicated in the gel.

responsible for the delayed appearance of the staphylococcal
transformant colonies.

To further analyze the role of the Cop proteins in the
kinetics of plasmid repopulation, we chose the pMV 158 replicon
and its pneumococcal host as a model system because of a
number of reasons. Importantly, compared to R1, the pMV158
replicon has a higher copy number in both the staphylococcal
and the streptococcal host, and hence the amplitude of the
plasmid amplification during the establishment phase replication
is expected to be also greater, thus increasing the accuracy of
the analysis. Moreover, the pneumococcal host of pMV158 was
selected because we have a deep knowledge of it and we have
set up a higher-frequency transformation protocol. And last but
not least, no cointegrates that could mask repopulation of the
pMV158 replicon have been observed in this system.

The Presence of the pMV158 CopG
Repressor Protein in the Recipient Cell
Results in Segregational Instability of the

Incoming pMV158 Replicon

As a first approach to study the effect of CopG-mediated
transcriptional repression of the essential repB gene on the
success and velocity of repopulation of the pMV158 replicon,

we tested the stability of inheritance of newly-acquired pLS1
in the transformant population of pneumococcal cells carrying
null, medium, or high dosage of active copG (Figure 5). To this
end, we analyzed the change in the numbers of total viable cells
and transformants, as well as in the fraction of transformants,
at various times after transformation. From these data, the
experimental rate of loss of newly-acquired pLS1 from the
transformants was calculated (see Material and Methods). The
3-layer S. pneumoniae plating method used in these assays (see
Material and Methods) allowed the isolation of agar-embedded
transformant c.f.u., so that plasmids could repopulate and express
their antibiotic resistance determinant before selective pressure
was applied.

When  CopG-free recipient cells were employed
(Figures 5A,B), no loss of pLS1 from the transformants could
be inferred, although the fraction of transformants appeared
to display a slight decreasing trend. This could be due to the
pLS1 burden on the host, which for the steady-state plasmid
concentration has been shown to cause an 8-9% increase in the
cell doubling time (Hernandez-Arriaga et al.,, 2012), so that the
transformants slowly become overgrown by non-transformants.

When the plasmid resident in the recipient cell provided
medium dosage of the active copG gene (Figure5C),
pLS1 showed unstable inheritance during division of the
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transformants, with a quite high loss rate per cell and generation
(~0.2).

A near-maximal loss rate (~0.5) was determined for newly-
acquired pLS1 when the recipient cells contained plasmid
pCGA3, which provides high dosages of active copG gene
(Figure 5D). This maximum segregational instability implies that
most frequently pLS1 is inherited by only one of the two daughter
cells resulting from division of the transformants. It should be
mentioned that, in the pneumococcal host, pLS1 has been shown
to be segregationally stable during the steady state, both in the
homoplasmid situation (del Solar et al., 1987) and in the presence
of recombinant plasmid pCGA3 (del Solar et al., 1995). Hence,
plasmid loss in the transformants that harbor extra copies of
the active copG gene can certainly be ascribed to failures in the
establishment phase replication of the pMV158 derivative.

The CopG Repressor Protein Impairs
pMV158 Repopulation in the Transformants
by Decreasing the Plasmid Replication
Rate

As a further step toward the characterization of the role
of CopG during the establishment phase replication of the

pMV158 replicon, we have analyzed the kinetics of repopulation
of plasmid pLSlcop7, a copy-up derivative of pLSl, in
pneumococcal cells carrying high dosages of either active or
inactive copG gene. Compared to pLS1, pLSlcop” has a single-
point mutation in the copG gene, thus encoding a defective
CopG protein that leads to a 5-fold increase in the plasmid copy
number (del Solar et al., 1990, 1995). The use of pLSlcop7 in
these assays ensures that the effects observed when the resident
plasmid carries an active copG gene arise from the CopG protein
present in the recipient cells and not from that encoded by
the incoming plasmid, and also allows determining the replicon
repopulation kinetics in the absence of any CopG. Moreover,
the use of this copy-up derivative of pMV158 was expected to
increase the amplitude of the replicative amplification in the case
that repopulation occurred.

Plasmid stability assays showed that pLS1cop7 was inherited
rather stably (with no plasmid loss being inferred) when the
recipient cells lacked CopG (Figure 6B). In fact, the fraction of
transformants was kept almost constant along several generations
of cell growth in the absence of selection for the incoming
plasmid (Table4). In contrast, pLSlcop7 was lost from the
CopG-containing transformants at about the maximum possible
rate (0.5; Figure 6A), as can be inferred from the transformant
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fraction being inversely proportional to the number of total cells
(Table 4). The results of the segregational stability of newly-
acquired pLS1cop” coincided with those obtained with incoming
pLS1 (Figure 5), thus showing that the amount of CopG provided
by the plasmid resident in the recipient cells suffices to severely
impair repopulation of the pMV158 replicon.

The issue of the impact of CopG on the kinetics of pLS1cop7
repopulation was first addressed by qPCR assays aimed at
quantifying the variation of the number of copies of the incoming
plasmid relative to the chromosome during the growth of the
total bacterial population in the absence of Tc (Figures 6C,D).
When the recipient cells contained resident pCGA30 and hence
no functional CopG was provided, an abrupt decline (from
~1 to ~0.04) in the relative copy number of the plasmid
amplicon within the total population was observed during the
first 30 min of bacterial growth. This decrease was followed
by a slower increase in the number of copies of the plasmid
amplicon until a value of ~0.32 was reached after 150 min
(Table 5B and Figure 6D). On its turn, a smaller decrease
(from ~0.07 to ~0.01) followed by a rather constant relative
copy number of the plasmid amplicon was observed when the
recipient cells provided CopG (Table 5A and Figure 6C). This
transient high concentration of the plasmid specific amplicon
that decayed very rapidly in the absence of cell division was
most unlikely to correspond to intact plasmid molecules, and
could rather reflect the features of the mechanism of natural
transformation in S. pneumoniae. It is worth mentioning that
donor plasmid DNA enters the pneumococcal cell as ssDNA
segments of both strands, and that two or more fragments of
the opposite strands must anneal through overlapping regions
at their ends to generate a circular plasmid form with partial
dsDNA regions. This is followed by DNA synthesis to reconstruct
the intact plasmid molecule. It should also be noted that, in
order to have a high frequency of transformation, we added
300-500 plasmid DNA molecules per bacterial cell. Thus, a
number of ssDNA molecules that have entered the cell will
harbor the plasmid amplicon to be amplified in the qPCR
assay, although most of them will never render a reconstructed
plasmid molecule and will be degraded by the cellular nucleases
instead. The actual content in intact plasmid molecules was
then analyzed by iPCR employing gDNA and two divergent
primers that specifically annealed to DNA sequences within the
pMV 158 replicon (Figure 6G). Immediately after transformation
with pLS1cop7, while the relative amount of the qPCR-detected
pMV158 amplicon in the CopG-free recipient cells was maximal
(t = 0; Figure 6D), iPCR amplification rendered the faintest band
of specific full-length plasmid DNA (Figure 6F). A similar result
was observed when the CopG-containing cells were transformed
with pLSlcop7, although in this case the initial amount of
the pMV158 amplicon was much lower (Figures 6C,E). The
observed discrepancy between the initial relative amounts of
pMV158 amplicon and intact pLS1cop7 DNA molecules led us
to conclude that, in fact, most of the amplicons to be amplified in
the qPCR assays were not carried on reconstituted plasmids but
on smaller DNA fragments. Hence, the relative copy number of
the donor plasmid shortly after entrance is better evaluated from
the iPCR assays. Atlonger times after transformation (30 min and

further), when the DNA fragments carrying the amplicon would
have declined, an almost perfect match was observed between the
intracellular amplifications of the pLS1cop7 amplicon (evaluated
by qPCR) and of the intact plasmid molecules (evaluated by
iPCR). This match was observed irrespective of whether the
transformants carried or lacked CopG (Tables 5A,B; see also the
Discussion). This coincidence allowed us to determine the rate of
pLS1cop7 replication (R, defined as the ratio of plasmid to gDNA
duplications, and calculated according to Equation 10) along the
time, based on the iPCR data of the plasmid amplification which,
unlike the qPCR data, were unaffected by the presence of DNA
fragments carrying the pMV158 amplicon.

Although varied slightly along the time, and even reached
a value of ~2 in the interval between 15 and 30 min after
transformation, the replication rate (R) of pLSlcop7 in the
transformants carrying CopG fluctuated around 1 (Table 5A and
Figure 6C). An R value of ~1, which was also inferred from
the ratio between pDNA and gDNA total duplications (R = 1.1;
Table 5A), implies that the plasmid replicated at the same average
velocity as the gDNA during the time interval analyzed and,
hence, that it failed to repopulate.

When no CopG was present, an overall R value of ~2.8
(the ratio of pDNA to gDNA total duplications; Table 5B)
was found for incoming pLSlcop7 during the entire 150-
min interval analyzed, although the plasmid replication rate
varied substantially along the time (Figure 6D and Table 5B).
Repopulation of pLSlcop7 mainly occurred during the first
45 min after completion of transformation, with a peak in
the plasmid replication rate in the interval between 15 and
30 min (Figure 6D and Table 5B). Afterwards, the plasmid
replication rate decreased asymptotically to 1, indicating that
some repopulation still occurred at these longer times. There
seemed to be also a small increase in the duplication rate of
the pMV158 replicon when bacterial growth slowed down (in
the 120-150 min interval), which would be also reflected in an
increase of the plasmid copy number (Figure 6D and Table 5B).
Whether this could indicate an increase of the pMV158 copy
number during the stationary growth phase of its host is a
potential matter for future investigation.

DISCUSSION

In this work we have analyzed for the first time the role
played by the Cop regulatory loops of Rl and pMV158 in
plasmid establishment. The establishment phase replication,
which amplifies the plasmid from an initially low concentration
to the steady-state copy number, is a crucial process in the biology
of naturally transferable plasmids that may importantly affect
the success of their colonization and spreading. Nevertheless,
plasmid replication during the establishment phase has been
much less studied than the steady-state replication. In a
pioneer work by Highlander and Novick (1987) the kinetics of
repopulation of various pT181 derivatives that carried or lacked
a functional asRNA control system were analyzed in S. aureus
by determining the replication rates and copy numbers of the
plasmids after radioactive in vivo labeling of total gDNA. A bit

Frontiers in Microbiology | www.frontiersin.org

December 2017 | Volume 8 | Article 2367


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Ruiz-Maso et al. Cop Proteins in Plasmid Establishment

N/
A S. pneumoniaelpCGA3 + pLS1cop7 COPG ? B S. pneumoniaelpCGA30 + pLS1cop7 BAG

0.2 02
0.0 L[]
001 e ° [ ]
- o ®
. Lex = 0.028 + 0.029 ®
|:o -0.2 ;?:, -0.2
= =
804 Lex=0532+0.031 8 4]
- -
-0.6 -0.6
-0.8 T T T T T -0.8 T T T T T T T
0.0 0.5 1.0 15 20 25 0.0 05 1.0 15 20 25 3.0
Number of generations Number of generations
C D
20 207}

—@—PCN by gPCR
1.0 4 ——R value (iPCR)

—8—PCN by qPCR
—e—R value (iPCR)

o
"

15+

0.8 104

R value
R value

0.24

pMV158 amplicon copy number
pMV158 amplicon copy number

-5, -5,
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time after transformation (min) Time after transformation (min)
E F
Time(min) M 0 15 30 45 60 75 90 120 150 Time(min) M 0 15 30 45 60 75 90 120 150
6 kb)| st S kb
5 kb s 5 kb wee
e - . - b e -
4 kb| vl 4kb wwe

FIGURE 6 | The presence of CopG in the recipient cell impairs repopulation of the pMV158 replicon by decreasing the plasmid replication rate. Changes in the fraction
of transformants retaining newly-acquired pLS1cop7 (a copy-up pMV158 derivative) were analyzed in pneumococcal strains that either harbor a high dosage of active
copG (A) or a truncated version of copG (B). The experimental loss rate (Lex) of pLS1cop7 was calculated from the slope of the linear regression model of the plot of
the experimental values according to Equation (2) (red circles and lines). To and T are, respectively, the fractions of transformants ab initio and after n generations. The
graphs in (C,D) show the impact of CopG on the kinetics of pLS1cop7 repopulation. A gPCR approach was used to calculate the variation in the copy number of a
specific amplicon of the incoming pLS1cop7 plasmid relative to the chromosome during the growth of the total bacterial population containing pCGAS (C) or prCGA30
(D) as resident plasmid for 150 min after transformation (left y-axis; blue circle and lines). The pLS1cop7 replication rate (R value), defined as the ratio of plasmid to
gDNA duplications, was calculated at different time intervals following transformation of pneumococcal cells harboring pCGA3 (C) or pCGA30 (D). Determination of R
was based on the iPCR data of the in vivo plasmid amplification (black circles and lines) and its value (right y-axis) was calculated according to Equation (10).
Discontinuous horizontal line in graphs of (C,D) denotes an R value of 1, which characterizes the steady-state plasmid replication. The mean (symbols) and standard
deviation (error bars) of all the experimental points in the graphs of (C,D) are displayed. Panels (E,F) show the iPCR analysis of the gDNA samples obtained at the
indicated times after transformation of pneumococcal cells carrying pCGA3 and pCGAS30, respectively, with pLS1cop7. iPCR assays were carried out by using a pair
of divergent primers specific for the pMV158 replicon (Table 3 and G) and the Phusion DNA polymerase. Lane M, DNA molecular weight standard (NZYDNA ladder |II;
NZYTECH). Note that lanes M are the same in (E,F) because, in fact, both images of these panels arise from the same gel. Dividing lines in (E) indicate grouping of
different parts of the same gel. The original image of the gel used for (E,F) composition is shown in Figure S2. A schematic representation of pLS1cop7 displaying the
plasmid regions complementary to the divergent primers is shown in (G). Genes copG, repB, and tetL, as well as the dso region, are indicated.
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TABLE 4 | Total number of cells, number of generations, and % of transformants at different times after transformation during the growth of the indicated strains in the

absence of selective pressure.

Time after S. pneumoniae/pCGAS3 + pLS1cop7 S. pneumoniae/pCGA30 + pLS1cop7
transformation
(min)
Total number of cell Total cell count % of transformants Total number of Total cell count % of transformants
generations? (c.f.u./ml) cell (c.f.u./ml)
generations?
0 0 3.48 x 107 0.89 0 2.32 x 107 0.16
15 0.01 3.52 x 107 0.94 0.07 2.48 x 107 0.16
30 0.23 4.11 x 107 0.87 0.17 2.62 x 107 0.17
45 0.60 5.27 x 107 0.66 0.52 3.32 x 107 0.15
60 0.94 6.72 x 107 0.56 1.01 4.77 x 107 0.14
75 0.99 6.94 x 107 0.45 1.50 6.59 x 107 0.14
90 1.42 9.32 x 107 0.33 2.01 9.37 x 107 0.12
120 1.88 12.85 x 107 0.21 2.89 17.20 x 107 0.15
150 2.26 16.80 x 107 0.19 3.10 19.95 x 107 0.16

@Total number of cell generations was calculated according to Equation (3).

later, the establishment phase replication of ColE1 was studied
by using Southern blot to determine the number of phasmids
containing the plasmid replicon per E. coli cell as a function
of time after infection (Merlin and Polisky, 1993). It was found
that a phasmid containing an up mutation in the RNA II primer
promoter replicated at a 15-fold faster rate than the wild type,
thus early highlighting the importance of rapid synthesis of
the essential RNA II in ColEl plasmid establishment. So far,
however, the scarce characterized examples of repopulation have
missed out the analysis of the effect on plasmid establishment of
transcriptional repressors that either exert an auxiliary role or act
synergistically with an antisense RNA in controlling the steady-
state replication. As a first approach to address this analysis, we
have investigated whether the presence of the R1 or pMV158
Cop repressor protein in the recipient cell affects the frequency
and velocity of appearance of the plasmid transformant colonies.
Moreover, by taking pMV158 and its pneumococcal host as a
model system, we have developed a new approach for evaluating
the kinetics of plasmid repopulation that is based on the
estimation of the plasmid loss rate in transformants and on the
use of non-radioactive highly sensitive gPCR and iPCR methods.

The results of the frequencies of transformation of different
bacterial species with the R1 or the pMV158 replicons show that,
when supplied in the recipient cell, CopB from R1 and CopG
from pMV158 severely and selectively impair the establishment
of their cognate plasmids. Actually, a dramatic decrease in
the efficiency of transformation of E. coli or S. Typhimurium
with the R1 replicon, and of S. pneumoniae with the pMV158
replicon can be observed when the cognate Cop repressor is
present in the recipient cells (Figures 2, 3A). On its turn, in
S. aureus cointegration with the resident plasmid allows the
incoming pMV158 derivative to overcome the CopG-mediated
inhibition of its replicon, so that only a delay in the appearance
of the transformant colonies, but not a decrease in the final
frequency of them, is observed in this bacterium. As seen for
the pMV158 replicon/pneumococcal host system, inhibition of

plasmid establishment requires the presence of an active copG
gene and depends on the dosage of this gene (Figure3A).
Since the R1 and pMV158 Cop proteins repress transcription
of the respective plasmid rep gene from a strong promoter, the
requirement of fully unrepressed expression of the essential rep
genes for the successful establishment of these replicons can
be inferred from the results of the transformation experiments
performed in this work. The coincidence between the impairing
effects of preexisting CopB and CopG on the efficiency of
establishment of their cognate replicon in a new host leads us
to think that the Cop repressor-mediated blockage of plasmid
repopulation observed in the pMV158/pneumococcal host
system can be extrapolated to R1 entering its Enterobacteriaceae
host.

As shown in Figure7, unsuccessful repopulation of the
incoming plasmid may lead to unstable inheritance of the
plasmid during division of the transformed cells. The rates
at which the pMV158 derivatives (wild-type or copy-up
mutant plasmids) are lost during the culture of pneumococcal
transformants carrying or lacking a high dosage of autoregulated
active copG gene match quite well the two extreme theoretical
cases of failure or immediate plasmid repopulation, respectively
(Figure 7). In fact, a loss rate close to the maximum value
(0.5) was found in the first case whereas no significant loss was
observed in the second one (Figures 5A,B,D, 6A,B). When a
medium dosage of autoregulated copG gene is provided by the
recipient cell, an intermediate rate of loss of the pMV158 replicon
was observed (Figure 5C). Actually, these results indicate that
the presence of a functional copG gene in the recipient cell
causes a dosage-dependent impairment in the pMV158-replicon
repopulation that leads to the unstable inheritance of the
underpopulated plasmid.

The kinetics of repopulation of the pMV158 replicon, and the
effect of the CopG repressor protein on it, have been studied by
qPCR and iPCR using total gDNA, prepared at different times
after transformation, as template. Irrespective of whether the

Frontiers in Microbiology | www.frontiersin.org

December 2017 | Volume 8 | Article 2367


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Ruiz-Maso et al.

Cop Proteins in Plasmid Establishment

TABLE 5 | Kinetics of genomic and plasmid DNA replication during plasmid establishment.

S. pneumoniae/pCGAS3 + pLSicop7

Time after Total Copy number of Time Amplification Amplification R® gDNA pDNA

transformation number of the plasmid interval of plasmid of plasmid duplications duplications

(min) cell amplicon (qPCR) ampliconb'd molecules®d

generations? (gPCR) (iPCR)

A

0 0 0.074 + 0.009

15 0.01 0.011 £ 0.002 0-15 0.2 1.0 0.8+ 0.3 0.21 0.17

30 0.23 0.011 £ 0.001 15-30 1.0 1.3 21 +£07 0.28 0.60

45 0.60 0.016 £ 0.001 30-45 1.4 1.1 1.3+04 0.60 0.80

60 0.94 0.014 £ 0.001 45-60 0.9 0.9 0.3 £0.1 0.35 0.12

75 0.99 0.018 £ 0.001 60-75 1.3 1.0 1.7 +£1.0 0.16 0.27

90 1.42 0.015 + 0.001 75-90 0.8 0.9 02+10 0.41 0.09

120 1.88 0.026 + 0.001 90-120 1.7 1.5 1.6 +£03 0.96 1.43

150 2.26 0.018 £ 0.001 120-150 0.7 0.8 -21+08 0.06 -0.10
Total = 3.03 Total = 3.36

S. pneumoniae/pCGA30 + pLS1cop7

Time after Total Copy number of Time Amplification Amplification R® gDNA pDNA

transformation number of the plasmid interval of plasmid of plasmid duplications duplications

(min) cell amplicon (qPCR) amplicon®d molecules®d

generations? (gPCR) (iPCR)

B

0 0 0.960 + 0.010

15 0.07 0.054 + 0.020 0-15 0.1 1.4 3.0+1.7 0.24 0.72

30 0.17 0.040 + 0.001 15-30 0.7 5.1 141 +£1.2 0.18 2.54

45 0.52 0.085 + 0.013 30-45 2.1 2.3 7.7 +23 0.18 1.39

60 1.01 0.164 £ 0.021 45-60 1.9 1.7 24 +£05 0.54 1.30

75 1.50 0.191 £ 0.025 60-75 1.2 1.2 23+14 0.20 0.46

90 2.01 0.232 £+ 0.023 75-90 1.2 11 1.4 £05 0.34 0.48

120 2.89 0.249 £+ 0.018 90-120 1.1 11 1.1 £ 041 1.10 1.22

150 3.10 0.315 £ 0.025 120-150 1.3 1.2 1.7 £03 0.38 0.65
Total = 3.16 Total = 8.76

aTotal number of cell generations was calculated according to Equation (3). ®°The factor by which the ©plasmid amplicon or the °plasmid molecules copy number is increased in the
indicated time interval. 4 Ampilification factor for a certain time interval can be calculated as the product of the amplification factors of the reference time intervals. ©R value was calculated

according to Equation (10).

pneumococcal cells harbor or not the copG gene, replication of
the gDNA (consisting mainly of chromosomal DNA) appears to
begin earlier than cellular division after the 30 to 37°C shift that
follows the transformation step (Table 5). The estimated number
of total gDNA duplications in the 150-min interval is about
three for both kinds of recipient cells, a value that almost equals
the number of total cell generations in the case of the recipient
cells containing the inactive copG gene, whereas it is somewhat
higher than the value obtained when the recipient cells contain a
functional copG gene (Table 5).

In the absence of CopG, the highest repopulation rate occurs
during the first 45 min after the entrance of the plasmid DNA
in the cell, with a peak in the interval between 15 and 30 min
(Figure 6D and Table 5B). According to the results obtained by

qPCR (Table 5B), and taking also into account the fraction of
transformants (Table 4), the average copy number of pLSlcop7
in the transformant cells is estimated to be about 200 per
chromosome equivalent at 150 min after plasmid transfer. This
value coincides with the reported steady-state copy number
of the copy-up pMV158 derivative (Table 2), indicating that
repopulation has been accomplished by this time. Moreover, no
overshoot of the steady-state copy number was observed and
instead this value was asymptotically approached (Figures 6D,F).
Opverall, about nine duplications of the pMV158 derivative took
place within the transformants harboring an inactive copG gene
in the 150-min time interval during which the gDNA duplicated
around three times (Table 5B). This represents a 50- to 60-
fold relative amplification of the plasmid DNA (see Equation 8),
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FIGURE 7 | Effect of the velocity of plasmid repopulation on the segregational stability of an incoming plasmid. Two extreme theoretical cases of immediate (A) or null
(B) plasmid repopulation are displayed. These models assume that the plasmid does not burden the host cell. We defined “Pn” as the fraction of transformants after n
generations; “a” is the initial number of transformants, and “b” is the number of non-transformed cells within the total bacterial population. In the case that immediate
repopulation occurs (A), the steady-state plasmid copy number is reached before division of the transformants, and the plasmid is stably inherited to both daughter
cells. Dotted circles in (A) represent the number of new plasmid molecules generated in each cell generation. If no repopulation occurs (B), the single, unreplicated
plasmid copy is inherited by only one of the two daughter cells resulting from division of the transformants, giving rise to maximal segregational instability.

which can also be determined from the amplification factor of the
plasmid copy number (Table 5B).

In the presence of CopG, the relative average plasmid copy
number in the total bacterial population is kept near constant,
as shown by the results from both the qPCR and the iPCR
assays (Figure 6C,E and Table 5A). This is also consistent with
an overall plasmid replication rate (R) of 1.1 along the entire 150-
min time period after transformation (Table 5A), which means
that, on average, the incoming pMV158 replicon underwent
about the same number of duplications as the gDNA. An
R value of around 1, which in fact characterizes the steady-
state replication of any plasmid, demonstrates the unsuccessful
repopulation of the pMV158 replicon when CopG is present
in the recipient cell. However, based on the maximum possible
value of plasmid loss rate that is observed (Figure 6A), a total
absence of plasmid replication (R ~0 at any time interval) should
have been expected instead (Figure 7B). We could envisage two
potential explanations for this. One possibility is that in most
cells the plasmid replicates at approximately the same rate as
the chromosome, thus giving rise to cells containing at least two
plasmid copies at division; if so, the observed loss rate would
require that the two sister plasmid molecules tend to segregate
together into the same daughter cell. An alternative explanation
is that plasmid replication manages to evade inhibition by CopG
in a small fraction of the transformants so that repopulation to
the steady-state plasmid copy number is achieved only in these
cells, and hence the maximum value of plasmid loss rate (0.5)
would not be significantly altered. Be that as it may, according to
the qPCR assays the relative average plasmid copy number in the
total bacterial population increases ~1.65-fold during the time

interval between 15 min (when the plasmid DNA fragments are
considered to be negligible) and 150 min after transformation
(Table 5A). When corrected for the fraction of transformants
(Table 4), the average plasmid copy number per chromosome in
the sub-population of transformed cells is shown to increase from
~1.2 to ~9.5 between 15 min and 150 min after transformation,
although at the latter time the plasmid copies might not be
evenly distributed among the transformants, as discussed above.
Moreover, once the transformant clones are selected for the
incoming plasmid, pLS1cop7 seems to be “forced” to repopulate
until reaching the steady-state relative copy number (~33) that is
observed in the heteroplasmid situation (Figure S1).

It should be noted that we have obtained similar negative
effects on plasmid establishment due to the presence of Cop
proteins in the recipient cells when repopulation followed either
of two distinct horizontal transfer mechanisms, namely a natural
transformation or an electrically-induced transfer. Although
the R1 and pMV158 derivatives used in this work did not
allow the analysis of plasmid repopulation following conjugative
transfer, the significance of fully unrepressed transcription
of their essential rep genes can most likely be extrapolated
to any process implying the establishment phase replication.
Establishment phase repopulation is a pivotal step within the
process of horizontal plasmid spread by which a unique (or very
few) intact dsDNA molecule of the donor plasmid is amplified to
the steady-state characteristic copy number. Depending on the
transfer mechanism employed, one full-length circular dsDNA
plasmid copy can enter directly the cell (electroporation),
can be reconstructed from overlapping ssDNA fragments of
both strands (pneumococcal natural transformation), or can be
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generated by synthesis of the DNA strand complementary to the
one that was transferred by conjugation. Nevertheless, plasmid
repopulation (and its Cop-mediated inhibition) only depends
on the replicon function and is independent of the mechanism
used for plasmid transfer. In this sense, it is worth noting that
similar replication kinetics were observed for the repopulation
of pT181 derivatives in S. aureus irrespective of whether the
initial low plasmid copy number was achieved by shutoff of the
replication of thermosensitive mutants or by introduction of the
plasmid DNA into the bacterial cells through high-frequency
(50%) transduction (Highlander and Novick, 1987).

Carrying an emergency mechanism that enables strong
expression of the essential rep gene allows rapid and successful
repopulation, which can benefit especially those plasmids whose
lifestyle includes colonization of new hosts. This is in fact the case,
among others, of conjugative or mobilizable plasmids R1, pIP501,
and pMV185, all of which harbor a strong promoter directing
transcription of the rep gene that is subjected to repression by a
plasmid-encoded Cop protein. Although a crucial role in plasmid
establishment has been proposed for the Cop regulatory loops
of these plasmids, no empirical demonstration of it had been
reported so far (Nordstrom and Nordstrom, 1985; del Solar
et al., 1990; del Solar and Espinosa, 2000; Olsson et al., 2004;
Brantl, 2014). We think that the requisite, observed in the present
work, of fully unrepressed rep transcription for the successful
establishment of R1 and pMV158 can be extended to other
plasmids encoding a similar Cop regulatory loop.

Understanding the role of the Cop regulatory loop that
switches on/off transcription of the essential rep gene may
help the design and development of new strategies to control
spreading of undesirable plasmids among bacterial populations
or to prevent transfer of a specific plasmid to a potential host in
mating experiments with multiple plasmids.
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Toxin—antitoxin (TA) genes were first reported in plasmids and were considered
expendable genetic cassettes involved in the stable maintenance of the plasmid replicon
by interfering with growth and/or viability of bacteria in which the plasmid was lost.
TAs were later found in bacterial chromosomes and also in integrated mobile genetic
elements; they were proposed to be involved in the bacterial response to stressful
situations. At present, 100s of TAs have been identified and classified in up to six families
(I to VI), with those belonging to the type Il (constituted by two protein components)
being the most studied. Based on well-characterized examples of several type Il TAs,
we discuss in this review that irrespective of their locations in plasmids or chromosomes,
TAs functionally overlap as indicated by: () in both locations they can mediate the
maintenance of genetic elements to which they are physical linked, and (i) they can
induce persistence or virulence in response to stress situations. Examples of functional
confluences in homologous TA systems with different locations are also given. We also
consider whether the physiological role of TAs is due to their genetic organization as
operons or to their inherent properties, like the short lifespan of the antitoxin component.

Keywords: toxin-antitoxin, plasmids, post-segregational killing, genomic islands, chromosome, bacterial
virulence, persistence

INTRODUCTION

Toxin-antitoxin (TA) genes were initially discovered in two conjugative plasmids of Escherichia
coli, F (Ogura and Hiraga, 1983) and R1 (Gerdes et al., 1986a; Bravo et al., 1988; Tsuchimoto
et al., 1988), as cassette of two genes involved in stable maintenance of these plasmids; they
were shown to participate in stable plasmid inheritance because they reduced either the viability
or the growth of the cells that had lost the plasmid at the time of cell division (Bravo et al.,
1988; Tsuchimoto et al., 1988). Killing of plasmid free segregants was termed post-segregational
killing (PSK) (Gerdes et al., 1986b) and shown to be due to the decay of the more unstable
antitoxin in plasmid-free cells and to the subsequent activation of the toxin in these cells. A role of
plasmidic TAs in outcompeting compatible plasmids was later proposed (Cooper and Heinemann,
2000). TAs were also subsequently shown to be encoded by bacterial chromosomes and some of
them integrated within mobile genetic elements (MGEs). One of the hypotheses to explain the
presence and function of these TAs was that they participate in the response to stressful conditions
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(Christensen and Gerdes, 2003). At present, 100s of TAs have
been identified and classified, depending on the nature and
activity of antitoxins, in up to six types (type I to type
VI), reviewed in Page and Peti (2016). To these toxin-antitoxin
pairs can also be added Type II restriction enzymes and their
cognate methylases: similar to conventional TAs, restriction-
modification systems can also be encoded in plasmids and
enforce their maintenance by promoting PSK of plasmid-free
cells (Yarmolinsky, 1995), although it must be emphasized that
TA and RM complexes that have been characterized so far do not
share an evolutionary origin (Mruk and Kobayashi, 2014). Type
IT TAs, which are constituted by two protein components, are
the best characterized (Chan et al., 2016; Kedzierska and Hayes,
2016). Activation of TAs in response to stress was thought to
be a way to either eliminate part of the population in benefit
of the rest [i.e., “altruistic” cell death (Engelberg-Kulka and
Glaser, 1999)], or to reduce the metabolic load during adverse
conditions by slowing or arresting cell growth (Maisonneuve
and Gerdes, 2014). Chromosomal TAs have also been associated
with several bacterial processes, like biofilm formation, survival
during infection of eukaryotic cells, defense against invading
bacteriophages and entrance and exit into persistence (Goeders
and Van Melderen, 2014; Kedzierska and Hayes, 2016; Lobato-
Marquez et al., 2016a). Since persistence is believed to be a major
factor contributing to the chronic state of infections and tolerance
to antibiotic treatments (Michiels et al., 2016), it was proposed
that one of the roles of TAs was to contribute to dormancy, i.e.,
making the cells metabolically inactive (Pedersen et al., 2002;
Christensen-Dalsgaard et al., 2010), a state that would lead to
persistence due to triggering of the TAs (Maisonneuve et al., 2011;
Maisonneuve and Gerdes, 2014). This attractive hypothesis was
later considered as too simplistic (Ramisetty et al., 2016; Van
Melderen and Wood, 2017). Since the initial discovery of TA
systems as plasmid maintenance systems and their subsequent
identification in the chromosome, many examples underline
the functional confluence of these systems irrespective of their
location. In the following sections we will try do discuss this
confluence based on a few well-characterized examples of type II
TA systems (see Table 1 for a summary of the TA systems covered
in this review).

PLASMID AND CHROMOSOMAL
TOXIN-ANTITOXINS AS MEDIATORS OF
POST-SEGREGATIONAL KILLING

Several observations indicate the existence of functional overlaps
of TAs placed on plasmids or on chromosomes. A role of
the chromosomal TAs in stabilization of integrated MGE
or adjacent chromosomal regions has been demonstrated
(Wozniak and Waldor, 2009), a role that is similar to their
function in maintaining plasmid stability through PSK (Hayes,
2003). A novel TA pair designated mosAT, was shown to
be responsible for maintaining the integrity of the ~100 kb
SXT integrative and conjugative element (ICE) that confers
resistance to multiple antibiotics in clinical isolates of Vibrio
cholerae (Wozniak and Waldor, 2009). For a large MGE that

can integrate, excise, and transfer to other bacteria, the SXT
ICE is remarkably stable, with loss of ICE estimated at only 1
in 107 cells (Wozniak and Waldor, 2009). The mosAT system
has low basal transcriptional levels when SXT is integrated;
however its expression is derepressed when SXT is in an
extrachromosomal state and vulnerable to loss. Interestingly,
a homolog of mosAT was located on an octopine-type Ti
plasmid of Agrobacterium tumefaciens suggesting that this TA
system may function to maintain the stability of plasmids
as well as ICEs (Wozniak and Waldor, 2009). Another TA
system designated sgiTA was recently shown to promote the
maintenance of a multidrug resistant integrative and mobilizable
Salmonella Genomic Island 1 (SGI1) in Salmonella enterica
serovar Typhimurium (Huguet et al., 2016) in a manner similar
to mosAT for SXT. Intriguingly, SGII1 is only transmissible
in the presence of conjugative plasmids of the IncA/C group
but paradoxically, SGI1 displayed incompatibility with the
IncA/C plasmids. The sgiTA locus was shown to play an
essential role in SGI1 stability particularly in the concomitant
presence of a conjugative IncA/C plasmid when SGI1 is in an
extrachromosomal state and is more likely to be lost (Huguet
etal., 2016).

Further, elimination of cells that lose a chromosome has been
demonstrated in the case of V. cholerae (Yuan et al., 2011). Like
all vibrios, the V. cholerae genome consists of two chromosomes
(Heidelberg et al., 2000), and the smaller chromosome II (ChrII,
1.07 Mbp) hosts a large 126 kb superintegron (SI) that gathers
100s of diverse gene cassettes, including antibiotic resistance
genes, and contains 17 TA systems (Igbal et al., 2015). Each of
these cassettes is associated with a target recombination sequence
(the attC site) and in a SI, 100s of gene cassettes with their
attC sites are arranged in direct orientation, alluding to a likely
inherent instability in these SIs. Nevertheless, SIs are remarkably
stable, and in an earlier paper, it was elegantly demonstrated that
two TA loci from the Vibrio vulnificus SI (relBE1 and parDEI)
stabilize the SI and prevent large scale deletions from occurring
when the SI was devoid of TA loci (Szekeres et al., 2007).
Chromosome-specific mechanisms exist to ensure the proper
segregation of the two V. cholerae chromosomes in daughter cells.
In the V. cholerae Chrll, the parAB2 locus was essential for the
partitioning of Chrll, and in a parAB2 deletion mutant, ChrlI
was mislocalized leading to a complete loss of the entire ChrlI in
a fraction of the population (Yamaichi et al., 2007). Cells that lost
ChrlI were non-viable and underwent characteristic cytological
changes including cell enlargement, nucleoid condensation and
degradation (Yamaichi et al., 2007). It was subsequently shown
that the three ParE toxins encoded by their respective parDE TA
loci in the SI of ChrlI were responsible for the PSK of cells that
lost Chrll, closely mimicking PSK mediated by plasmid-encoded
homologs (Yuan et al., 2011). A recent paper showed that all 17
TA loci in the V. cholerae SI were functional, expressed from their
own native promoters, and were very specific - i.e., there was
no cross-interaction between non-cognate toxins and antitoxins
(Igbal et al., 2015). These advocate for a major role of these 17
TA loci in the stabilization of the V. cholerae SI and to prevent
the emergence of cells that lack Chrll; in other words, much like
their plasmid-encoded homologs, the V. cholerae chromosomal
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TABLE 1 | Summary of the location and functions of toxin—antitoxin (TA) systems covered in this review.

TA Host Location of TA Function Reference
MosAT Vibrio cholerae Chromosomal; Stability of ICE Wozniak and Waldor,
integrative and 2009
conjugative element
(CE)
SgiTA Salmonella enterica serovar Typhimurium Chromosomal; Stability of genomic Huguet et al., 2016
genomic island 1 island
RelBE1 ParDE1 Vibrio vulnificus Chromosomal; Superintegron stability Szekeres et al., 2007
superintegron
ParDE-1 Vibrio cholerae Chromosome Il Stability of lgbal et al., 2015
ParDE-2 superintegron superintegron as well
ParDE-3 as chromosome I
RelBE-1
RelBE-2
RelBE-3
RelBE-4
HigBA-1
HigBA-2
Phd-Doc
0318-0319
0332-0333
0422-0423
0477-0478
0481-0482
0486-0487
0488-9489
Epsilon-Zeta Streptococcus pyogenes Plasmid pSM19035 Plasmid stability Camacho et al., 2002
(e-7)
PezAT Streptococcus pneumoniae Chromosomal, Stability of Chan et al., 2014;
pathogenicity island 1 pathogenicity island, lannelli et al., 2014
virulence factor
SezAT Streptococcus suis Chromosomal; Stability of Yao et al., 2015
pathogenicity island pathogenicity island
AvrRxo1-Arct Xanthomonas oryzae pv. oryzicola Unknown Virulence factor (type |ll Triplett et al., 2016
secreted effector)
CcdABE Escherichia coli Plasmid F Plasmid stability, Ogura and Hiraga,
persistence 19883; Tripathi et al.,
2012
CcdABp157 Escherichia coli O157:H7 Chromosomal Persistence Gupta et al., 2017
VapBC2st Salmonella enterica serovar Typhimurium Plasmid pLST Plasmid stability, Lobato-Marquez et al.,
CcdABst virulence Plasmid 2016b

stability

TA loci are also agents of PSK (Yuan et al., 2011; Igbal et al,
2015).

Conversely, it has been shown that plasmid-encoded TAs can
contribute to overcome stress, induce persistence, and could
increase survival of bacterial cells during infection (Helaine et al.,
2014), functions that were initially attributed to chromosomal
TAs (Lobato-Marquez et al, 2016a). PSK mediated by TAs
following the loss of genetic information associated to a plasmid
can be considered as a situation of stress, to which the cells
react by toxin activation. Transient activation of the E. coli
F-plasmid-encoded CcdB toxin enhance the generation of drug-
tolerant persister cells, and this process was found to be
dependent on Lon protease and RecA (Tripathi et al., 2012).
The F-plasmid-encoded ccdABg locus has been well-established
as a plasmid maintenance system (Jaffe et al., 1985) and the
finding that it plays a role in persistence expands its function

as a transmissible persistence factor (Tripathi et al., 2012)
(see below).

PezAT AND ITS POTENTIAL ROLE IN
VIRULENCE

Two recent articles published in Frontiers (Chan and Espinosa,
2016; Lobato-Mérquez et al., 2016b) underline the concept that
phenotypes associated to plasmid- or to chromosomally encoded
TAs do overlap because independent of their location, toxins
target similar functions and the TA operons are regulated and
induced by similar conditions. The first example is provided
by the pneumococcal pezAT operon (Khoo et al., 2007; Chan
and Espinosa, 2016). The two genes constituting it are placed in
the putative mobilizable pathogenicity island 1 (pneumococcal
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pathogenicity island 1, PPI1) and that is found in nearly half
of capsulated (virulent) Streptococcus pneumoniae strains (Chan
etal., 2012). In some strains there is a second copy of the operon,
located on the putative ICE Tn5253. A close homolog of the
PezAT pair is the Epsilon-Zeta TA, which was discovered in the
broad host-range plasmid pSM19035 of Streptococcus pyogenes
(Camacho et al., 2002). Epsilon-Zeta differs from PezAT as the
Epsilon antitoxin does not perform the transcriptional regulation
of the operon, but rather by a third component, Omega, which
also regulates the transcription of other genes encoded by the
pSM19025 plasmid. In the pezAT operon, the PezA antitoxin
performs the autoregulatory role (Khoo et al.,, 2007). Epsilon-
Zeta plays an essential role in maintaining the stability of plasmid
PSM19035 via PSK.

The Zeta/PezT toxins target the cell wall synthesis machinery
by phosphorylating the peptidoglycan precursor, UDP-N-
acetylglucosamine (UNAG) at the 3-OH group of the
N-acetylglycosamine moiety. The phosphorylated product, UDP-
N-acetylglucosamine-3-phosphate (UNAG-3P), accumulates in
the cytosol and inhibits MurA, which is the essential enzyme that
catalyzes the initial step in peptidoglycan synthesis (Mutschler
and Meinhart, 2011; Mutschler et al., 2011). Nevertheless, it
was proposed that reduction in the UNAG levels is just one of
several responses that is triggered by Zeta/PezT expression in
response to stress (Tabone et al., 2014). The pezAT operon may
play a role in stabilizing the MGE within the pneumococcal
host (Chan et al., 2014; Iannelli et al., 2014). Further, a
close homolog of pezAT was discovered in Streptococcus suis
(designated sezAT), which was shown to be important for the
stable inheritance of the Pathogenicity Island 1 (SsPI-1) (Yao
et al, 2015). Pneumococcal strains that carry pezAT exhibit
increased virulence; further, deletion of the operon led to
pneumococcal cells exhibiting increased resistance to p-lactam
antibiotics and to increased ability to take up homologous
DNA by enhancing genetic competence (Chan and Espinosa,
2016). How PezT functions to increase pneumococcal virulence
is currently unknown but it was postulated that activation of
PezT during environmental stresses or the course of infection
would result in inhibition of cell wall synthesis and subsequent
lysis of a subpopulation of pneumococcal cells (Mutschler
and Meinhart, 2011, 2013). The lysis of these cells would
lead to the release of cellular components detrimental to
the infected host such as pneumolysin. Interestingly, recent
papers showed that a PezT/Zeta homolog, designated AvrRxol
from the plant pathogen Xanthomonas oryzae pv. oryzicola
functions as a type III-secreted virulence factor which is toxic
in plants and is bacteriostatic when expressed in E. coli (Han
et al., 2015; Triplett et al., 2016). An AvrRxol homolog from
myxobacterium was also shown to trigger rapid cell death
response in tobacco (Triplett et al., 2016). Intriguingly, although
the AvrRxol toxin was found to be a nucleotide kinase, its
target is not UNAG like PezT/Zeta but rather, the coenzyme
nicotinamide adenine dinucleotide (NAD) and its biochemical
precursor, nicotinic acid adenine dinucleotide (NAAD) leading
to the formation of unusual 3’-phosphorylated products, 3'-
NADP and 3'-nicotinic acid adenine dinucleotide phosphate
(3'-NADDP) (Schuebel et al, 2016). A recent paper showed

that 3’-NADP accumulates upon expression of AvrRxol in
tobacco and rice leaves infected with AvrRxol-expressing strains
of Xanthomonas oryzae, thus indicating that the AvrRxol
effector/toxin targets the coenzyme and redox carrier essential
for central metabolic function of the host. However, the actual
mechanism of 3'-NADP accumulation in planta is currently
unknown as NAD and the conventional cofactor, 2'-NADP,
are needed in 100s of essential reactions in the cell (Shidore
et al,, 2017). Hence, it could be possible that PezT/Zeta not
only help in triggering the lysis of pneumococcal cells, the
toxin itself may also be detrimental to the infected host
cells. Indeed, it was recently shown that expression of the
pneumococcal pezT toxin in the eukaryotic microalgae Chlorella
vulgaris is lethal, leading to cellular damage and lysis (Ng et al,,
2016). We await experimental results that would indicate if
expression of PezT/Zeta in mammalian cells would be equally
detrimental.

FUNCTIONAL OVERLAPS BETWEEN
CHROMOSOMAL AND
PLASMID-ENCODED TA SYSTEMS

The second example is related to the role of TAs of Salmonella
enterica serovar Typhimurium carrying the virulence plasmid
pLST during bacterial infection (Lobato-Mdrquez et al., 2016b).
One of the two TAs encoded by plasmid pLST is vapBCst.
This particular TA contributes to the successful colonization of
recipient cells during infection, in conjunction with other type I
and type II TAs encoded by the Salmonella chromosome (Lobato-
Marquez et al.,, 2015). In addition to its role during infection,
the plasmidic copy of vapBCsr contributes to the maintenance
of the plasmid (Lobato-Mérquez et al., 2016b). Interestingly, the
chromosomal copy of this particular TA seems to be inactive, so
that the role in infection was taken up by the plasmid-encoded
copy. Curiously enough, the VapC toxin of vapBC2gr is active as
a toxin, indicating that stabilization of pLST could be due to PSK
(Lobato-Marquez et al., 2015).

An interesting example showing that location is compatible
with different functions is provided by the first type II locus
described, the ccdABr operon encoded by plasmid F (Jaffe
et al, 1985). This operon was reported to contribute to
plasmid maintenance by killing plasmid free-segregants; PSK
was the result of Lon protease-mediated degradation of the
CcdA antitoxin and the subsequent activation of the anti-
topoisomerase activity of the toxin CcdB (Ogura and Hiraga,
1983). In addition to its role in plasmid maintenance, ccdABp
was shown to contribute to bacterial persistence (Tripathi et al.,
2012), a role that was also proposed for several chromosomal
TA systems (Maisonneuve et al., 2011) and that has been
questioned as reductionist recently (Ramisetty et al., 2016;
Van Melderen and Wood, 2017). Furthermore, the ccdABst
system of plasmid pLST seems to participate in plasmid
maintenance beyond PSK because, in spite of carrying a single
point mutation that inactivates the anti-topoisomerase activity
of CcdBsr, it contributes significantly to the stabilization of
the virulence plasmid by a yet to be identified mechanism
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(Lobato-Marquez et al., 2016b). Functional interactions between
co-existing ccd systems in plasmid and chromosome reported
to be present in the pathogenic E. coli strain O157:H7 added
further versatility to this system (Wilbaux et al., 2007). The
chromosomally encoded ccdAB genes, like the plasmidic ones,
has a toxin that target DNA gyrase and an antitoxin that is
degraded by the Lon protease; however, both TAs seem to
have evolved to achieve different functions: only the plasmidic
antitoxin is able to neutralize the chromosomal toxin but not
vice versa, and only the plasmidic TA is able to promote plasmid
maintenance by PSK (Wilbaux et al., 2007). Nevertheless, a recent
paper has shown that the chromosomal ccdABg;s57 system from
E. coli O157:H7 also function in the formation of persister cells
much like its F-plasmid-encoded counterpart even though the
CcdBo;57 toxin displayed lower toxicity and has fivefold lower
affinity for DNA gyrase compared to CcdBg (Gupta et al,, 2017).

Plasmid maintenance linked to the coordination of TAs
with plasmid replication was initially reported by the Diaz-
Orejas laboratory on the kis-kid TA encoded by plasmid R1
(Ruiz-Echevarria et al., 1995a,b), and further analyzed (Pimentel
et al., 2005; Lopez-Villarejo et al., 2012, 2015). Additional work
revealed a further coordination of the kis-kid TA with cell cycle
functions (Pimentel et al., 2014). On the whole the above work
supports that, failures in plasmid R1 replication reduces the levels
of the Kis antitoxin and increases the activity of the Kid toxin.
This results in: (i) the rescue of plasmid replication mediated
by Kid-dependent decrease in the expression levels of CopB, a
secondary inhibitor of plasmid replication, and (ii) the decrease
in the levels of key cell division proteins that allows the rescue of
plasmid replication before cell division can occur.

Targeting by RNase toxins of mRNAs, tRNAs and rRNAs
impact and remodel protein synthesis and are key to the stress
response mediated by TAs (reviewed by Moll and Engelberg-
Kulka, 2012; Cruz and Woychik, 2015). Targeting tRNA and
remodeling of protein synthesis profile seem to be a general
mechanism of stress response. Indeed, a recent publication
(Chionh et al., 2016) reveals a mechanism related to response to
oxidative stress and induction of persistence in Mycobacterium
bovis. The mechanism implies modification of the tRNA
anticodons for threonine or leucine. Due to these modifications,
the tRNA will enable the efficient translation of particular
proteins related to the oxidative stress response. These will lead,
in turn, to: (i) remodeling the protein synthesis potential of the
cell to respond to oxidative stress; (ii) preferential synthesis of a
set of stress response proteins, and (iii) induction of persistence.
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Bacterial conjugation is the process by which a conjugative element (CE) is transferred
horizontally from a donor to a recipient cell via a connecting pore. One of the first steps
in the conjugation process is the formation of a nucleoprotein complex at the origin of
transfer (oriT), where one of the components of the nucleoprotein complex, the relaxase,
introduces a site- and strand specific nick to initiate the transfer of a single DNA strand
into the recipient cell. In most cases, the nucleoprotein complex involves, besides the
relaxase, one or more additional proteins, named auxiliary proteins, which are encoded
by the CE and/or the host. The conjugative plasmid pLS20 replicates in the Gram-
positive Firmicute bacterium Bacillus subtilis. We have recently identified the relaxase
gene and the oriT of pLS20, which are separated by a region of almost 1 kb. Here we
show that this region contains two auxiliary genes that we name aux7| o0 and aux2| soq,
and which we show are essential for conjugation. Both Aux1go0 and Aux2| goq are
predicted to contain a Ribbon-Helix-Helix DNA binding motif near their N-terminus.
Analyses of the purified proteins show that Aux1 sog and Aux2| goo form tetramers and
hexamers in solution, respectively, and that they both bind preferentially to oriT| so0,
although with different characteristics and specificities. In silico analyses revealed that
genes encoding homologs of Aux1| sog and/or Aux2| sog are located upstream of almost
400 relaxase genes of the Rel gog family (MOBy) of relaxases. Thus, Aux1 sog and
Aux2| go0 of pLS20 constitute the founding member of the first two families of auxiliary
proteins described for CEs of Gram-positive origin.

Keywords: conjugation, relaxosome, auxiliary protein, DNA binding protein, Ribbon-Helix-Helix, antibiotic
resistance, Firmicutes, horizontal gene transfer
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INTRODUCTION

Bacteria exchange genetic material at gross scale, even between
distantly related species, via different routes collectively called
horizontal gene transfer (HGT) (for review see, Ochman et al.,
2000; Frost et al, 2005; Thomas and Nielsen, 2005; Boto,
2010). Horizontal exchange of DNA provides bacteria instantly
with a new set of gene(s) and hence is an important driver
for the rapid adaptation and evolution of bacteria. Among
the genes that are spread by HGT are those responsible for
antibiotic resistance (AR), which poses a serious and increasingly
worrisome economic and health problem at a global scale. Three
main mechanisms are responsible for HGT: transformation
through natural competence, transduction via bacterial phage,
and conjugation (Ochman et al., 2000; Frost et al., 2005; Thomas
and Nielsen, 2005). Of these, conjugation appears to be the
route that is predominantly responsible for spreading AR genes
(Mazel and Davies, 1999; Waters, 1999; Norman et al., 2009;
Davies and Davies, 2010). Conjugation is the process by which
a conjugative element (CE) is transferred from a donor cell to a
recipient cell through a dedicated transportation pore connecting
both cells. CEs contain all the genes required for processing the
DNA, establishing contact with the recipient cell, those encoding
the structural proteins of the connecting pore as well as those
for transporting the DNA. CEs can be integrated in a bacterial
chromosome or be present on plasmids, which are named
integrative and conjugative elements (ICEs) and conjugative
plasmids, respectively. Due to the enormous numbers and density
of microbes and the constant replenishment of bacteria upon
the intake of food and liquids, the intestinal gut of humans and
animals is a niche that is particularly apt for emerging, pooling,
and spreading AR (Sommer et al., 2009, 2010; Forsberg et al.,
2012; Penders et al., 2013).

Conjugative elements are commonly present in Gram-positive
(G+) and Gram-negative (G—) bacteria and the basic concepts
of the transfer process are conserved (Alvarez-Martinez and
Christie, 2009; De la Cruz et al.,, 2010; Smillie et al., 2010;
Goessweiner-Mohr et al., 2013). However, whereas in most
systems conjugation involves the transfer of a single DNA
strand (see below), DNA is transferred in its double-stranded
form during conjugation in G+ mycelial Streptomyces bacteria
(Goessweiner-Mohr et al., 2013; Thoma and Muth, 2016), which
is not further considered here. Conjugation starts with a process
named mating pair formation (Mpf) in which a donor cell
recognizes and interacts with a suitable recipient cell. Probably,
this triggers the signal for processing the DNA of the CE
and subsequent transfer of one of its strands, named T-strand,
into the recipient cell. The sophisticated, multi-component
pore connecting the donor and the recipient cell is named
transferosome, which is a type IV secretion system (T4SS). The
enzyme responsible for initiating the generation of the T-strand
is a relaxase, a phosphodiesterase, that cleaves the DNA in a
strand- and site-specific manner at a specific position called the
nic site, which is located within the origin of transfer region
(oriT). Relaxase-mediated cleavage generates a hydroxyl group
at 3’ end of the nic site which functions as a primer for DNA
elongation; i.e., the relaxase initiates a rolling-circle type of DNA

replication (also named DNA transfer replication [Dtr]). Upon
nicking, the relaxase remains covalently attached to the 5'-end of
the nicked T-strand which is then transferred, together with the
attached T-strand, into the recipient cell. In most cases the active
site residue that becomes covalently attached to the T-strand
concerns a tyrosine. However, very recently it has been shown
that relaxases of the MOBy family employ a histidine instead of
a tyrosine residue to nick the DNA (Pluta et al., 2017). Due to its
crucial role in conjugation, relaxases have attained considerable
attention and several of them have been characterized in detail at
the biochemical, functional and structural levels. In some cases,
for instance ICEBsI of Bacillus subtilis and the broad host range
conjugative plasmid pIP501, the relaxase is the only protein that
is required for processing the DNA (Kopec et al., 2005; Lee
and Grossman, 2007; Grohmann et al., 2016). However, in the
majority of cases additional protein(s), encoded either by the
CE or the host, bind to the oriT and are involved in processing
of the DNA. The nucleoprotein complex at oriT formed by the
relaxase and additional proteins is called the relaxosome, and
the additional proteins are named auxiliary or accessory proteins.
Although their name may suggest that they play secondary role(s)
in the processing reaction, most if not all of the auxiliary proteins
studied so far have been shown to be essential for conjugation.

Most conjugation studies are based on CE present in G—
bacteria, with knowledge on conjugation-related aspects in G+
bacteria lagging far behind. This is especially the case for
auxiliary proteins (see Discussion). In our laboratory we study the
conjugative plasmid pLS20 which was originally isolated from the
Gram+ Firmicute bacterium B. subtilis natto IFO3335 (Tanaka
et al., 1977). This strain is used for the fermentation of soybeans
to produce “natto,” a popular dish in South Asia, and hence it is
conceivable that pLS20 or relatives play a role in the conjugation-
mediated HGT in the gut of humans and animals. A derivative of
pLS20 containing a chloramphenicol-resistance gene, pLS20cat,
has been constructed (Itaya et al., 2006) and its sequence has
been determined in our lab and in the lab of M. Itaya (Mitsuhiro
Itaya, Keio University, Japan). All conjugation genes are located
in one large operon spanning genes 28 till 74 according to our
nomenclature (Singh et al., 2013). pLS20cat genes 25-27 are
involved in regulating the expression of the conjugation genes
(Singh et al., 2013; Ramachandran et al., 2014). Recently, we have
identified and characterized the relaxase (gene 58) and the oriT
of pLS20cat, which we named Rely sy and oriTysz0, respectively
(Ramachandran et al., 2017). Contrary to many other plasmids,
the relaxase gene and oriT are located within its large conjugation
operon, and Relysyo turned out to be the founding member of a
novel relaxase family containing >800 members.

Here, we addressed the question whether pLS20cat contains
auxiliary relaxosome genes. We demonstrate that genes 56 and
57, located in between the relaxase gene relysyo and oriTrssg
are two auxiliary genes that are essential for conjugation and
denominated them as auxIpgyo and aux2rgsy, respectively. Both
gene products were purified and biochemical analyses showed
that one of them formed tetramers and the other hexamers
in solution. We also show that the proteins bind to distinct
DNA motifs present in oriTysg. In silico analyses revealed that
a large fraction of the relaxase genes coding for the MOBL
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family of relaxases are preceded by genes encoding homologs of
Auxlysyo and/or Aux2isy. The findings obtained for Auxlysao
and Aux2pgy are placed in perspective with other auxiliary
proteins of CE present in G+ and G— organisms.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, Media and

Oligonucleotides

Escherichia coli and B. subtilis strains were grown in Luria-Bertani
(LB) liquid medium or on 1.5% LB agar plates. When appropriate,
media were supplemented with the following antibiotics:
ampicillin (100 pg/ml), erythromycin (1 and 150 pg/ml in
B. subtilis and E. coli, respectively), chloramphenicol (5 pg/ml),
spectinomycin (100 pg/ml), and kanamycin (10 and 30 pg/ml
in B. subtilis and E. coli, respectively). B. subtilis strains used were
isogenic with B. subtilis strain 168 and are listed in Supplementary
Table SI1. Plasmids and oligonucleotides used are listed in
Supplementary Tables S2, S3, respectively. All oligonucleotides
were purchased from Isogen Life Science, Netherlands.

Transformation

Escherichia coli cells were transformed using standard methods
(Sambrook et al., 1989). Preparation of competent B. subtilis
cells and transformation were carried as described before (Bron
et al,, 1989). Transformants were selected on LB agar plates with
appropriate antibiotics. pLS20cat encodes a protein, Roky sy, that
inhibits the development of competence by repressing comK, the
key transcriptional activator of competence genes (Singh et al.,
2012). Therefore, to manipulate genes on pLS20cat we prepared
competent cells of a pLS20cat-harboring strain that contains
a chromosomal Py -comK fusion (PKS56) using a standard
protocol (Singh et al., 2012).

Construction of Plasmids and Strains

The correctness of sequences of all cloned PCR fragments
was confirmed by sequence analysis. Amplification by PCR
of pLS20cat regions was performed using as template total
DNA isolated from pLS20cat harboring strain PKS11. Details
regarding the construction of integration vectors based on
plasmids pDR110 (amyE integration vector with IPTG-inducible
Pgpank promoter) or pAX01 (lacA integration vector with xylose-
inducible Py, promoter) are given in Supplementary Table S2.
In summary, gene 56 was cloned under the control of the Pyy
promoter or the Py, promoter. In addition, genes 56-57-58,
genes 57-58, or gene 58 were cloned behind the Py, promoter.
Plasmid DNA of the constructed pAXO1 and pDR110 derivatives
was isolated from E. coli cells and then used to transform
competent B. subtilis cells. Double-crossover integration into the
chromosome was checked by PCR in the case of the pAXO1-
derivatives. When pDR110 derivatives were used to transform
competent B. subtilis cells, double cross over integration was
tested by the loss of amylase activity. The pLS20cat genes 58
(relisao), 57 (auxlisyo) and 56 (aux2isyy) were cloned in the
E. coli expression vector pET28b+4 to generate fusion genes

containing a C-terminal his(s) extension. Details regarding these
cloning strategies are given in Supplementary Table S2. The
resulting derivatives of pET28b+ were constructed using E. coli
strain XL1-Blue. Once verified its correctness, the plasmids were
transformed into E. coli strain BL21(DE3).

Conjugation Assays

Conjugation was carried out in liquid medium as described
previously (Singh et al., 2013). The effect of ectopic expression
of a given gene placed under the control of the inducible Pgp,nx
and/or Py, promoter on conjugation was studied by adding the
inducer (1 mM IPTG, 1% xylose) to prewarmed LB medium used
to dilute overnight cultures of the donor cells.

Analytical Ultracentrifugation

Experiments

Sedimentation velocity (SV), sedimentation equilibrium (SE),
and dynamic light scattering (DLS) assays and processing of the
data, including estimations of molar masses of the relaxosome
proteins from the hydrodynamic measurements, were carried out
using the same conditions to those used before in the analysis of
Relysp0 (Ramachandran et al., 2017).

Over Expression and Purification of
Recombinant Rel g5, Aux1g29, and

Aux2, s50 Containing a C-Terminal His g,
Tag

Recombinant versions of Relsyg, Auxlysyg, and Aux2isy0 were
expressed and purified using similar protocols. In brief, E. coli
BL21(DE3) cells containing plasmid pANDS83 (relisyoHis(s)),
or pHJA56 (auxlisyoHise)), or pHJA57 (aux2isyoHiss)) were
inoculated in fresh LB media complemented with 30 pg/ml
kanamicin and grown at 37°C with shaking (200 rpm). At an
ODgqo of about 0.6, IPTG was added to a final concentration
of 1 mM to induce the recombinant protein and growth was
continued for 2 h. Next, cells were collected by centrifugation
and processed as described before (Singh et al., 2012). The nickel-
column purified proteins (>95% pure) were finally dialysed
against buffer B (20 mM Tris-HCl pH 8.0, 1 mM EDTA,
500 mM NaCl, 10 mM MgCl,, 7 mM B-mercaptoethanol, 50%
v/v glycerol) and stored in aliquots at —80°C. Bradford assay
and ODygy determination were used to determine the protein
concentrations.

Gel Retardation Assays

Gel retardation assays were essentially carried out as described
before (Singh et al., 2012). Thus, different DNA fragments were
amplified by PCR using pLS20cat as template. The resulting PCR
fragments were purified and 170 ng of DNA [200 or 362 bp] (with
or without 220 ng of control DNA [176 bp]) were incubated on
ice in binding buffer [20 mM Tris HCl pH 8, 1 mM EDTA, 5 mM
MgCl,, 0.5 mM DTT, 100 mM KCI, 10% (v/v) glycerol, 0.05 mg
ml~! BSA] without or with purified Auxlysyy or Aux2isyg to
a fixed final concentration of 90 nM (Supplementary Figure
S3) or using twofold increasing concentrations ranging from
0.09 to 5.76 uM (Figure 3) in a total volume of 16 pl. The
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negative control, corresponding to bp numbers 63,774-63,950
of accession number NC_015148.1, has an AT-content that is
very similar to the AT content of the oriT fragment (61.4 vs.
61.1%). This DNA corresponds to sequences located inside a
gene (gene 24), lowering the possibility that it harbors particular
features for recruiting a transcriptional regulator or other DNA
binding protein. In addition, it is predicted to lack a static bend.
After careful mixing, samples were incubated for 20 min at 30°C,
placed back on ice for 10 min, then loaded onto 2% agarose
gel in 0.5XTBE. Electrophoresis was carried out in 0.5XTBE at
50 V at 4°C. Finally, the gel was stained with ethidium bromide,
destained in 0.5XTBE and photographed with UV illumination.

In Silico Analyses

Identification of Mob, Members

Relrspo was used as a query sequence to execute a psi-blast
(version 2.6.1+) search against the NCBI nr protein database
(July, 2017), allowing up to 10 rounds of reiteration with an
e-value threshold of le-15 (Altschul et al., 1997, 2005; Schaffer
et al., 2001) producing 1445 hits. The program “USEARCH”
(version v10.0.240_i86linux32) was then used to identify and
remove redundant sequences showing 100% identity (Edgar,
2010), resulting in 1249 unique hits showing high similarity to
Relys20.

Identification of Putative Auxiliary Proteins

Protein sequences of Auxlyisy) and Aux2psy) were used as
query against the NCBI nr protein database (July 2017) using
psi-blast (version 2.6.14), with an e-value threshold of le-6
and le-7, respectively, until no new hits were retrieved. The
sequence identifiers obtained from psi-blast, were crossed with
the sequence identifiers preceding the MOBy, family relaxase
members, obtained from the nucleotide entries from they were
translated.

Prediction of Secondary Structure for Aux1 sop and
Aux2| go9 Homologs

Corresponding sequences were submitted to the RaptorX
property web server (Wang et al., 2016) and predictions for
B-strands and o-helices along the sequences were plotted with
“R”") (R Core Team, 2017).

RESULTS

Identification of Putative Relaxosome
Genes of pLS20cat by in Silico Analysis

Recently, we have shown that pLS20cat gene 58 is essential for
conjugation and that it encodes the relaxase, which we named
Relrsyo (Ramachandran et al., 2017). In these studies we also
identified the nic site of Rel;syo and delineated the functional
oriT, named oriTys20, to a region of 362 bp. Remarkably, oriT1s20
and relygy) are separated by a region of 865 bp, which has
been annotated to contain two relatively small putative genes,
designated genes 56 and 57 (Singh et al., 2013, see Figure 1

Uhttps://www.R-project.org/

for a schematic view of this region). Often, but not always,
conjugative plasmid-located relaxase genes are accompanied
by small auxiliary relaxosome genes that generally are located
upstream of the relaxase gene. This prompted us to investigate
whether genes 56 and 57 might encode auxiliary relaxosome
genes of pLS20cat. In silico analyses of pLS20cat genes 56 and
57 show that, firstly, relisyo is translationally coupled to the
preceding gene 57 [i.e., the stop (TAA) and start codon (ATG)
of genes 57 and relsyg, respectively, overlap; see Figure 1],
and only a small intergenic region of 183 bp separates gene 57
from its preceding gene 56. Second, gene 56 and 57 are both
small genes (79 and 147 codons, respectively). And third, the
proteins encoded by these genes are both putative DNA binding
proteins predicted to contain a Ribbon-Helix-Helix (RHH) motif
in their N-terminal regions. An overview of the secondary
structure prediction of both proteins and their homology with
CopG, a paradigm of RHH DNA binding protein (Gomis-Ruth
et al., 1998; Del Solar et al., 2002), is shown in Supplementary
Figure S1. This figure shows that both Auxlysyo and Aux21syo
contain several lysine and arginine residues near the end of their
predicted helix 1 and beginning of helix 2. The corresponding
region in known RHH structures has been shown to be close to
the phosphate backbone of the DNA (for example see, Schildbach
etal., 1999). In summary, in silico analyses suggested that the two
small genes 56 and 57 preceding the relaxase gene reljsy9 may
encode auxiliary relaxosome proteins.

pLS20cat Genes 56 and 57 Are Essential

for Conjugation

Previously, we engineered a derivative of pLS20cat, pLS20A56-
58, in which the putative genes 56-57 together with the relaxase
gene relisy) (gene 58) have been deleted, and demonstrated
that this plasmid was deficient in conjugation. Conjugation of
pLS20A56-58 was restored when all three genes (56-58), were
ectopically expressed from the IPTG-inducible Pgp,,1 promoter
at the chromosomal amyE locus, but not in the absence of
gene 58, showing that Relysyp was essential for conjugation
(Ramachandran et al., 2017). We used a similar approach to
study whether genes 56 and/or 57 were essential for conjugation.
Thus, we constructed strain GR153, which harbors pLS20A56-
58 and also contains reli sy (gene 58), but not 56 and 57,
under the control of the Py, promoter at the amyE locus.
We then employed this strain as donor to determine the
conjugation efficiencies using a standard protocol (see Materials
and Methods). Strains PKS11, GR149 and GR150 were included
as controls. As shown in Table 1, the efficiency of conjugation
observed for the wild type plasmid pLS20cat was in the range of
10~3, which is similar to values reported previously under similar
conditions (Singh et al., 2013; Ramachandran et al., 2014, 2017).
As reported before (Ramachandran et al., 2017), conjugation
was observed for pLS20A56-58 only when genes 56-58 were
expressed from the chromosome (Table 1, strain GR149 and
GR150). Importantly, no transconjugants were obtained when
strain GR153 (amyE::PSpank-relLszo, pLS20A56-58) was used as
donor in conjugation experiments, regardless of whether they
were grown in the presence or absence of IPTG. These results
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FIGURE 1 | The pLS20cat relaxosome region. (A) Genetic organization of the pLS20cat genes 55-59. The genes, their sizes and orientation of transcription are
indicated with arrows. Genes 55 and 59 are colored gray. Genes 56, 57, and 58 (rel_sp) are colored green, orange, and yellow, respectively. The same color code is
used in “B,” as well as in Figure 4 (see below). The 362 bp oriT soq region is indicated with a blue box labeled oriT. Base pair numbering is given on the top. (B)
DNA sequence of genes 56 and 57 and their deduced protein sequences. Stop codons are indicated with an asterisk and likely Ribosomal Binding sites (RBS) are
highlighted with a red box. Note that genes 57 and rel so are translationally coupled. Only the first 11 codons of the rel soo gene are given.

TABLE 1 | pLS20cat genes 56 and 57 are required for conjugation.

Strain Genotype Plasmid Inductor Conjugation efficiency*
PKS11 168 pLS20cat - 7.9 x 1078
GR149 168 pLS20A56-58 - <107
GR150 168, amyE ::Pgpank 56-58 pLS20A56-58 - <1077

+ 3.2 x 1078
GR153 168, amyE::Pgpank 58 pLS20A56-58 - <107

+ <107
GR197 168, amyE::Pgpank 57-58 pLS20A56-58 - <10=7

+ <1077
GR200 168, amyE::Pgpank 58, lacA::Pyy-56 pLS20A56-58 - <10~

+ <10~7
GR225 168, amyE::Pspank 57-58, 1acA::Pyy-56 pLS20A56-58 - <107

+ 5.8 x 10~*

*Conjugation efficiencies were calculated as transconjugants/donor, and correspond to the mean value of at least three independent experiments. When indicated, the
inducer IPTG was added at a final concentration of 1 mM in the case of strains GR150 and GR197. In the case of GR200 and GR225, the final concentrations of the
inducers was 1 mM (IPTG) and 1% (xylose).
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showed that pLS20cat gene 56 and/or 57 are necessary for
conjugation.

We next tested whether only one or both genes were required
for conjugation. For this, we constructed the pLS20A56-58-
harboring strains GR197 and GR200 in which relisyo together
with either gene 57 (strain GR197) or gene 56 (strain GR200)
could be induced from the bacterial genome. When used
as donor, no transconjugants were obtained for each strain
regardless whether they were grown in the absence or presence
of the inductor(s) (see Table 1), demonstrating that both genes
are essential for conjugation.

In the above conjugation experiments, one or a combination
of genes 56, 57, relisy) was complemented by expressing them
from the IPTG-inducible Py, promoter for all the strains
except for strain GR200. In this strain rely sy is controlled by
Pgpank at the amyE locus and gene 56 by the xylose-inducible
Pyl promoter at the lacA locus. To rule out the possibility
that transconjugants were not obtained for donor strain GR200
because the genes were expressed from different promoters at
a different locus, we constructed strain GR225 in which gene
56 was placed under the control of the Py, promoter at lacA,
and genes 57 and 58 under the control of the Py, promoter
at amyE. Transconjugants were obtained for this strain when
cells were grown in the presence of both inducers (Table 1),
demonstrating that the gene products expressed from the two
different promoters and chromosomal loci were all functional.
These results demonstrate therefore that besides relisyo genes 56
and 57 are also required for conjugation. Taking into account
these results, together with the structural organization of these
genes with respect to relsyo and oriTLsyo, the in silico analyses
presented above, and additional evidence presented below,
we conclude that pLS20cat gene 56 and 57 encode auxiliary
relaxosome proteins which we name Auxlrsyy and Aux2ig)o,
respectively.

In Vitro Analysis of the Relaxosome
Proteins Aux1,gp9 and Aux2; g59, and

Relis20
Oligomerization State Determined by Analytical
Ultracentrifugation and DLS Techniques
To characterize the auxiliary relaxosome proteins in vitro, we
purified Auxlrgyo (Mw 10,601 Da) and Aux2ysz9 (Mw 18,605 Da)
from E. coli, each fused to a His) tag at its C-terminus. We
first determined the oligomerization state of the proteins, and
also investigated putative interactions among them and with
Relys0, using two complementary analytical ultracentrifugation
approaches, i.e,, SV and SE (Figures 2A-D), together with DLS
experiments using the same experimental conditions.
Sedimentation profiles obtained by SV assays showed
Auxlysyg as a single species with an experimental sedimentation
coefficient of 2.5 S (sy0,w = 2.9 S) compatible with a
moderately elongated tetrameric form of the protein (f/fo = 1.5)
(Figure 2A). Subsequent analysis of Auxlysyo gave a D-value of
52.5 4 0.3 wm?/s. The obtained S- and D-values, once introduced
in the Svedberg equation, yielded an apparent molar mass of
46,290 Da. SE data, best-fit analysis to single species model gave

an average molecular mass of 42,200 Da + 300 Da, confirming
that Auxlpgyg is a tetramer in solution (Figure 2B).

In the case of Aux2pgy, analysis of the sedimenting
boundaries showed a sedimentation profile with a main peak
corresponding to 90.0% of the total proteins at 4.4 S (sy0,w = 5.1
S), together with a second peak at 3.3 S (s20,» = 3.8 S)
encompassing 7% of the sample (Figure 2C). The S-value of
the main peak is compatible with the theoretical behavior of
a spherical Aux2rgy tetramer (f/fo = 1.2), as well as with a
moderately elongated hexamer (f/fop = 1.6). DLS analysis of
Aux21gy0 vielded a D of 38.2 4+ 1.0 wm?/s, which combined
with the obtained S-value of 4.4 in the Svedberg formula resulted
in an apparent molar mass of 113,400 Da that is very close
to the molecular mass of Aux2ysy0 hexamers (111,630 Da). SE
experiments were decisive for establishing the oligomerization
state of Aux2rsyo, as the best fit of the SE data gave an
average molecular mass of 111,300 & 1,200 Da, unequivocally
demonstrating that Aux2isyp forms hexamers in solution
(Figure 2D). In summary, the outcome of three complementary
experimental approaches showed that Auxlysyo and Aux2jsyo
form tetramer and hexamers in solution, respectively.

Previously, we determined that purified Relisyo forms
monomers in solution (Ramachandran et al., 2017). To study
possible interactions between the relaxosome proteins in solution
we used combinations of Auxlisyg, Aux2rsy0 and Relrsyo and
subjected these to SV experiments (Supplementary Figure S2). No
additional peaks with increased S-values reflecting new protein
hetero-complexes were obtained in any of the combinations
tested implying that the relaxosome proteins of pLS20cat do not
interact in solution, at least not under the conditions tested.

Aux1so9 and Aux2, so9 Bind Specifically to oriT gag
Electrophoretic Mobility Shift Assays (EMSA) were performed
to study the DNA binding properties of Auxlrsyg and Aux2ysy.
The results presented in Figure 3 show that both auxiliary
proteins bound DNA, and that both bound preferentially
to oriTrsyg. Nevertheless, there were distinct differences in
binding characteristics between the two proteins. The addition
of Auxlrgy resulted in the appearance of only one retarded
species of oriTisy, and even at the highest concentration
tested Auxlrsyo did not bind to the negative control DNA
(Figure 3, left panel). One retarded oriT1syo species was also
observed for Aux2jsy0 at low concentrations. However, higher
Aux2150 concentrations resulted in the appearance of additional
shifted species of oriT1sz. In addition, at higher concentrations
Aux2y530 bound also to the negative control DNA, and at the
highest concentration tested a smear of retarded species was
observed (Figure 3, right panel). These results show that both
proteins bind preferentially to oriTysz0, but Auxlysy appears to
bind oriTysz0 with a higher specificity than Aux2;gy0.

To delineate further the binding sites of Auxlisy) and
Aux21sy0 we generated thirteen overlapping 200 bp DNA
fragments (F21-F33) covering the oriTysyo region with a sliding
window of 25 bp, and used them in EMSA. The results
presented in Supplementary Figure S3 show that Auxlisyo
bound to fragments F22-F29, which share the 25 bp sequence
5-CAAATAAATCTGGTACCACGAAAAA-3' located in the 5
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FIGURE 2 | Determination of the oligomerization state of the relaxosome proteins Auxi sog and Aux2| sop. Purified proteins in solution at 12 uM were studied by
sedimentation velocity (SV) and sedimentation equilibrium (SE). Plots (A,C) are representations of the sedimentation coefficient distribution c(s) profiles obtained by
SV and correspond to Aux1 sog and Aux2| g0, respectively. Concentration gradients obtained by SE assays: (B) Data obtained with Aux1 sog (empty circles) and
best-fit analysis assuming a protein tetramer (black line), dimer (dashed line) and hexamer (dotted line) species model; (D) Data collected with Aux2| so0 (empty
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half of oriTisz0. This sequence contains the inverted repeat 5'-
TGGTACCA-3/, which could be the binding site of Auxlisso.
In the case of Aux2ygyg retarded species of oriTygy with strong
and weak intensity were observed for fragments F21-F25 and
F26-F28, respectively. No shifts were observed for fragments
F29-F33 at the protein concentration used. This shows that
Aux2rgy binds the 5 half region of oriTisy) upstream of
Auxlygyo. The sequence motif 5'-TGTGCAT-3' is present three
times in a directed repeated orientation in the 5" half of oriTygy0.
While fragments F21-F25 each contain the three 5'-TGTGCAT-
3’ motifs, fragment F26 contains only two, and the motif is
present only once on fragments F27 and F28. This suggests
that the motif 5-TGTGCAT-3' may be the preferred binding
site for Aux2rsyo. It is worth mentioning that two of the 5'-
TGTGCAT-3' motifs are embedded within a larger motif (5'-
TTTATGTGCATT-3).

Over 400 Members of the MOB, Family
of Relaxase Genes Contain Upstream
Genes Encoding Homologs of Aux1_ssg

and/or Aux2| goq
Previously, we reported that the pLS20cat-encoded Relrszg
constitutes the founding member of a novel, large family of

relaxases that we named MOB;, which contained 817 members
that were almost exclusively encoded in bacteria belonging to the
phylum Firmicutes (Ramachandran et al., 2017). We wanted to
know whether other MOBy, relaxase genes were also preceded by
genes encoding putative homologs of Aux1yszp and/or Aux2ygy0.
To study this we first determined the current number of MOBg
relaxase genes, applying the same method as that used in our
previous study; i.e., we performed a psi-blastp search of the NCBI
nr database using Relisy as a query. After removing redundant
sequences this search now resulted in 1,453 hits that showed
high similarity with Reljsyo (threshold value P = le-15). Next,
the corresponding DNA accession number of each identified
MOB;, relaxase was retrieved, which was subsequently used
to generate a database that contains the accession number of
each MOB|, member together with that of the protein encoded
by the gene located upstream and downstream of the relaxase
gene. We then performed the same procedures for Auxlyso
and Aux2psyo; i.e., we identified proteins sharing a high level of
similarity with Auxlygyo and Aux2ysyo and generated databases
that contained these accession numbers together with those
of the proteins encoded by the flanking genes. Finally, the
three databases were crossed to identify those MOBy members
that are preceded by a gene encoding a putative homolog of
Auxlysyo and/or Aux2jsyo. This approach revealed 387 MOBy,
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relaxase genes that were preceded by a gene encoding a putative
Aux2ysy0 homolog; and of these 87 contained an additional
Auxlysyo homolog encoding gene upstream. Without exception,
the identified MOBy, relaxase genes having upstream gene(s)
encoding putative homologs of Auxlygsyy and/or Aux2psyo are
all present in bacteria belonging to the phylum Firmicutes.
Although stringent settings were used to identify proteins
sharing high similarity with Auxlysyo or Aux2igsyg, this does
not automatically imply that the identified proteins will contain
a Ribbon-Helix-Helix motif in their N-terminal region, which
is a characteristic feature of both Auxlisy) and Aux2rsyo (see
above). We therefore carried out secondary structure prediction
for all the putative Auxlysyg and Aux2syo homologs identified
(see Materials and Methods). The results of these analyses,
which are presented in Supplementary Table S4, show that
86 of the 87 (98.9%), and 384 of the 387 (99.2%) putative
homologs of Auxlrsyp and Aux2psyg, respectively, contain a
typical Ribbon-Helix-Helix signature in their N-terminal region,
and thereby support the view that they are auxiliary proteins
of the corresponding relaxase. In summary, these analyses
provide compelling evidence that almost 400 MOBy, relaxase
genes are preceded by a gene encoding an Aux2ys;p homolog,
and that in 87 of these cases this putative auxiliary gene
is preceded by another auxiliary gene encoding an Auxlysyg
homolog. Consequently, pLS20 encoded Auxlysyo and Aux2rsz9
are the founding members of two families of Ribbon-Helix-
Helix type auxiliary proteins that are encoded by Firmicutes
bacteria.

DISCUSSION

In this study we have demonstrated that the pLS20cat genes 56
(auxlysy) and 57 (aux21syy) encode the auxiliary relaxosome
proteins of pLS20cat. Combined with our previously published
results (Ramachandran et al., 2017), we have identified the
relaxosome module of pLS20cat that includes oriT1sy9 and the
downstream genes auxIisyo, aux2ysz0, and relpgyo. This module
is embedded within the large conjugation operon of pLS20cat
(Singh et al., 2013). In addition, we have provided strong
evidence that Auxlisy) and Aux2psy constitute the founding
member of corresponding families of Ribbon-Helix-Helix type
auxiliary proteins whose genes precede a large fraction of the
MOB;, type relaxase genes. Thereby, our results provide a better
understanding of the relaxosome components present on Gram+
mobile elements in general and particularly those belonging to
the phylum Firmicutes.

The results presented here, together with those obtained
previously (Ramachandran et al, 2017), show that auxlisy
and aux2pgy) encode trans-acting proteins that are essential
for conjugation. We also showed that Auxlisy) and Aux2rgsyg
form tetramers and hexamers in solution, respectively, and we
detected no interaction between the three pLS20 relaxosome
proteins under the conditions tested. We cannot exclude the
possibility that they interact when they form a nucleoprotein
complex at oriTisyo. Auxlyszo bound with high specificity to a
region of 25 bp located about 100 bp upstream of the nic site
that contains the inverted repeated sequence 5'-TGGTACCA-3'.
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FIGURE 4 | Schematic model of the nucleoprotein complex formed at oriT; so0. DNA is shown as a red double helix. The tetrameric Aux1 spo unit, the hexameric
Aux2| so0 units and the monomeric Rel| sop are depicted as green, orange, and yellow cartoons, respectively. It is well possible that binding of one or more of the
auxiliary proteins to oriT| gog alters the topology of the DNA. This is not taken into account in this simplified model.

The preferred binding site of Aux2ygs;9 resulted to be a 140 bp
fragment located at the 5 half of oriTrsy and that contains
three times the sequence 5-TGTGCAT-3'. In our previous study
(Ramachandran et al., 2017), we showed that a derivative of
oriTrsyo that includes the nic site and the binding site for
Auxlygyo, but lacks the 5'-located 100 bp containing two of
the three 5-TGTGCAT-3" motifs was not functional in vivo.
The topology of DNA can have a large effect on the binding
characteristics of DNA binding proteins and which in turn may
affect their function (Gimenes et al.,, 2008; Fogg et al., 2012).
The oriT regions of several conjugative plasmids contain an
intrinsic bend that is thought to be important for optimal binding
and functionality of the relaxosome proteins (for review see, De
la Cruz et al.,, 2010). We have demonstrated that the oriTrsy
region is also intrinsically bent, and that the bend is located
in the 5 half of oriTigy (Ramachandran et al., 2017), which
we show here corresponds to the region where Auxlrsyo and
Aux2;sy0 (preferentially) bind. When we combine the results
obtained here and in our previous study a picture emerges that
is schematically presented in Figure 4. Auxlysy and Aux21syo
bind to the left half of oriTigyo that is intrinsically bent and
we envisage that the formation of this nucleoprotein complex
contributes to optimal functioning of Relrsyo. In other systems,
auxiliary proteins have been described to stimulate relaxase-
mediated nicking at oriT by recruiting the relaxase to oriT,
probably by facilitating the relaxase to access the nic site, and/or
by acting as molecular wedges to melt double-stranded DNA
(reviewed in, Alvarez-Martinez and Christie, 2009). Thus, it is
conceivable that the auxiliary proteins of pLS20 fulfill similar
function(s).

Most of our knowledge on auxiliary proteins is related to those
encoded by conjugative plasmids replicating in G— bacteria;
in particular, the auxiliary proteins of F and related plasmids
have been studied in detail at the functional, biochemical and
structural levels (for review see, Alvarez-Martinez and Christie,
2009; De la Cruz et al, 2010; Wong et al, 2012). Upon
binding, TraY and TraM of plasmid F bent the DNA and

therewith play important roles in organizing the relaxosome
complex at oriT and influencing the nicking reaction of the
relaxase. In addition, they both play a role in gene expression
by regulating the activity of their own promoters. TraM also
has a key role in delivering the relaxosome to the conjugative
pore by interacting with its cognate T4CP (Wong et al., 2011;
Peng et al., 2014). Future studies are needed to determine
whether the auxiliary proteins of pLS20 fulfill similar functions
to those of E, although it is doubtful that Aux11syo and Aux2rgz9
play a role in gene regulation due to the different genetic
organization. In the case of E the monocistronic traM gene is
located directly downstream of its oriT. TraM is followed by
another monocistronic gene, traJ, which in turn is followed by
a large multicistronic operon in which traY is the first gene
(Zatyka and Thomas, 1998). In the case of pLS20, though, the
relaxosome genes are embedded within the large conjugation
operon and are under the control of the main conjugation
promoter P, that is located almost 26 kbp upstream of auxIrgso
(Singh et al, 2013; Ramachandran et al, 2014). At present,
we cannot fully exclude the possibility that the relaxosome
genes of pLS20cat are controlled by an additional promoter that
is regulated by Auxlisy) or Aux2isz. RNAseq data showed,
however, that repression of the main conjugation promoter
results in silencing of the relaxosome genes, as well as other
genes in the conjugation operon of pLS20cat (Singh et al,
2013).

Far less is known about auxiliary proteins encoded by
conjugative plasmids of Gram+ origin. The monomeric
Helix-Turn-Helix protein TraN of the Enterococcus faecalis
conjugative plasmid pIP501 binds to its oriT region, which
suggested that it might be an auxiliary protein of pIP501.
However, recent results revealed that traN is not essential
for conjugation, and it is now believed that it may be a
repressor of conjugation by regulating either the expression
of the conjugation operon or activity of the relaxase
TraA (Goessweiner-Mohr et al., 2014; Grohmann et al,
2016).
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The auxiliary proteins PcfF encoded by the E.nterococcus
faecalis plasmid pCF10, and LtrF of Lactococcus lactis plasmid
pRSO1 share 47% sequence identity. As far as we know,
these are the only auxiliary proteins encoded by conjugative
plasmids of Gram+ origin that have been studied in some
detail (Chen et al, 2007, 2008). The pcfF and ItrF genes
are essential for conjugation and purified PcfF and LtrF
bind their cognate oriTs. Moreover, evidence supports a
model in which PcfF recruits the relaxase PcfG to oriT,
and that PcfF, probably in conjunction with the relaxase
PcfG, interacts with its cognate T4CP and hence plays an
important role in delivering the relaxosome to the conjugative
pore.

Several auxiliary proteins of conjugative plasmids of Gram—
origin are described to contain a RHH motif. These include,
TraY and TraM of F plasmid, TrwA of R388, VirC2 of
Agrobacterium tumefaciens, NikA of R64, TraJ of RP4, MobC
of RSF1010, MbeC of ColEl, MobC of RA3 (Bowie and
Sauer, 1990; Zhang and Meyer, 1997; Moncalian and De
la Cruz, 2004; Ragonese et al, 2007; Yoshida et al, 2008;
Lu et al, 2009; Varsaki et al, 2009; Godziszewska et al,
2016). For some of them structure-based mutational analyses
have demonstrated the importance of the RHH motif in
oriT binding as well as relaxase recruitment (Yoshida et al,
2008; Lu et al, 2009). Interestingly, Auxlrsy and Aux2isyo
are also predicted to contain an RHH DNA-binding domain
in their N-terminal region (Supplementary Figure S1). In
addition, our in silico analyses predict that the auxiliary
PcfF and LtrF proteins of Gram+ E. faecalis pCF10 and
L. lactis pRSO1 plasmids, respectively, also contain an RHH
motif in their N-terminal region (our unpublished results).
The presence of a likely RHH motif in Auxlisy and
Aux2isy is therefore in line with the conclusion that they
are auxiliary proteins. More importantly, the observation that
the auxiliary proteins encoded by plasmids pLS20, pRSO1,
and pCF10, replicating in Gram+ bacteria, all contain a
predicted RHH motif indicates that this is a conserved motif
in auxiliary proteins encoded by CEs of both Gram— and
Gram+ origin, and suggests that auxiliary proteins share a
common ancestor. We have made use of this feature, combined
with the genetic organization, to identify putative auxiliary
genes located upstream of the MOBy, type relaxase genes that
encode homologs of Auxlpsy and Aux2psy. This strategy
resulted in the identification of about 400 and 90 genes
encoding homologs of Aux2rsy) and Auxlysy, respectively;
99.2% (Aux2ysz0) and 98.9% (Auxlrsy) of these homologs
were predicted to contain a Ribbon-Helix-Helix motif in their
N-terminal region. These results reinforce therefore the view
that an N-terminal Ribbon-Helix-Helix DNA binding motif
is a characteristic feature of auxiliary relaxosome proteins.
In addition, these data showed that Auxlisy) and Aux2isyo
are the founding members of two families of auxiliary
proteins whose genes are genetically linked to a MOBg
type relaxase gene. In summary, we have demonstrated that
pLS20cat genes 56 (auxlisy) and 57 (aux2psy) encode the

auxiliary proteins of pLS20 that are essential for conjugation,
and that they form the founding members of families of
auxiliary relaxosome proteins that are encoded in Firmicutes
bacteria.
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Lambdoid bacteriophages form a group of viruses that shares a common schema of
genome organization and lifecycle. Some of them can play crucial roles in creating the
pathogenic profiles of Escherichia coli strains. For example, Shiga toxin-producing E. coli
(STEC) acquired stx genes, encoding Shiga toxins, via lambdoid prophages (Stx phages).
The results obtained so far present the evidence for the relation between the exo-xis
region of the phage genome and lambdoid phage development, however molecular
mechanisms of activities of the exo-xis genes’ products are still unknown. In view of this,
we decided to determine the influence of the uncharacterized open reading frame orf63
of the exo-xis region on lambdoid phages development using recombinant prophages, A
and Stx phage ®24g. We have demonstrated that orf63 codes for a folded protein, thus,
it is a functional gene. NMR spectroscopy and analytical gel filtration were used to extend
this observation further. From backbone chemical shifts, Orf63 is oligomeric in solution,
likely a trimer and consistent with its small size (63 aa.), is comprised of two helices, likely
intertwined to form the oligomer. We observed that the deletion of phage orf63 does not
impair the intracellular lambdoid phage lytic development, however delays the time and
decreases the efficiency of prophage induction and in consequence results in increased
survival of E. coli during phage lytic development. Additionally, the deletion of phage orf63
negatively influences expression of the major phage genes and open reading frames from
the exo-xis region during prophage induction with hydrogen peroxide. We conclude, that
lambdoid phage orf63 may have specific functions in the regulation of lambdoid phages
development, especially at the stage of the lysis vs. lysogenization decision. Besides,
orf63 probably participates in the regulation of the level of expression of essential phage
genes and open reading frames from the exo-xis region during prophage induction.

Keywords: Shiga toxin-producing Escherichia coli (STEC), lambdoid bacteriophages, lytic development, exo-xis
region, open reading frames
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INTRODUCTION

The significance of Shiga toxin-producing E. coli (STEC) as a
public health problem was first recognized in 1982 during an
investigation of an outbreak of hemorrhagic colitis associated
with consumption of contaminated hamburgers (Riley et al,
1983). Since then, STEC strains have been implicated in many
outbreaks of diarrhea world-wide. Quite recently (2011), the
Shiga toxin-producing E. coli serotype O104:H4 was responsible
for a serious epidemic outbreak in Germany (Bloch et al,
2012; Muniesa et al., 2012). STEC pathogens can cause serious
food poisoning with bloody diarrhea in humans (Nataro and
Kaper, 1998). Their main virulence factors are Shiga toxins,
encoded by stx genes located in genomes of bacteriophages
which occur in bacteria as prophages (Mizutani et al., 1999).
These bacteriophages are called Shiga toxin-converting or Stx,
for short, and belong to the lambdoid family of phages (Schmidt,
2001). All phages within this group indicate high similarities in
the lifecycle and genomic organization to bacteriophage A, the
most reviewed member of this family (Wegrzyn et al., 2012). In
the prophage state, most of phage genes, including stx genes,
are not transcribed due to inhibition caused by the phage cI
repressor. As a consequence, Shiga toxins are not produced
under such conditions. Expression of stx as well as other phage
genes occurs effectively only after prophage induction. In most
cases, this process requires activation of the RecA-dependent
bacterial S.O.S. response which is provoked by factors causing
appearance of single-stranded DNA fragments. Activated RecA
protein stimulates cleavage of the S.O.S. regulon repressor, the
LexA protein, and the cI phage repressor. Prophage induction
and subsequent phage lytic development lead to production
of progeny phage particles and Shiga toxins, followed by their
release from the lysed cell (Licznerska et al., 2016b). In the
regulation of the lysis-vs. -lysogenization decision after infection
of the host cell by a bacteriophage, both phage- and host-
encoded proteins play important roles (for a review, see Wegrzyn
et al, 2012). Among environmental factors influencing the
decision, the crucial are temperature, nutrients availability and
multiplicity of infection (m.o.i.). Lytic growth is supported by
high temperature, rich medium and high m.o.i,, while low
temperature, starvation and low m.o.i. favor lysogenization. At
the molecular level, the major players supporting lytic and
lysogenic pathways are Cro and cI proteins, respectively. They
are transcriptional regulators, and Cro represses expression of the
cI gene, whereas cI downregulates transcription from two major
“lytic” promoters (pL and pR, which provide mRNAs for cro and
other “lytic” genes, encoding proteins involved in all processes
during production of phage progeny) while stimulating its own
expression by activation of the pM promoter. Thus, the result
of the competition between Cro and cI is crucial for choosing
one of the alternative developmental pathways. Since shortly
after infection no cI protein is present, another transcription
regulator, the cII protein (whose gene is transcribed from pR),
is a key player in this game. This protein activates the second
promoter for cI expression, pE. Therefore, cII activity decides
on the Cro or cI predominance. In fact, cII is a subject of
various regulatory mechanisms acting in response to different

environmental conditions, including those playing major roles in
the lysis-vs. -lysogenization decision (see Wegrzyn et al., 2012, for
details).

An  evolutionarily conserved region of lambdoid
bacteriophage genome, located between exo and xis genes
(so called “the exo-xis region”), contains several genes and open
reading frames (Figure 1). Quite surprisingly, until recently,
the role of this region in bacteriophage development was
almost completely unknown. Recent studies indicated that
overexpression of genes from the exo-xis region’ impaired
lysogenization of E. coli by bacteriophage A (Lo$ et al., 2008b)
and enhanced induction of prophages A and ®24p (one of
Shiga toxin-converting phages) (Bloch et al., 2013). The Ea8.5
protein, encoded by a gene located in the exo-xis region, contains
a fused homeodomain/zinc-finger fold (Kwan et al, 2013),
which suggest a regulatory role for this protein. Interestingly,
prophage induction with mitomycin C or hydrogen peroxide
caused different expression patterns of genes from the exo-xis
region; such differences were observed in both phages, A and
®24p (Bloch et al.,, 2014). Moreover, phages with deletions in
the exo-xis region responded to the oxidative stress in a different
manner relative to wild-type phages (Licznerska et al., 2016a).
Therefore, it is important to determine structures and functions
of particular proteins encoded in the exo-xis region.

In this work, we have focused on orf63. In our preliminary
experiments with mutants in particular genes and ORFs from
the exo-xis region, deletion of orf63 gave one of the strongest
effects (Licznerska et al., 2016a). Moreover, the transcription
factor YqhC has been recognized as a potential partner for
interaction with Orf63 in yeast two-hybrid study of phage-host
interactions (Blasche et al., 2013). Therefore, we decided to
investigate structure and functions of orf63 and its product, the
Ofr63 protein, in more detail.

MATERIALS AND METHODS

The orf63 Gene Expression and Protein

Purification

A codon-optimized orf63 gene (NCBI ID: 2703507) for high level
expression E. coli was synthesized by ATUM (Menlo Park, CA)
and supplied in plasmid pD441-NH for direct transformation
of a BL21 host strain (Novagen). Amino terminal 6xHis and
Flag (DYKDDDDK) tags were included to facilitate affinity
purification and detection. Milligram quantities of isotopically
labeled 6xHis-Flag-Orf63 for NMR spectroscopy were obtained
from a 1.0 L fermentation in a minimal medium containing 1 g
NH,4CI, 3 g of 1*C-glucose, and 1 g of ’N-1C Celtone algal
extract (CIL; Cambridge, MA). The cell pellet was dissolved in
T300 buffer (20 mM Tris-HCI, 300 mM NaCl, 0.05% NaN3) and
lysed by French press and sonication. The Orf63 protein purified
from the bacterial soluble fraction by Nickel-NTA affinity
chromatography (Qiagen) that included a 10 mM imidazole wash
step and a 20 mM EDTA elution step, all in T300 buffer. A
subsequent gel filtration chromatography step (Sephacryl-100,
HiLoad 16/60; GE Life Sciences) was employed to further purify
the Orf63 protein and exchange it into NMR spectroscopy buffer
(5 mM Tris-HCI, 0.15 M NaCl, 0.05% NaN3).
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FIGURE 1 | Maps of genes and open reading frames (ORFs) from the region located between exo and xis genes (black rectangles), the exo-xis region or e.x.r., of
lambdoid bacteriophages: A (A) and @245 (B). In the case of phage A (A), the exo-xis region consists of two recognized genes: ea22 and ea8.5, and five additional
ORFs, named: orf60a, orf63, orf61, orf73, and orf55, which expression is under control of the p| promoter (thin dashed arrow). Comparatively, the exo-xis region of
phage @245 (B) contains additional ORFs (gray rectangles), but there is no homolog of the ea8.5 gene of phage A (A), rectangle with black stripes). Note, that some
ORFs from the exo-xis region of phage @24 (B): vb_24B_9c (blue rectangles), vb_24B_8c (red rectangles), vb_24B_7c (green rectangles), putative C4 zinc finger
protein (orange rectangles), and vb_24B_6c (yellow rectangles) are homologs of phage A orf60a, orf63, orf61, orf73, ea22 (B), respectively. In spite of the differences
in composition of both A and @24 exo-xis regions, attention needs to paid to highly conserved sequences of the orf60a-orf73 regions among lambdoid
bacteriophages (>70% nucleotide and amino acid sequence identity) (Bloch et al., 2013). The regulatory genes: N and clll are marked as white rectangles and t_
terminator is indicated as black vertical rectangle.

Gel Filtration Assay to Estimate Apparent Bacteria, Bacteriophages and Plasmids
Molecular Weight The E. coli strains, bacteriophages and plasmids used in

Chromatograms of eleven proteins on the same gel filtration i Vivo work are presented in Table 1. Work with these strains
column used to purify Orf63 were compiled to produce a  Was approved by the Ministry of Environment (decision no.
standard curve describing the relationship between retention 189/ 2016). The E. coli lysogens were obtained using the following
volume and molecular weight. Specific proteins used for the lambdoid phages: 4, A Aorf63, ®24p or ®24g Aorf63 (Bloch etal,,
standard curve included the HACS1 SH3 domain (10.6 kDa), 2013; Licznerska et al., 2016b). In the first step, phage lysates were
the AIDA1 PTB domain (22.0 kDa), the monomeric and dimeric prepared. Bacterial cultures were grown at 37°C to Aggo = 0.1.
states CASKIN2 SAM domain tandem (20.2 / 40.5 kDa), the Then, mitomycin C (Sigma—Aldrich) was added to all flasks to a
CASKIN2 SAM1 domain (10.3 kDa), the SHP2 adaptor SH2 final concentration of 1 pg/ml. The incubation with shaking was
domain (14.1 kDa), the AIDA1 SAM domain tandem (16.4 kDa), continued for about 12 h. To obtain lysates, bacterial debris were
two deletion mutants of the La RRM domain (14.6 / 15.9 kDa),  centrifuged (2,000 x g for 10 min at 4°C) and supernatants were
the Crk2 adaptor SH2 domain (15.5 kDa), dimeric glutathione filtered through the 0.22-pm-pore-size filters (Sigma—Aldrich).

S-transferase (52 kDa), and calmodulin (18.8 kDa). In the next step, the lysogenization procedure was carried out.
Briefly, E. coli strain C600 was cultivated at 37°C to Aggg = 0.2.

Then, 4 ml of bacterial culture was centrifuged (2,000 x g for 5
NMR Spectroscopy min at RT), the pellet was washed with TCM buffer (10 mM Tris-
A 05 mM sample of '3C,'°N-labeled Orf63 was prepared HCIL, 10 mM MgSOy, 10 mM CaCly, pH 7.2; Sigma—Aldrich)
for NMR spectroscopy in NMR buffer supplemented with  and suspended in LB medium (Sigma—Aldrich) supplemented
10% D,0O. All experiments were performed at 310 K using a  with MgSOy4 (phages A and A Aorf63) or with MgSOy4 and CaCl,
Bruker Avance 700 MHz NMR spectrometer equipped with  (phages ®24p and ®24gAorf63) to a final concentration of 10
a cryogenically cooled 5 mm probe at the York University = mM. Bacteriophages were added to the suspensions to m.o.i. of
Life Sciences Building Central Facility. Backbone (HN, N, CA,  10. Following incubation at 37°C, the mixtures were spread on LB
CB, C’) assignments were achieved using a set of conventional  agar plates. After overnight incubation at 37°C, bacterial colonies
triple resonance experiments (HNCA, HNCACB, CBCAcoNH,  were tested for the presence of prophages by using UV irradiation
HNCO, HNcaCO) incorporating sparse sampling for the  (this procedure is described in detail in the next section). For
optimum sensitivity and resolution. Datasets were processed with  construction of the plasmid pSB_orf63_A, nucleotide sequence
NMRpipe (Delaglio et al., 1995) and istHMS (Hyberts et al., 2012) ~ of orf63 from phage A was amplified by PCR with primers:
and interpreted with CCPN Analysis (Skinner et al., 2015). Frorf63_EcoRI (5GGA GAA TTC GGC TGT ATG CAC AAA
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TABLE 1 | Bacterial strains, bacteriophages and plasmids used for in vivo experiments.

E. coli strains, bacteriophages or plasmids

Relevant genotype or description

References

E. coli LABORATORY STRAINS

MG1655 F- - ilvG rfb-50 rph-1 Jensen, 1993

MG1655 (1) MG1655 bearing A prophage Bloch et al., 2013

MG1655 (A Aorf63) MG 1655 bearing A prophage with deletion of orf63 Licznerska et al., 2016a
MG1655 (924g) MG1655 bearing ®24g prophage Bloch et al., 2013

MG1655 (924 Aorf63) MG1655 bearing ®24g prophage with deletion of vb_24B_8c, the homolog of Aorf63  Licznerska et al., 2016a
C600 F—tonA21 thi-1 thr-1 leuB6 lacY1 ginV44 rfbC1 fhuAT A~ Appleyard, 1954

C600 (r) C600 bearing A prophage This study, by lysogenization
C600 (rAorf63) G600 bearing A prophage with deletion of orf63 This study, by lysogenization
G600 (®24p) G600 bearing ®24g prophage This study, by lysogenization
C600 (245 Aorf63) G600 bearing ®24g prophage with deletion of vb_24B_8c, the homolog of 1orf63 This study, by lysogenization
BACTERIOPHAGES

A carries a frameshift mutation relative to Ur-lambda Hendrix and Duda, 1992
AAOIf63 ®24p phage with deletion of orf63 Licznerska et al., 2016a
P24 Astx2::cat Allison, 2003

d24gAorf63 ®24p phage with deletion of vb_24B_8c, the homolog of Aorf63 Licznerska et al., 2016a
PLASMIDS

puC18 ori pMB1 (pBR322 derivative), bla, AmpR Thermo fisher scientific
PSB_orf63_i as pUC18 but bearing the orf63 from phage This study
pSB_orf63_@24g as pUC18 but bearing the orf63 from phage ®24g This study

GC) and Riorf63_BamHI (5 GAG GAT CCT GCA TTC CGT
GGT TGT C), and phage DNA as a template, which was isolated
by using MasterPure™ Complete DNA and RNA Purification
Kit (Epicenter). Then, the Lorf63 was ligated with fragment of
plasmid pUCI8 (insert and vector were digested with EcoRI and
BamHI restrictions endonucleases; Thermo Scientific), bearing
an ampicillin resistance gene and sequence of pj,. promoter. The
plasmid pSB_orf63_®24p was constructed according to similar
procedure. To amplify a DNA fragment containing vb_24B_8¢
sequence (the homolog of Lorf63) by PCR method, two primers:
F®24porf63_EcoRI (5GGA GAA TTC GGC TGT ATG CAC
AAA GC) and R®24porf63_BamHI (5’GTA GGA TCC TTG
TCA TGC CGG GTC) were used. Next, plasmid pUC18 and
insert were cut with EcoRI and BamHI enzymes and ligate by the
T4 DNA ligase (Thermo Scientific). The construction of pUC18
derivatives was confirmed by DNA sequencing (Genomed).

Media and Growth Conditions

All in vivo experiments were performed in LB liquid medium
(Sigma—Aldrich) supplemented with 10 mM MgSOj4 (phage A or
phage M Aorf63) or with 10 mM MgSO4 and 10 mM CaCl, (phage
®24p or phage ®24pAorf63), and with 50 pg/ml ampicillin
(if necessary) (Sigma—Aldrich). To stimulate Orf63 protein
production from the recombinant pUC18 derivatives, overnight
bacterial cultures were diluted 1:100 in fresh LB medium and
treated with IPTG (A&A Biotechnology) to a final concentration
of 1 mM. Then, host bacteria were grown in aeration condition,
achieved by shaking, at 30°C to Agpp = 0.1 or 0.2 (the optical
density of bacterial cells was dependent on the experimental
conditions described in the following chapters).

Double Overlay Plaque Assay

Bacteriophage titration was performed on the standard Petri
dishes (Alchem) filled with 25 ml of LB agar (1.5% agar; Sigma—
Aldrich), according to a procedure described by Sambrook
and Russell (2001), with some modification. The top layer was
prepared by mixing 2 ml of LB agar (0.7% agar; Sigma—Aldrich)
with 1 ml of the overnight bacterial cell culture. To obtain
visible plaques formed by Stx phages, the bottom agar was
supplemented with sublethal concentration of chloramphenicol
(Sigma—Aldrich). This antibiotic was effective in increasing of
size of plaques of phage ®24p and its derivative, which possessed
in genomes chloramphenicol resistance gene (Table1). As
described previously (Los et al., 2008a), the ¢ gene expression,
especially after phage infection of E. coli bacteria, may have
the positive influence on cellular productivity by decreasing
the inhibitory effects of the antibiotic on protein synthesis. To
determine the number of phages per ml of suspension (PFU/ml),
serial 10-fold dilutions were prepared in TM buffer (10 mM Tris-
HCI, 10 mM MgSOy; pH 7.2). Then, appropriate volume of each
dilution of phage lysate was spotted onto double agar layer. The
plates were incubated at 37°C overnight, plaques were counted,
and the phage titer was calculated.

One-Step Growth Experiments in

Phage-Infected Bacteria

To investigate the intracellular lytic development of lambdoid
phages the one-step-growth experiment was prepared using
the method described by Wegrzyn et al. (1995), with a minor
modification (Bloch et al., 2014; Nejman-Falenczyk et al., 2015).
Host bacteria were grown in LB medium at 30°C to Agpp = 0.2. In
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the next step, 10 ml of a bacterial culture was centrifuged (2,000
x g for 10 min at 4°C). The pellet was suspended in 1 ml of
LB medium supplemented with 3 mM sodium azide (Sigma—
Aldrich). Bacteriophages were added to E. coli cells to m.o.i. of
0.05. After 10 min incubation at 30°C, unadsorbed phages were
removed by three times washing in LB medium with 3 mM
sodium azide (2,000 x g for 10 min at 4°C). Then, 25 pl of
the suspension was added to 25 ml of LB medium prewarmed
to 30°C (time 0) and cultivated in an incubator shaker. The
number of infection centers were determined at times: 5, 10,
15 min after infection by mixing 0.1 ml of the sample with 0.9
ml of an overnight culture of appropriate indicator bacteria and
2 ml of top agar. Next, the mixture was poured onto LB agar
plate (phages A and NAorf63) or LB agar plate with 2.5 pg/ml
chloramphenicol (phage ®24p and ®24pAorf63). Samples taken
at later times were treated with chloroform (POCH), shaken
vigorously and cleared by centrifugation (2,000 x g for 5 min at
RT). The phage lysate was diluted in TM buffer and titrated under
permissive condition. Plates were incubated at 37°C overnight.
The number of viruses released from each infected cell (burst
size) was calculated as a ratio of phage titer to the titer of infection
centers.

Prophage Induction with Hydrogen

Peroxide

Bacteria lysogenic for lambdoid phages were grown in LB
medium at 30°C to Aggg = 0.1. Next, the culture was divided
into two aliquots. One of them was treated with 1 mM hydrogen
peroxide (Sigma—Aldrich) to provoke the prophage induction.
The second one was a control without an induction agent. The
cultivation was continued at 30°C. At indicated times samples
were harvested, mixed with chloroform and vortexed for 1 min.
The suspension was centrifuged for 5 min in a microfuge at RT.
The supernatant was diluted in TM buffer and 2.5 pl of each
serial dilution was dropped onto a freshly prepared double-layer
LB agar in plastic Petri dishes. Plates were incubated at 37°C
overnight. The relative phage titer was estimated by subtracting
the phage titer determined in non-induced cultures from the
phage titer estimated in induced cultures.

Survival of Host Bacteria after

Bacteriophage Infection

To estimate the percentage of surviving cells after bacteriophage
infection the procedure created by Sambrook and Russell (2001)
was used, with a minor modification. A bacterial culture was
grown at 30°C to Aggo = 0.2. Then, 4 ml of the sample was
centrifuged (2,000 x g for 10 min at 4°C). The supernatant was
discarded and the pellet was washed with 0.85% sodium chloride
(POCH) (2,000 x g for 10 min at 4°C). Finally, the bacterial pellet
was suspended in 1 ml of LB medium supplemented with MgSOy4
(phage X and phage A Aorf63) or with MgSOy4 and CaCl, (phage
®24p and P24pAorf63) to a final concentration of 10 mM. The
suspension was incubated for 30 min at 30°C and then phage
particles were added to m.o.i. of 1, 5, 10. The mixture was kept
for 15 min (phage A and phage AAorf63) or 30 min (phage ®24p
and ®24gAorf63) at 30°C. In the next step, serial dilutions in

0.85% sodium chloride were prepared and 40 pl of each dilution
was spread on LB agar plates. After overnight incubation at 37°C,
percentage of surviving E. coli bacteria was calculated relative to
bacterial culture in which TM buffer was added instead of phage
particles.

Efficiency of Prophage Formation after

Bacterial Virus Infection

Efficiency of lysogenization was estimated according to Arber
et al. (1983) and Wegrzyn et al. (1992), with some modification.
Host bacteria were cultured at 30°C to Aggp = 0.2. Next, 1 ml
of the sample was centrifuged (2,000 x g for 10 min at 4°C).
Bacterial culture was washed with TCM buffer twice, and then
pellet was suspended in the same buffer. Bacteriophages were
added to bacterial cells to m.o.i. of 1, 5, 10. The mixture was
incubated at 30°C. Then, serial dilutions were prepared and
20 pl of each suspension was spread on LB agar plates prior
to overnight incubation at 37°C. The next day, 96 colonies
were passaged in each well of a 96-well plate with 200 pl of
LB medium and shaken at 37°C to Agyy = 0.1. To estimate
a percent of lysogens among survivors, bacterial cultures were
treated with UV light at 50 J/m? (the dose used routinely
for lambdoid prophage induction) and incubated at 37°C for
2 h. Following induction, putative lysogens were mixed with
chloroform, centrifuged (2,000 x g for 10 min at 4°C) and the
water phase was spotted onto a double-layer LB agar (phage A
and phage NAorf63) or a double-layer LB agar supplemented
with chloramphenicol to a final concentration of 2.5 pg/ml
(phage ®24p and ®24pAorf63). Efficiency of lysogenization
was calculated as a percent of lysogens relative to all tested
bacterial cells. Lysogens were also infected with the same phage to
check their resistance to superinfection, as described previously
(Wegrzyn et al.,, 1992).

Prophage Induction and Extraction of RNA
Induction of tested prophages was provoked in lysogenic bacteria
by addition of hydrogen peroxide to a final concentration
of 1 mM. At the appropriate time, 10° bacterial cells were
harvested, treated with 10 mM sodium azide and deep frozen
in liquid nitrogen (this procedure was necessary to inhibit
the growth of host bacteria). Total RNA from all samples
were isolated with the High Pure RNA Isolation Kit (Roche
Applied Science). To remove DNA from RNA preparations the
TURBO DNA-free™ Kit (Life Technologies) was used. The
quality and quantity of total isolated RNA were analyzed by a
NanoDrop spectrophotometer and agarose gel electrophoresis.
The contamination of DNA from RNA samples was also tested
by routine PCR and qRT-PCR.

cDNA Synthesis from an RNA Template

To synthesize cDNA from an RNA template, the Transcriptor
Reverse Transcriptase and random hexamer primers (Roche
Applied Science) were used, according to the protocol supplied
from the provider. 1.25 pg of the total RNA was taken for
each reaction. Finally, mixture was diluted 10-fold and tested in
qRT-PCR.
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TABLE 2 | Primers used for RT-Qpcr.

Primer name

Sequence (5'— 3')

pF_1_ea8.5 GGGCAAGTATCGTTTCCACC
pR_4_ea8.5 GCAATGTGCGAGAAATGACTG
pF_i_ea22 GCAGTTCCAGCACAATCGAT
pR_ A_ea22 AATGCATGACGACTGGGGAT
pF_i_orf73 CACTTCGAACCTCTCTGTTTACTG
pR_ A_orf73 CAGGGTTGTCGGACTTGTG
pF_i_orf61 TTAGCCTGACGGGCAATG

pR_ A_orf61 CCGACATGGGACTTGTTCA
pF_i_orf60a GCATACAGCCCCTCGTTTAT

pR_ A_orf60a CCGAAATCCACTGAAAGCAC
pF_a_clll ATTCTTTGGGACTCCTGGCTG
pR_A_clll GTAAATTACGTGACGGATGGAAAC
pF_1_N CTCGTGATTTCGGTTTGCGA
pR_A_N AAGCAGCAAATCCCCTGTTG
pF_i_cro ATGCGGAAGAGGTAAAGCCC
pR_ A_cro TGGAATGTGTAAGAGCGGGG
pF_a_cll TCGCAATGCTTGGAACTGAGA
pR_A_cll CCCTCTTCCACCTGCTGATC
pF_2_Q TTCTGCGGTAAGCACGAAC
pR_2_Q TGCATCAGATAGTTGATAGCCTTT
pF_A_R ATCGACCGTTGCAGCAATA
pR_A_R GCTCGAACTGACCATAACCAG
pF_®24B_ea22 TCAGCAACATGGCATTCACT

pR_ ®24B_ea22 GGTTGGGAAGCTGAGAGTTG
pF_®24B_orf73 CGAACCTCTCTGTTTACTGATAAGC
pR_ ®24B_orf73 TTCAGGGTTGTCGGACTTGT
pF_®24B_orf61 TTAGCCTGACGGGCAATG

pR_ ®24B_orf61 CCGACATGGGACTTGTTCA
pF_®24B_orf60a CATACAGCCCCTCGTTTAT

pR_ ®24B_orf60a CCGAAATCCACTGAAAGCAC
pF_®24B_clll ATTCTTTGGGACTCCTGGCTG
pR_®24B_clll GTAAATTACGTGACGGATGGAAAC
pF_®24B_N AGGCGTTTCGTGAGTACCTT
pR_ ®24B_N TTACACCGCCCTACTCTAAGC
pF_®24B_cro CGAAGGCTTGTGGAGTTAGC
pR_ ®24B_cro GTCTTAGGGAGGAAGCCGTT
pF_®24B_cll TGATCGCGCAGAAACTGATTTAC
pR_®24B_cll GACAGCCAATCATCTTTGCCA
pF_®24B_0O AAGCGAGTTTGCCACGAT
pR_®24B_0 GAACCCGAACTGCTTACCG
pF_®24B_Q GGGAGTGAGGCTTGAGATGG
pR_ ®24B_Q TACAGAGGTTCTCCCTCCCG
pF_®24B_R GGGTGGATGGTAAGCCTGT

pR_ ®24B_R TAACCCGGTCGCATTTTTC
pF_E.coli_16SrRNA CCTTACGACCAGGGCTACAC
pR_ E.coli_16SrRNA TTATGAGGTCCGCTTGCTCTC

qRT-PCR Assay and Data Analysis

The pattern of genes expression after prophage induction was
performed by using the LightCycler® 480 Real-Time PCR
System (Roche Applied Science), LightCycler® 480 SYBR
Green I Master (Roche Applied Science) and cDNA samples.

Transcription rates of genes of lambdoid bacteriophages
were compared in parallel to the 16S rRNA housekeeping
gene (according to a procedure described by Strauch et al.
(2008), which expression was stable during prophage induction
provoked by hydrogen peroxide. All primers were created by
Primer3web version 4.0.0 and are listed in Table 2. Each reaction
mixture consisted of: 2x SYBR Green I Master Mix, 6.25 ng/ul
c¢DNA and 200 nM specific primers. qRT-PCR amplifications
were performed for 55 cycles. To confirm the specificity of
primers, melting curve for each product was analyzed. The
relative changes in gene expressions were determined by

E-Method and calculated by the following formula: Normalized
relative ratio = E, CT (target) calibrator — CT (target) sample / E,
CT (reference) calibrator — CT (reference) sample’ where Et is the PCR

efficiency of target and E, means the PCR efficiency of reference.
The sample before the addition of the inductor (the time
point “zero”) was a calibrator. The raw run data for tested
lambdoid phages were transferred using the “LC480 Conversion:
conversion of raw LC480 data” software and then, PCR efficiency
for each gene was calculated by LinRegPCR program, which
was successfully used previously (Bloch et al, 2014, 2015;
Nejman-Falenczyk et al., 2015; Licznerska et al., 2016a).

Statistical Analysis

Each experiment was repeated three times and variation among
replicates was presented as the error bars indicating the standard
deviation (SD). All data comparisons were made by using
Student’s ¢-test. Significant differences were marked by asterisks
when P < 0.05 (%) or P < 0.01 ().

RESULTS
The Oligomeric State of Orf63

Samples from four independent preparations of 6xHis-Flag
tagged Orf63 (15 aa. tag + 63 aa. protein) eluted as one peak
on a preparative gel filtration column with an average retention
volume of 59.5 mL corresponding to an apparent molecular
weight of ~26 kDa (Figure 2A). Since affinity-tagged Orf63
is only 9 kDa, the gel filtration results suggest that Orf63 is
oligomeric with a trimer as the most plausible configuration. This
estimate is most accurate if Orf63 has the characteristics of a
globular protein to match the standards used.

The orf63 Gene Encodes a Folded Protein

Consistent with the observation that Orf63 is oligomeric in
solution, NMR spectra of Orf63 at 298 K (25°C) suffered from
considerable resonance line broadening that was characteristic of
proteins > 20 kDa in overall molecular weight. Consequently,
a higher temperature of 310 K (37°C) was chosen for all
NMR studies to increase the tumbling time of the protein
that, in turn, improves the sensitivity of triple resonance
experiments. In Figure 2B, a 'H-'>N HSQC spectrum is
presented. The amide resonances in this two-dimensional
spectrum are disperse indicating that the protein is folded.
The combined analysis of several triple resonance (‘H, 13C,
I5N) spectra lead to the determination of backbone (HN,
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FIGURE 2 | Orf63 structural insights. (A) The retention volumes for a set of proteins ranging from 10-67 kDa were plotted against molecular weight to produce the
log-linear relationship shown (open circles). The Kay value observed for Orf63 corresponds to an apparent molecular weight of ~28 kDa (closed circle). For reference,
red squares denote the expected retention volumes of monomeric, dimeric, trimeric, and tetrameric species of the 9 kDa affinity tagged Orf63 protein. (B) A
representative TH-15N HSQC spectrum of Orf63 at 37°C demonstrating the characteristic resonance dispersion of a folded protein. Unassigned residues are labeled
with an asterisk. Lines denote the amino resonances of three asparagine and glutamine side chains. (C) A conventional strategy was used to assign the backbone
(HN, N, CA, CB, C’) chemical shifts of Orf63. The extent of these assignments is colored blue on the sequence. The chemical shift data were then used as input to
PREDITOR (Berjanskii et al., 2006) which identified two helices labeled a1 and a2. Using sequence data alone as input to PSIPRED (McGuffin et al., 2000), longer

33 51 63

PSIPRED

PREDITOR
a2

N, CA, CB, C’) chemical shift assignments for residues 14—
52 of Orf63. Resonances for the amino terminal affinity tags
and from residue 53 onwards to the carboxy-terminus were
either not observed or unassignable. Thus, the NMR data
suggest that the folded region of Orf63 includes from residues
14-52.

Structural Characteristics of Orf63

Several statistical methods are available to predict secondary
structure from backbone chemical shift data with a high
degree of accuracy. As shown in Figure 2C, two helices are
predicted (al: 13-21; «2: 33-50). The secondary structure
determined from chemical shift data is consistent with
the secondary structure of Orf63 predicted from sequence
information alone, although the helical boundaries are
different.

The Sequence of Putative orf63 Products is
Conserved among Lambdoid
Bacteriophages

Since experiments shown in Figure?2 indicated that orf63
encodes a protein, we have tested similarity of the putative
proteins encoded by orf63 of different lambdoid bacteriophages.
Thus, scores of pairwise alignments of the predicted amino
acid sequences of orf63 from six such phages have been
calculated. As demonstrated in Table 3, all these putative
proteins are similar to each other. This indicate that the high
similarity is kept at the protein level of Orf63 of lambdoid
bacteriophages.

TABLE 3 | Scores of pairwise alignments of the predicted amino acid sequences
of orf63 from six analyzed lambdoid phages: A phage (NC_001416), ®24g phage
(HM208303), 933W phage (NC_000924), VT2 Sakai phage (AP000422), Stx1
converting phage (NC_004913), and Stx2 converting phage Il (NC_004914).

A ®24p 933W VT2 Sakai Stx1 Stx2_lI
A 86 86 87 87 87
D245 100 98 98 98
933W 98 98 98
VT2 Sakai 100 100
Stx1 100
Stx2_lI

Pairwise scores are simply the number of identities between the two sequences, divided
by the length of the alignment, and represented as a percentage. The multiple sequence
alignment was performed using the ClustalW algorithm.

Efficiency of Lysogenization and Prophage

Induction in the Absence of orf63

Since previous studies suggested that genes from the exo-xis
region might be involved in the regulation of bacteriophage
development (Bloch et al, 2013, 2014; Licznerska et al,
2016a), we have tested two crucial controlled steps in the
lambdoid phage life cycle, the lysis-vs.-lysogenization decision,
and prophage induction. We found that lysogenization efficiency
was significantly increased in bacteriophages A and ®24p devoid
of orf63 (Figures 3A,B, respectively) though this phenomenon
was more pronounced in A (the effects were seen at all tested
m.o.i.) (Figure 3A) than in ®24p (significant effects observed
only at m.o.i. = 10) (Figure 3B). Also, survival rates of bacterial
cells (i.e., cells lysogenized and not infected) in populations
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FIGURE 3 | Efficiency of lysogenization of E. coli C600 strain with lambdoid bacteriophages: » and ®24g (O in (A,B), respectively) or their deletion mutants Aorf63
and ®24gAorf63 (B in A,B, respectively). Results are presented as mean values +SD from three independent experiments. Statistical analysis (t test) was performed
for results from each m.o.i. (multiplicity of infection) between wild type phage and its deletion mutant. Significant differences are marked by asterisks P < 0.05 (*) or

P < 0.01 (*).
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infected with Aorf63 or ®24p Aorf63 were higher than those
in experiments with wild-type A or ®24p (Figures4A,B,
respectively), supporting the conclusion that lysogenization is
more effective for the mutant, indeed.

To test efficiency of prophage induction, we have estimated
the number of phages appearing after prophage induction with
hydrogen peroxide (one of natural prophage inducers occurring
in human intestine, the common habitat of E. coli). Deletion of
orf63 caused a lower phage titer after prophage induction for

both A and ®24p (Figures 5A,B, respectively). However, when
measured kinetics of phage development following infection of
E. coli cells at low m.o.i. (0.05), we found that phages A and
®24p devoid of orf63 gave even more progeny per infected cell
than their wild-type counterparts (Figures 6A,B, respectively).
Therefore, combining results of experiments presented in
Figures 5, 6, one can conclude that deletion of orf63 influences
efficiency of prophage induction in both A and ®24g. Since
formation of progeny phages is definitely not impaired in the
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absence of orf63 when lytic development starts after infection, we
suggest that lower phage titer after prophage induction indicates
lower efficiency of this process in phages devoid of this gene.

Deletion of Orf63 Influences Expression of
Genes of A and 245 Phages

Since experiments described above indicated that orf63 function
is involved in the regulation of lysogenization and prophage
induction in both A and ®24p, we aimed to measure

expression of selected bacteriophage genes in E. coli cells
after hydrogen peroxide-provoked prophage induction. Reverse
transcription quantitative real time PCR (RT-qPCR) was used
to assess abundance of particular transcripts. We have measured
expression levels of genes from the exo-xis region (ea8.5, ea22,
orf73, orf61, orf60a) and some key regulatory genes of A and
®24p, ie., N, cro, cll, Q, R. We found that expression of all
tested genes was significantly impaired in Aorf63 mutants of
both A and ®24p relative to wild-type phages at all tested
times after prophage induction (Figures7A,B, respectively).
These results confirm that prophage induction is significantly
impaired in the absence of orf63, and suggest a regulatory
role for the orf63 gene product in the control of expression
of phage genes. In the case of phage A, complementation
of the Aorf63 mutation by overexpression of wild-type orf63
from a plasmid was successful, at least at certain times after
prophage induction (Figure 7A). However, we failed to obtain
such a complementation in phage ®24p (Figure 7B). This might
suggest that specific ratio(s) of Orf63 is/are required for accurate
regulation of phage development.

DISCUSSION

Considering that the complete 48,502 bp genome of A was
achieved in 1983, it is astounding that this well-investigated
model virus still contains uncharacterized open reading frames,
many of which lie between the exo, and xis genes. We began
this investigation by demonstrating that orf63 found within the
exo-xis region, encodes a bona fide protein both in structural,
and functional terms. Consistent with its name, this small 63
aa. protein is comprised of only two helices that cover most
of the available sequence. Analytical gel filtration of purified
Orf63 suggests that the oligomeric state is a trimer. If Orf63
deviates significantly from a globular shape, it is possible that
the molecular weight may be overestimated by the gel filtration
assay, the oligomeric state could be a dimer. However, given
the significant line broadening observed during a series of
initial NMR based surveys performed at 25°C that could only
be alleviated by performing all of the studies subsequently at
37°C, the NMR data tend to corroborate the gel filtration
findings.

Since Orf63 appears to be a functional protein, we tested
effects of deletion of orf63 on development of bacteriophages
A and ®24g. In the absence of functional Orf63, we observed
a significant increase in the efficiency of lysogenization, and
considerable lower efficiency of hydrogen peroxide-mediated
prophage induction. These results may suggest that Orf63 is
involved in the regulation of expression of specific phage genes.
Studies with the use of RT-qPCR revealed that expression of vast
majority of crucial regulatory genes, as well as genes from the
exo-xis region, is significantly influenced by the absence of orf63.
Moreover, perhaps specific ratio of Orf63 to other regulators is
required, as it was impossible to obtain complementation with
the wild-type orf63 expressed from a plasmid in ®24g, though
it was successful in A. The hypothesis about the requirement
of specific Orf63 ratio(s) for accurate regulation of phage
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development is supported by impaired expression of $24p genes
during overexpression of orf63.

A previous yeast two-hybrid study identified the transcription
factor YqhC as a possible protein partner of Orf63 (Blasche
et al., 2013). YghC is interesting because it is a transcription
factor that promotes the synthesis of YghD, the major enzyme
responsible for detoxifying compounds produced from glucose
under conditions of oxidative stress (Lee et al., 2010). Among
the compounds that YghD acts upon are 2-oxoaldehydes, toxic
and highly reactive products of oxidative stress on the bacterium
formed from glucose. It has been proposed that oxoaldehydes
are one class of compound that is capable of inducing a wider
stress response through SoxRS (Benov and Fridovich, 2002).
Since neutrophils mount a vigorous oxidative attack during a
STEC infection, Orf63 may be beneficial to the bacteriophage
by manipulating the microenvironment of the bacterial host.
Orf63 by binding the transcriptional activator YqhC, may
prevent it from attenuating the stress response created by
neutrophil mediated attack on EHEC strains in the gut, and
promoting a transition to the lytic phase commensurate with
the activation of associated phage genes in that response. A
putative mechanism for Orf63-mediated modulation of prophage
induction and phage genes’ expression is presented in Figure 8.
Notwithstanding its role in protein-protein interactions, it is
still possible that Orf63 itself could function as a transcriptional
regulator, although its small size, lack of a known DNA binding
domain, and relatively few basic amino acids argue against this
possibility. A high-resolution structure of Orf63 alone, or in
complex with a possible interactor like YqhC, will resolve these
outstanding questions.
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The bacterial chromosome is compacted in a manner optimal for DNA transactions
to occur. The degree of compaction results from the level of DNA-supercoiling
and the presence of nucleoid-binding proteins. DNA-supercoiling is homeostatically
maintained by the opposing activities of relaxing DNA topoisomerases and negative
supercoil-inducing DNA gyrase. DNA-supercoiling acts as a general cis regulator of
transcription, which can be superimposed upon other types of more specific trans
regulatory mechanism. Transcriptomic studies on the human pathogen Streptococcus
pneumoniae, which has a relatively small genome (~2 Mb) and few nucleoid-binding
proteins, have been performed under conditions of local and global changes in
supercoiling. The response to local changes induced by fluoroquinolone antibiotics,
which target DNA gyrase subunit A and/or topoisomerase IV, involves an increase in
oxygen radicals which reduces cell viability, while the induction of global supercoiling
changes by novobiocin (a DNA gyrase subunit B inhibitor), or by seconeolitsine
(a topoisomerase | inhibitor), has revealed the existence of topological domains that
specifically respond to such changes. The control of DNA-supercoiling in S. pneumoniae
occurs mainly via the regulation of topoisomerase gene transcription: relaxation triggers
the up-regulation of gyrase and the down-regulation of topoisomerases | and |V,
while hypernegative supercoiling down-regulates the expression of topoisomerase
|. Relaxation affects 13% of the genome, with the majority of the genes affected
located in 15 domains. Hypernegative supercoiling affects 10% of the genome, with one
quarter of the genes affected located in 12 domains. However, all the above domains
overlap, suggesting that the chromosome is organized into topological domains with
fixed locations. Based on its response to relaxation, the pneumococcal chromosome
can be said to be organized into five types of domain: up-regulated, down-regulated,
position-conserved non-regulated, position-variable non-regulated, and AT-rich. The AT
content is higher in the up-regulated than in the down-regulated domains. Genes within
the different domains share structural and functional characteristics. It would seem
that a topology-driven selection pressure has defined the chromosomal location of
the metabolism, virulence and competence genes, which suggests the existence of
topological rules that aim to improve bacterial fitness.

Keywords: DNA supercoiling, DNA topoisomerases, fluoroquinolones, global transcription, interactome,
novobiocin, seconeolitsine, topological domains
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INTRODUCTION

The compaction of DNA by up to 1000-fold (Holmes and
Cozzarelli, 2000) in the bacterial chromosome, or nucleoid,
achieves the optimal condition under which its essential
functions - replication, segregation and gene expression
(reviewed by Dorman, 2013) - can be reconciled. This
compaction is mediated by both the natural supercoiling
of the DNA, and by the binding of nucleoid-associated
proteins (NAPs) (Wang et al,, 2013). NAPs form a functional
network that maintains DNA topology by bending, wrapping,
bridging and constraining supercoils. Although several NAPs
have been characterized in the Gram-negative bacterium
Escherichia coli, very few have been detected in Gram-positive
bacteria, including the human pathogen Streptococcus
pneumoniae (Dillon and Dorman, 2010). In bacteria,
gene transcription is regulated by DNA-supercoiling. This
functions as a general cis regulator of transcription, and can
be superimposed upon other types of more specific trans
regulatory mechanisms. cis regulation can also occur via
promoter DNA sequences. Factors acting in trans include
structural and regulatory proteins. NAPs (structural proteins)
target a number of genes (Dillon and Dorman, 2010),
while specific regulatory proteins facilitate or inhibit the
interaction of RNA polymerase with specific promoter regions
(Browning and Busby, 2004). The precision balance of DNA
supercoiling is thus modulated by a network of self-regulating
factors.

DNA topoisomerases, which are present in all bacteria, are
responsible for the maintenance of DNA-supercoiling. These
enzymes are classified into two types based on their DNA cleavage
pattern: type I, which cleaves only one DNA strand, and type
II, which cleaves both. The type II topoisomerases, gyrase and
topoisomerase IV (Topo IV), are tetrameric proteins with two
subunits: GyrA,GyrB; in gyrase, and ParC,ParE; in Topo IV.
Supercoiling homeostasis is achieved by the competing activities
of gyrase and topoisomerase I (Topo I, a type I isomerase) plus
IV (Champousx, 2001); gyrase introduces negative supercoils into
DNA (Gellert et al., 1976), Topo I relaxes DNA, and Topo IV
both relaxes DNA and participates in chromosome partitioning
(Kato et al., 1990). S. pneumoniae (the pneumococcus) has a
relatively small genome (~2 Mb compared to ~4.6 Mb for
E. coli) rich in AT (60%), that carries genes for all three of
the above enzymes. These characteristics are shared by other
pathogens of the genus Streptococcus, including S. pyogenes and
S. suis.

Streptococcus pneumoniae is the primary cause of community-
acquired pneumonia, meningitis, bacteremia, and otitis media
in children. Worldwide, 1 million children under 5 vyears
of age die every year of pneumococcal infections (World
Health Organization, 2007). The use of the pneumococcal
7-valent conjugate vaccine, which covers the serotypes
most often associated with resistance to antibiotics, has
achieved a decline in the incidence of invasive pneumococcal
disease (Whitney et al, 2003; Kyaw et al, 2006) and a
reduction in penicillin resistance rates (Kyaw et al., 2006;
Pilishvili et al., 2010). However, serotypes not included in

the vaccine soon emerged, highlighting the limitations of
anti-pneumococcal prophylaxis (Moore et al., 2008; Fenoll et al.,
2009).

The post-genomic age is beginning to provide answers
to questions regarding how chromosomes are topologically
organized, and how this organization influences bacterial
evolution. Several degrees of organization in bacterial
chromosomes have been observed, based on size (for a
recent review see Badrinarayanan et al.,, 2015). Macrodomains
are found at the megabase-size range. E. coli, for example, has
four macrodomains: Ori (origin of replication), Ter (terminus
of replication), Left, and Right, plus two less-structured
regions flanking the Ori macrodomain (Espeli et al., 2008).
Macrodomains may be maintained by specific proteins, such as
the macrodomain Ter proteins (MatPs) that bind, as the name
suggests, to specific sites in the Ter macrodomain (Dupaigne
et al., 2012). However, no such proteins stabilizing the other
macrodomains have been identified, and MatP proteins are found
only in enteric bacteria. Non-homologous proteins may therefore
take on similar roles in other bacteria. Supercoiling domains are
found at the kilobase range. These are isolated loops that coil up
around themselves; proteins at their bases help to topologically
isolate the looped DNA. These loops were initially detected in
electron micrographs of lysed E. coli cells (Kavenoff and Bowen,
1976). Later studies estimated the number of supercoil domains
by assessing the numbers of nicks required to fully relax the
chromosome. From these experiments it was estimated that
the E. coli chromosome contains about 40 domains of around
100 kb (Worcel and Burgi, 1972; Sinden and Pettijohn, 1981).
Studies in Caulobacter crescentus suggested domains ranging
in length from 30 to 420 kb (Le et al., 2013). In Salmonella
enterica, these domains were estimated to be 20 kb long by
taking into account the site-specific recombination events that
occurred between chromosomal sites distant from one another
(Higgins et al, 1996). Later, transcriptional data predicted
sizes of ~10 kb for E. coli (Postow et al., 2004). Controversy
regarding the size and definition of domains remains, perhaps
as a consequence of the different methods being used in their
calculation.

The availability of drugs against all the topoisomerases
of S. pneumoniae (Figure 1) has helped in determining the
existence of chromosomal domains. This review summarizes
the transcriptomic alterations induced by these agents, and
how these changes can be interpreted to provide definitions of
the chromosome domains in this bacterium. Changes induced
by the clinically used fluoroquinolones (FQs) levofloxacin
(LVX), and moxifloxacin (MOX) are first considered, followed
by those that occur concomitantly with a global change in
supercoiling, as induced by novobiocin (NOV, an inhibitor of
the gyrase B subunit) and seconeolitsine (SCN, an inhibitor
of Topo I). Overall, these studies reveal the S. pneumoniae
genome to be organized into topology-reacting gene clusters,
or supercoiling domains. The conservation of the location of
these domains in the Streptococcus genus, and their enrichment
for specific functions, suggests the existence of topological
rules that aim to improve fitness via tight physiological
feedback.
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FIGURE 1 | Factors determining the topology of the Streptococcus
pneumoniae chromosome. The level of supercoiling is controlled by three
DNA topoisomerases. Gyrase (GyrA,GyrB») is inhibited by LVX, MOX (which
inhibit GyrA) and NOV (which inhibits GyrB). Topo IV (ParCoParEy) is inhibited
by LVX and MOX (which inhibit ParC). Topo |, a monomer, is inhibited by SCN.
The topological organization of the chromosome depends on the level of DNA
supercoiling and on the presence of NAPs.

CONTROL OF TRANSCRIPTION BY
LOCAL CHANGES IN SUPERCOILING

Strains of S. pneumoniae resistant to antibiotics that act on the
cell wall (beta-lactams) and on protein synthesis (macrolides)
have proliferated in the last 30 years (Jacobs et al, 2003;
Linares et al., 2010). Consequently, pneumococcal infections
are nowadays fought with LVX and MOX, which inhibit DNA
topoisomerases. FQs target the type II DNA topoisomerases
gyrase and Topo IV. Their mechanism of action involves
the formation of DNA-FQ-topoisomerase complexes, which
sterically inhibit replication and transcription and the subsequent
generation of detrimental double-stranded DNA breaks (Drlica
et al., 2008). Bacterial survival depends on the resolution of
these breaks. Reactive oxygen species (ROS), such as superoxide
anions, hydrogen peroxide and hydroxyl radicals contribute
to FQ-mediated cell death via a protein synthesis-dependent
pathway (Wang et al., 2010). This observation is consistent
with the general model explaining the lethality of bactericidal
antibiotics, which attributes a role to ROS generated via the
Fenton reaction. The original reports supporting this model
based their conclusions on the use of microarrays to study the
transcriptional response to the inhibition of E. coli GyrA by an
FQ or the peptide toxin CcdB. Under these conditions, global
transcription was altered. In addition to the up-regulation of SOS
damage response genes, genes related to superoxide stress, iron-
sulfur cluster synthesis and iron uptake were up-regulated too
(Dwyer et al., 2007). ROS production was also observed with
a variety of bactericidal antibiotic families, in addition to FQs,
each with a different intracellular target (reviewed by Dwyer
et al., 2015). However, the intervening pathways lying between

the initial antibiotic-target interaction and ROS formation have
yet to be fully characterized.

The treatment of S. pneumoniae with FQs involves causing
double-stranded breaks in the bacterial chromosome (Ferrandiz
et al., 2016b), and as in other bacteria this requires active
protein synthesis (Brito et al., 2017). Treatment with LVX or
MOX (Ferrandiz and de la Campa, 2014; Ferrindiz et al,
2016b) is reported not to alter the level of global supercoiling.
Nor are changes in supercoiling observed in E. coli exposed
to oxolinic acid (Snyder and Drlica, 1979), although changes
have been observed in the latter after treatment with the FQ
norfloxacin (Peter et al., 2004). These differences might be
attributable to species-dependent affinities of each drug for Topo
IV or gyrase. For instance, Topo IV is the primary target of
most FQs in Gram-positive bacteria, including S. pneumoniae,
with gyrase a secondary target (Janoir et al., 1996; Mufoz and
de la Campa, 1996; Tankovic et al., 1996; Fernandez-Moreira
et al., 2000). In contrast, in Gram-negative bacteria, including
E. coli, gyrase is the primary target. At the LVX concentrations
used in S. pneumoniae experiments, only Topo IV would have
been inhibited, and no global change in supercoiling would
be expected. However, at the MOX concentrations used, both
gyrase and Topo IV would have been inhibited, suggesting that
the inhibition of their opposing activities preserved the net
level of supercoiling. Nevertheless, local topological changes are
predictable in both cases and these would produce alterations in
the transcriptome. Indeed, FQs induce a transcriptional response
in S. pneumoniae, in which the differentially expressed genes
(DEGs) account for 5.2 and 6.5% of the genome for LVX and
MOX, respectively. In this bacterium, which lacks a proper
SOS-like system, activation of the competence regulon has been
reported with both FQs (Ferrandiz and de la Campa, 2014;
Ferrandiz et al., 2016b), supporting the idea that competence is
a general stress response in S. pneumoniae (Prudhomme et al.,
2006). In addition, both LVX and MOX induce transcriptional
alterations, which, although different, ultimately stimulate the
Fenton reaction, increasing ROS accumulation and contributing
to cell death (Ferrandiz and de la Campa, 2014; Ferrandiz et al.,
2016b). Although S. pneumoniae is a facultative anaerobe, the
increased lethality of FQs mediated by an increase in ROS
fits with the antibiotic lethality model proposed for aerobic
bacteria (Dwyer et al., 2007, 2014; Kohanski et al., 2007; Wang
and Zhao, 2009). Via local supercoiling changes, the response
to LVX specifically triggers the up-regulation of the fatDCEB
operon. This causes an increase in intracellular iron, and in
turn, a shift in the Fenton reaction toward the production
of hydroxyl radicals. With MOX, the response leads to the
up-regulation of the glycolytic pathway, with a noticeable
increase in pyruvate and a subsequent increase in hydrogen
peroxide (Figure 2). The different alterations in the patterns
of gene expression induced by LVX and MOX are due to
local changes in supercoiling, which are dependent on whether
Topo IV (LVX) or both Topo IV and gyrase (MOX) are
inhibited.

Since both Topo IV and gyrase produce double-stranded
breaks in the DNA when bound to FQs, the differential
transcriptional alterations caused by these drugs might also
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FIGURE 2 | Oxidative damage cell death pathway. The inhibition of Topo IV by LVX, or of Topo | by SCN, causes a local increase in supercoiling, resulting in the
up-regulation of the fatDCEB operon. The consequent increase in the iron transporter it encodes causes an increase in intracellular Fe2*. MOX alters the
transcriptome, up-regulating genes from several metabolic pathways involved in the production of pyruvate. Pyruvate can then be converted by pyruvate oxidase
(SpxB) into hydrogen peroxide (Ho0y). Fe?* and H, O, are the substrates of the Fenton reaction. The Fenton reaction renders hydroxyl radicals, which oxidatively

damage DNA, proteins and lipids. Taken from Ferrandiz and de la Campa (2014), with modifications.

be related to subtle, yet important, differences in sequence
recognition (Leo et al., 2005), which are themselves affected by
DNA supercoiling and bending (Arnoldi et al., 2013). Sequence
recognition mediated by local supercoiling levels might explain
the unique distribution of genes affected by LVX or MOX. In
addition, the location of FQ-topoisomerase complexes relative
to the replication forks, which is different for gyrase and
Topo IV (Postow et al., 2001), may be involved in their different
transcriptional outcomes.

CONTROL OF TRANSCRIPTION BY
GLOBAL CHANGES IN SUPERCOILING

Response to Relaxation Caused by the
Inhibition of Gyrase

The homeostatic control of supercoiling was first described in
E. coli. In this bacterium, the transcription of fopA (which
codes for Topo I) was found to decrease under DNA relaxation
(Tse-Dinh, 1985), while that of gyrA, and gyrB (which code
for the two gyrase subunits) were found to increase (Menzel
and Gellert, 1983, 1987a,b). An increase in gyrase expression in
response to relaxation has also been observed in Streptomyces
and Mycobacterium (Thiara and Cundliffe, 1989; Unniraman

et al., 2002). However, in Staphylococcus aureus, treatment with
NOV affects the transcription of the gyrase genes but not of
topA (Schroder et al., 2014). In S. pneumoniae, treatment with
NOV was also found to increase the transcription of gyrase
genes, and diminish the expression of Topo I and Topo IV. In
addition, global relaxation followed by a recovery of the native
level of supercoiling was observed at low drug concentrations
(Ferrandiz et al, 2010). The distribution of topoisomers in
plasmid pLS1 (Stassi et al., 1981) was used to estimate the
chromosomal superhelical density (¢), and returned a mean value
of about —0.06 (Figure 3), which is within the range reported
for the E. coli chromosome (Deng et al., 2005). At subinhibitory
NOV concentrations (0.5x MIC), a transcriptomic response
allowed the restoration of the native level of supercoiling after
an initial relaxation causing a o variation of 23%. A similar
effect was observed at 1x MIC. However, higher concentrations
of NOV increased the degree of relaxation with no further
restoration of supercoiling, compatible with the saturation of the
homeostatic capacity that results in the inhibition of cell division.
The range of ¢ variation permitting homeostatic recovery of
the supercoiling observed in S. pneumoniae is in agreement
with the estimated +20% variation compatible with normal cell
growth in E. coli (Drlica, 1992). Supercoiling recovery in the
pneumococcus occurred after the up-regulation of the gyrase
genes gyrA and gyrB and the down-regulation of the Topo I
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FIGURE 3 | Treatment with the GyrB inhibitor NOV causes relaxation and
subsequent recovery of supercoiling levels. (A) Diagram showing plasmid
pLS1 topoisomer distribution after two-dimensional electrophoresis in agarose
gels run in the presence of 1 and 2 png/ml chloroquine in the first and second
dimensions, respectively. Arrows at the top left corner indicate the running
direction of the first and second dimensions, respectively. OC, open circle; L,
linear form. Negative supercoiled topoisomers are in white and positive
supercoiled topoisomers in black. 2 jg/ml chloroquine introduces 14 positive
supercoils. A white arrowhead indicates the topoisomer that migrated with
ALk of 0 in the second dimension; it migrated with a AWr of —14 in the first
dimension. A black arrowhead indicates the most abundant topoisomer.

(B) pLS1 topoisomer distribution after different NOV treatments. Samples
were taken before the addition of the drug (time O min) and at the times
indicated. The corresponding supercoiling density (o) value is indicated below
each autoradiogram. Taken from Ferrandiz et al. (2010), with modifications.

(topA) and Topo IV (parEC) genes (Ferrandiz et al, 2010).
In E. coli, the expression of the gyrase and Topo I genes is
also mediated by NAPs, which affect DNA supercoiling (Travers
and Muskhelishvili, 2005; Vora et al., 2009). However, these
regulatory mechanisms may not function in S. pneumoniae for
which NAP scarcity is predicted, and which certainly lacks most

of the NAPs found in E. coli. Thus, supercoiling maintenance in
S. pneumoniae appears to depend mainly on the regulation of
topoisomerase transcription.

The Transcriptional Response to DNA Relaxation
Involves Topology-Reactive Gene Clusters

The modulation of the expression of topoisomerase genes in
S. pneumoniae is part of a global genome response (Ferrandiz
et al, 2010). At subinhibitory concentrations, i.e., under
physiological conditions, and short treatment times (5 and
15 min), DEGs were found to account for about 13% of the
genome. An attenuation in the response at 30 min was observed,
the number of DEGs being reduced to account for just 5.7% of
the genome (Figure 4A), reflecting the recovery of supercoiling
(Figure 3). Some 13% of the pneumococcal genome was
therefore involved in the cellular response to moderate relaxation,
allowing the recovery of the initial level of supercoiling. At fully
inhibitory concentrations, the proportion of the genome covered
by DEGs increased with time, from 14.4% at 5 min to 24%
over longer periods (Figure 4). This agrees with the inhibition
of cell division and with the continuous relaxation of the DNA
(Figure 3). This proportion of the genome covered by DEGs
upon relaxation is larger than in other bacteria. In Gram-negative
bacteria, DEGs were found to account for 7% of the genome in
E. coli [as determined using both gyrase inhibitors and gyrase
thermosensitive mutants (Peter et al., 2004)], and for 8% in
Haemophilus influenzae [as determined using NOV (Gmiiender
et al,, 2001)]. In Gram-positive Staphylococcus aureus, treatment
with NOV affected the transcription of 11% of the genome
(Schroder et al., 2014).

It should be noted that the transcriptomic response to
relaxation in S. pneumoniae involves topology-reactive
gene clusters, or domains, that show coordinated up- or
down-regulation. A total of 15 clusters have been detected,
corresponding to 37% of the genome (Figure 4) (Ferrandiz et al.,
2010). The sizes of these clusters varies from 14.6 to 85.6 kb
(mean =+ SD: 51.8 £ 21.8) and they contain 15-43 responsive
genes (mean =+ SD: 28 & 9). They also include more than 68% of
the DEGs. This has allowed topological clusters to be identified
in which gene co-regulation is clearly more complex than would
be expected simply from the number of genes in operons. In
addition, the direction of transcription of the DEGs showed no
preference for leading or lagging strands, providing additional
evidence that topological control is structurally dependent.

The AT content over the genome correlates with domain
location, and is higher in up-regulated (UP) than in down-
regulated (DOWN) domains. These results suggest that the
relaxation of DNA in AT-rich (ATr) regions favors the access
of RNA polymerase to their promoters. On the contrary, a low
AT content in DOWN clusters obstructs the access of RNA
polymerase. Enrichment in the AT content of the region from
positions —800 to 4200 of genes up-regulated under relaxation
has been reported in E. coli (Peter et al., 2004).

The organization of the S. pneumoniae chromosome into
domains was further confirmed by the introduction of a
cat heterologous gene cassette into the different types of
domain (Figure 5A) (Ferrdndiz et al, 2014). In response to
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FIGURE 4 | Global transcriptomic responses of S. pneumoniae to relaxation with NOV. (A) The relative fold variation of each gene is represented against the 3’
location of each open reading frame in the S. pneumoniae R6 chromosome (bases 1 to 2,038,615). Boxes indicate the transcriptional clusters: up-regulated in red,
down-regulated in blue. (B) Localization of topological clusters detected as a result of treatment with either SCN or NOV. Taken from Ferrandiz et al. (2010, 2016a),

relaxation with NOV, the transcription of cat was dependent
on its chromosomal location, being up-regulated when located
in UP domains, down-regulated when located in DOWN
domains, and showing almost no changes when located
in the non-regulated (NR) domains (Figure 5B). This all
supports the idea that the chromosome is organized into
topological domains that are reactive to interference in the

supercoiling status. These results contrast, however, with those
obtained in E. coli, in which the 306 DEGs were not
only functionally diverse but widely dispersed throughout the
chromosome (Peter et al., 2004), and with results obtained for
Staphylococcus aureus, in which NOV-responsive genes were
randomly distributed throughout the chromosome (Schroder
etal., 2014).
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FIGURE 5 | The topology-dependent transcription of Pccat is dependent on
its chromosomal location. (A) Organization of the S. pneumoniae R6
chromosome in topological domains. Circles, from outside to inside,
represent: % GC (values above the average in purple); DNA topoisomerase
genes (dark blue curved arrows); topology-responsive domains. The
chromosome is organized into domains up-regulated (U, red boxes) or
down-regulated (D, blue boxes) in response to DNA relaxation, and ATr
domains (green boxes). (B) Transcriptional response to DNA relaxation by
NOV measured by gRT-PCR. A Pyccat cassette, coding for
chloramphenicol-acetyl-transferase, which carries its own promoter (curved
arrow) and is flanked by two transcriptional terminators (stem and loop
structures), was inserted into different supercoiling domains. Cultures of the
R6-CAT strains were treated with NOV and the transcription of cat analyzed
by gRT-PCR. Taken from Ferrandiz et al. (2014), with modifications.

Response to Hypernegative Supercoiling
Caused by the Inhibition of Topo |

The negative supercoiled state is the natural state of
DNA homeostatic equilibrium in many bacteria. However,
hypernegative supercoiling has been reported in E. coli topA
mutants. With the exception of the fopA10 mutant, all have
acquired compensatory mutations in the gyrase genes (DiNardo
et al.,, 1982). The topA10 mutant shows a notable 22% increase
in negative supercoiling (Pruss et al, 1982), which probably
represents the limit viable cells can afford in the long term. The
inhibition of Topo I would produce greater hyper-supercoiling.
Topo I plays an essential role in transcription, given its physical

interaction with RNA polymerase (Cheng et al., 2003). During
transcription, hypernegative supercoiling occurs behind the RNA
polymerase, leading to RNA-DNA hybrid (R-loop) stabilization
(Drolet, 2006). Topo I relaxes this supercoiling and prevents
R-loop formation (Drolet et al., 1994; Phoenix et al., 1997; Masse
and Drolet, 1999), allowing transcription to continue. Thus, the
effects of hypernegative supercoiling in transcription depend
directly on the activity of Topo I.

However, Topo I-targeting compounds are extremely scarce.
Cheng et al. (2007) identified an alkaloid, which, although it
inhibits the activity of E. coli Topo I, did not inhibit cell
growth significantly. Our group discovered a new inhibitor of
S. pneumoniae Topo I, SCN, which inhibits its relaxation activity
at concentrations equivalent to those that inhibit cell growth. The
modeling of pneumococcal Topo I, based on the crystal structure
of the E. coli enzyme (Figure 6), and docking to SCN, revealed
strong interactions between the drug and the DNA-binding site
of Topo I to correlate with the inhibitory effect observed (Garcia
etal., 2011).

Our group was the first to use SCN in studies of the
transcriptomic response to hypernegative supercoiling in bacteria
(Ferrdndiz et al., 2016a). The viability of S. pneumoniae
and the increase in supercoiling is affected by SCN in a
concentration-dependent manner (Figure 7). Treatment with
6 WM SCN produced a peak o increase of 41% at 5 min, which
later recovered. Treatment with 8 WM SCN resulted in higher and
longer lasting increases in the o value, with partial recovery after
120 min. These results show that treatment with subinhibitory
SCN concentrations permit the recovery of peak ¢ increases
of up to 41% without affecting cell viability. This tolerance to
increases in supercoiling levels is greater than the 25% observed
for DNA relaxation upon NOV treatment (Figure 8A) (Ferrandiz
et al,, 2010), and indicates that S. pneumoniae, and very likely
genetically related bacteria, are naturally more tolerant to hyper-
negative supercoiling than to hyper-relaxation. Similarly, the
results of experimental evolution assays with E. coli revealed
increasing supercoiling (associated with mutations in fopA)
to increase bacterial fitness (Crozat et al, 2005). A similar
homeostatic mechanism allowing increased negative supercoiling
might also exist in bacteria with reverse gyrase. These bacteria
keep DNA in a slightly overwound state to protect their genome
from heat damage (Ogawa et al., 2015).

The transcription levels of topA in S. pneumoniae at
subinhibitory concentrations of SCN or NOV (which allow for
cell growth and the recovery of supercoiling) show a good
correlation with the induced variation in ¢ (Figure 8B). The
regulation of topA therefore plays a fundamental role in the
recovery of supercoiling levels. The variations seen in topA
expression were, however, only part of a global transcriptomic
response. Treatment with subinhibitory concentrations of SCN
(8 M, 0.5x MIC) generated a two-stage transcriptomic
response: (i) early response and (ii) recovery. The former,
which represents an active response against sharply increased
supercoiling, was observed at 5 and 15 min of treatment, and
involved about 11% of the genome. During recovery, only about
2% of the genome was involved at 30 min. In the early response,
transcriptional variations also occurred in clusters, with DEGs
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I, showing domains -V and the catalytic Tyr314. (B) N-methyl-SCN (in blue)
bound to the nucleotide-binding site of Topo I. Hydrogen bonds and
salt-bridge interactions are indicated by dashed lines. Taken from Garcia et al.
(2011), with modifications.

grouping into topologically sensitive domains. The average size
of a SCN cluster is 14.0 & 7.6, similar to the 10 kb E. coli
domains predicted using transcriptional data (Postow et al.,
2004). Although the NOV and SCN clusters are not identical,
their position in the chromosome nearly overlap (Figure 4B) —
an unexpected finding given the opposing nature of DNA
relaxation and supercoiling. These results support the idea that
the chromosome is divided into topological domains with fixed
locations.

Regulation of DNA Topoisomerase Gene

Transcription

In E. coli, several NAPs are involved in the regulation of
topoisomerases. One such NAP is the FIS protein, which regulates
the expression of genes coding for the subunits of gyrase
(Schneider et al., 1999), Topo I (Weinstein-Fischer and Altuvia,
2007), and the genes coding for other NAPs involved in DNA
supercoiling (Claret and Rouviere-Yaniv, 1996; Falconi et al,
1996; Grainger et al., 2008). In addition, two further NAPs, FIS,
and H-NS proteins control both the level of supercoiling and
global transcription (Blot et al, 2006; Marr et al., 2008). The
corresponding situation in S. pneumoniae, which lacks these
NAPs, seems to be much simpler.

The transcription of gyrB and topA in S. pneumoniae is
regulated by their strategic chromosomal location in topological
domains, since the expression driven by their promoters
differs whether they are located in their natural chromosomal
locations or in a replicating plasmid (Ferrandiz et al., 2014).
Transcriptional fusions of these promoters to a reporter gene in
plasmid pLS1 have been measured after DNA relaxation induced
by NOV. As expected, relaxation caused down-regulation of topA
and up-regulation of gyrB when the genes were located in their
native chromosomal sites (DOWNO9 for topA and UP6 for gyrB in
Figure 5A). However, transcription from both promoters in the
plasmid fusions was down-regulated. These results indicate that
both topA and gyrB are under supercoil-mediated regulation, and
that the plasmid behaves as a DOWN domain. This may serve
to neutralize the high copy number of the plasmid genes and/or
favor their replication.

In contrast, the Topo IV genes (parE and parC) and gyrA
are located in NR domains, and their expression depends on
specific regulatory signals located in the promoter region. The
expression of the Topo IV genes from their common promoter
(Balsalobre and de la Campa, 2008) is equivalent in their natural
chromosomal location and in plasmids (Ferrandiz et al., 2014).
With respect to the gyrA gene, its upstream region (ngrA126r nt
—126 to +1 in Figure 9A) shows an intrinsic DNA curvature
(Balas et al., 1998). This was fused to cat and cloned into plasmid
pLS1, and the curvature either eliminated by a 5 bp insertion
(Pgyra126Pac) or by a 5 bp deletion (Pgyra121pae), and a direct
correlation observed between cat expression and the curvature
under basal conditions (the specific activity of the Pgyra126 fusion
was ~3-fold higher than that recorded for plasmids lacking the
curvature). This shows that the curvature behaves as an activator
per se, providing better recruitment of either the RNA polymerase
complex or specific regulatory proteins. The role of curvatures
as regulators of transcription has previously been established
in bacteria (Pérez-Martin et al., 1994), including S. pneumoniae
(Pérez-Martin and Espinosa, 1991). In addition, the transcription
levels from the chromosomal Pgy,4 and the Pgyracat fusions in
plasmids in the presence of NOV have been determined. While
in the plasmid carrying the wild-type promoter (Pgyra126) the
up-regulation of cat was similar to that of the chromosomal
gyrA, down-regulation of cat was observed in the plasmids
lacking the curvature (Figure 9B). These results suggest that
the signals regulating gyrA transcription are included within the
above-mentioned 126 nt region, and that bending is a key element
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for its regulation under relaxation by acting as a sensor of the
supercoiling level.

Chromatin ~ immunoprecipitation  experiments  using
antibodies directed against the pneumococcal GyrA subunit
and Topo I (Ferrdndiz et al., 2016a) have shown Pyy,4 to recruit
Topo I, but not gyrase (Figure 9C). The region to which Topo
I binds includes the —35 and extended —10 boxes on Pgy,a4,
plus the DNA curvature (Balas et al., 1998). Thus, Topo I, the
transcription of which is regulated by supercoiling levels, appears
to be the key factor regulating gyrA expression.

EVOLUTIONARY PRESSURE DRIVES
THE ORGANIZATION OF THE
CHROMOSOME INTO DOMAINS

Domain Conservation in Streptococci
Gene order in bacterial chromosomes surpasses the level of the
operon (Lathe et al., 2000; Reams and Neidle, 2004). As explained

above, and based on its transcriptome under DNA relaxation, the
chromosome of S. pneumoniae R6 appears to be organized into
four types of topological domains: UP, DOWN, NR, and ATr.
The analysis of 12 S. pneumoniae complete genome sequences
has revealed the conservation of the UP and DOWN domains
(Figure 10). The gene-lack index (number of genomes in which a
gene is absent divided by the total number of genomes) revealed
lower values for the UP (1.51) and DOWN (1.65) domains
than the genome average (1.91). However, ATr domains have
high gene-lack indices (average 4.66), suggesting extensive gene
interchange in these domains. To study the conservation of
domains, normalized location dispersion indices (nLDI: values
that quantify the position deviation of a given gene with respect
to the Ori, and relative to homologs in several genomes (Martin-
Galiano et al, 2017)) were calculated across S. pneumoniae
genomes; the values returned were very small since synteny is
highly conserved in this species. The same was then calculated
for representative strains of 25 species of Streptococcus in
order to detect distinguishing differences. The conservation of
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S. pneumoniae domains across these Streptococcus representatives
was then determined. Two assumptions were made: (i) that
the gene order is relatively conserved, as seen in gamma-
proteobacteria (Sobetzko et al., 2012), and (ii) that chromosomal
topology is conserved, given that species share core gene pools
(Lefebure and Stanhope, 2007), similar genome lengths, and a
similar AT content. Similar approaches have been followed to
examine chromosomal patterning in other bacteria (Wright et al.,
2007; Khedkar and Seshasayee, 2016). In S. pneumoniae, 571
genes (28.0%) had nLDI values of <1, which indicates they tend
to locate to positions more stable than the average for maintained
homologs (Martin-Galiano et al., 2017). Several genes from the
UP and DOWN domains were present in most streptococci
at equivalent positions. The greatest position conservation was
observed in 40 genes near the Ori, indicating strong topological
pressure to maintain functionalities in this region. Genes near
the Ori have high copy numbers (Slager and Veening, 2016) and
show a peculiar pattern of NAP binding (Sobetzko et al., 2012).

Moreover, seven clusters with conserved positions were detected
for NR genes, and named pcNR domains (position-conserved
Non-Regulated domains). Most of the remaining NR genes were
organized into 14 domains (>10 genes) termed pvNR domains
(position-variable Non-Regulated). ATr regions accounted for 13
domains (Figure 11). Strikingly, the pcNR domains appeared
symmetrically located at regular intervals (~200, 400, and 800 kb)
on both sides of the Ori and were interleaved between UP,
DOWN, and pvNR domains (Figure 11A). The size of these
domains appeared compatible with the 100 kb lengths estimated
for them using different techniques (Worcel and Burgi, 1972;
Sinden and Pettijohn, 1981; Le et al., 2013). This suggests a
potential higher-order macrostructural unit above the domain
level controlling the genetic stability and plasticity required to
face new environments (Rocha, 2004a).

Levels of Protein Expression and
Essentiality of the Domains

The transcriptomes of exponentially growing cultures (Ferrandiz
etal., 2016a,b) showed the pcNR domain transcription level to be
higher than that of the ATr domains (Figure 11B). Two factors
contribute to these transcriptional differences. First, long repeat
sequences (BOX, RUP, and SPRITE) (Croucher et al., 2011),
which are associated with the repression of transcription, are
few in pcNR domains, and second, the codon adaptation index
(CAI), which is related to the translation rate and mRNA levels
(Martin-Galiano et al., 2004), is high in pcNR domains (Martin-
Galiano et al,, 2017). Gene location also affects protein levels
(Ochman et al., 2000; Rocha, 2004b), a pattern associated with the
distance to the Ori. Genes at the Ori are doubly represented with
respect to genes at the Ter in E. coli during exponential growth
(Chandler and Pritchard, 1975). Accordingly, the relocation of
genes coding for ribosomal proteins and the RNA polymerase
alpha subunit to positions distant to the Ori, reduces their
transcription rates, which was associated with slower growth in
Vibrio cholerae (Soler-Bistue et al., 2015). Similarly, in Salmonella
typhimurium, genes relocated near the Ori are expressed more
strongly than those relocated near the Ter (Schmid and Roth,
1987). The regular positioning of strongly expressed genes may
mark the limits of domains, as reported for Caulobacter crescentus
(Le et al., 2013).

The fraction of essential genes, as determined by Tn-seq (van
Opijnen and Camilli, 2012), is notably higher in pcNR domains
than in the other domains (Figure 12A). The co-localization
of essential genes beyond randomness has also been reported
for Bacillus subtilis and E. coli (Fang et al., 2005), perhaps
because clustering makes genomes more resistant to deletions
(Fang et al., 2008). The number of pcNR genes in the lagging
strand was 15.6%, significantly lower than the average in the
remaining S. pneumoniae genome (22.3%). This would reduce
the chances of collision between DNA and RNA polymerases,
resulting in the discontinuation of transcription (French, 1992).
Essential genes also tend to be more strongly expressed (Rocha
and Danchin, 2003), as confirmed for pneumococcal pcNR
genes. Essential gene clustering at regular intervals, and not
affected by topological stress as defined for pcNR, appears
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to reflect a favorable “supercoiling environment” for protein
expression.

The Different Domains Contain Genes

with Different Functions

Importance of the Protein Interaction Network

A significant fraction of the pcNR genes codes for proteins
with important roles in central metabolism and that have
a high number of protein-protein interactions (PPIs). PPIs
provide a rough estimate of a protein’s importance in cell
physiology. The estimated amounts of protein produced, and
their functions, support the idea that the genes of pcNR domains
are more involved in the central metabolic network than are
those of the pvNR domains. In stark contrast, ATr genes
appear to play little or no role in central metabolism; their

PPI values are at most only about one third of the average for
the remaining genome. As mentioned above, changes in the
location of genes could lead to alterations in cell physiology,
which holds true for both central metabolic (Soler-Bistue et al.,
2015) and regulatory genes (Gerganova et al., 2015). The
physical positioning of specific supercoiling-favorable regions
in the chromosome is also related to the ability to gain access
to cytoplasmic regions rich in ribosomes (Soler-Bistue et al.,
2015).

Overall, the evidence supports the idea that the function,
expression, essentiality and stability of genomic positions are
interconnected, as reported for Dickeya dadantii and E. coli
(Sobetzko et al., 2012; Jiang et al, 2015). Altogether, the
PcNR genes reflect a multistep adaptation in the transcription-
translation-interaction cascade that facilitates the activity of these
genes’ products, thereby increasing bacterial fitness.
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and R6) were analyzed. Genes of clinical isolates were considered equivalent
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Pathogenesis and Immunogenicity

DNA topology regulates the expression of virulence factors
in several bacteria (Dorman and Porter, 1998; Cameron and
Dorman, 2012; Reverchon and Nasser, 2013; Jiang et al., 2015).
In S. pneumoniae, three types of virulence genes show differences
in their distribution among domains. Widely accepted virulence
factors are more abundant in pvNR domains (Figure 12B),
while genes contributing [as estimated by signature-tagged
mutagenesis (Hensel et al., 1995)] to intranasal colonization,
meningitis or otitis (Chen et al., 2008; Molzen et al., 2011)
are more abundant in DOWN domains (Figure 12C). Finally,
genes coding for proteins that trigger an immune response
in humans (Giefing et al., 2009), and which are therefore
candidate targets for a serotype-independent protein-based
vaccine against pneumococcus, are predominant in the pvNR
domains. The pvNR domains also contain more genes coding
for extracellular proteins or proteins anchored in the cell wall
than do pcNR domains. All in all, pvNR domains show strong
allelic variation by being subjected to selective pressure during
adhesion, cytotoxic challenge and immune system evasion. This
variation also increases the genome pool of the species via
gene duplication/paralogs in which one copy is not subject
to immediate pressure (Mira et al, 2010). The link between
supercoiling stress and virulence enhancement does not seem
to be the rule for S. pneumoniae, the canonical virulence and
accessory factors of which are preferentially encoded in the pvNR
or DOWN domains.

Genes Involved in Competence
Gene transfer is a primary driver of evolution in bacteria,
but the introduction of new genetic material at random can

perturb chromosomal topology. S. pneumoniae is a naturally
transformable bacterium (Claverys et al., 2006; Martin et al.,
2006), the evolution of which (including its antibiotic-resistance
and virulence factors) depends on both intra-species and
inter-species chromosomal transformation (Dowson et al., 1989,
1990; Balsalobre et al., 2003; Ferrdandiz et al., 2005). Competence
involves the transient transcriptional modulation of ~10% of
the genome with strict timing (Peterson et al, 2004). When
under stress (the X state), the competence system -which bears
some resemblance to the SOS repair system of E. coli and
other bacteria - is activated (Claverys et al., 2006). In fact, FQs
induce the SOS response since they cause double-strand breaks
in chromosomes (Drlica et al., 2008). As described above, local
supercoiling changes triggered by FQs activate pneumococcal
competence, but global supercoiling changes do so too. The early
and delayed up-regulated competence genes (those activated
during stress) are mainly located in UP domains. Many pcNR
genes are, however, down-regulated, indicating that during the
X-state the topology of the chromosome is perturbed to a
degree that threatens cell viability via effects on the central
metabolic machinery. This explains why growth is slowed during
competence (Oggioni et al., 2004) and why several mechanisms
have been acquired, including the use of small untranslated RNAs
and proteases to actively terminate the X-state and promptly
recover the normal topological situation (Echenique et al., 2000;
Cassone et al., 2012).

Horizontally Acquired Genes

In S. pneumoniae R6, up to 12.1% of the genome is thought to
have been acquired by horizontal gene transfer. The distribution
of these acquired genes among domains is uneven, with a
clear bias toward ATr domains (Figure 12D). This suggests
that these domains act as structural or parasitic DNA hotspots,
which agrees with their low transcriptional level and annotated
functions (Ferrandiz et al., 2010, 2014, 2016a). It remains open
the possibility that the ATr regions influence the organization of
topological dynamics, or that they are involved in the acquisition
of foreign genes.

CONCLUSION AND PERSPECTIVES

The transcriptome of S. pneumoniae alters with local or global
changes in supercoiling. Local changes induced by the clinically
used FQs LVX, and MOX, which target GyrA and/or Topo
IV, trigger a transcriptional response. Both FQs up-regulate the
competence regulon in response to stress, and, respectively,
cause an increase in intracellular ROS by increasing the uptake
of iron (through up-regulation of the fatDCEB transporter)
and hydrogen peroxide (through up-regulation of the glycolytic
pathway), both of which are involved in the Fenton reaction.
Changes in global supercoiling induced by NOV (which
targets GyrB), or by SCN (which targets Topo I), have revealed
the existence of topological domains that react in a coordinated
fashion. In S. pneumoniae, the control of DNA-supercoiling
occurs mainly via the regulation of transcription of the
topoisomerase genes: relaxation triggers the up-regulation of
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gyrA and gyrB and the down-regulation of the Topo I (topA)
and Topo IV (parEC) genes, while hypernegative supercoiling
triggers the down-regulation of topA. The transcription of gyrB
and fopA is regulated by their strategic chromosomal location
in the topological domains, while the expression of parEC and
gyrA depends on the specific regulation of their promoters.
Although the regulators of parEC are unknown, the promoter
of gyrA shows an intrinsic curvature that acts as a sensor of the
supercoiling level. In addition, chromatin immunoprecipitation
experiments have revealed Topo I to bind to the gyrA promoter.
Therefore, Topo I, the transcription of which is regulated by the
supercoiling level, appears to regulate gyrA expression.

The regulation of topoisomerase genes is part of a global
response to changes in supercoiling. Relaxation affects >13% of
the genome (from 13 to 24%), while hypernegative supercoiling
affects 10%. In both cases, responsive genes are grouped into

domains that essentially overlap, suggesting that they have a fixed
chromosomal location. Based on their structural and functional
characteristics, and the change in the domains detected under
relaxation, the following types can be defined: UP, DOWN,
PcNR, pvNR, and ATr. The genes of the UP, DOWN, and pcNR
domains have been found at equivalent positions present in
most streptococci, especially near the Ori. pcNR domains are
interleaved between UP, DOWN, and pvNR domains, which
suggests a higher-order macrostructural unit. The pcNRs genes
show the highest level of transcription, and contain most of
the essential genes plus those involved in the central metabolic
network. In stark contrast, the ATr domains show the lowest
transcriptional levels, and the genes they contain appear to have
little to do with the central metabolic network. This explains the
tropism of pcNR genes for topologically secure areas, helping to
maintain the constant provision of central proteins.
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FIGURE 12 | Genes of the different domains have different functionalities. (A) Fraction of essential genes in different domains. (B) Virulence factors. (C) Horizontally
acquired genes abundance and domain class. (D) Essential genes for infection by STM. Statistical significance with respect to the genome average (dashed line):
*P <0.05, **P < 0.01, ***P < 0.001. Taken from Martin-Galiano et al. (2017), with modifications.

B .06 Virulence
*%%

-

°

=

by

©00.04
-

=l

-

b

=

o

= -

=_().02

o *
<3 %%

0.00"

up DOWN pecNR pvNR AT-rich

Domain Class

D .87 Horizontaly-acquired

Fkk

Frequency of genes

upP DOWN peNR pvyNR AT-rich

Domain Class

The genes coding for the classical virulence factors, plus
those coding for immunogenic proteins, are more common
in the pvyNR domains, while genes contributing toward the
establishment of infection are more common in the DOWN
domains. The distribution of horizontally acquired genes is
clearly biased toward ATr domains, suggesting these to be
hotspots for the acquisition of foreign genes.

In general, UP gene expression is favored by topological
stress; DOWN genes are highly expressed under favorable
conditions and less so during such stress. ATr domains may sense
topological stress and modify supercoiling in their area to reduce
the transcription of adjacent genes, preferentially those in the
DOWN domains. The chromosome supercoiling structure may
act as a multi-sensor with homeostatic capacity, adapted to react
to unfavorable conditions.

Pneumococcal genes appear to be subject to topology-driven
selection that defines the chromosomal location of genes involved
in metabolism, virulence and competence. Together, these
organizational features reveal the genome of S. pneumoniae to
be influenced by physiology-related topological rules. A global
topology theory might be envisaged in which gene positioning
is far from random. Many aspects of the importance of gene
location - such as the idiosyncrasy of the domains and how this
affects fundamental aspects of bacterial biology - are only now
becoming understood.

Topological genomics - topogenomics - provides an
alternative paradigm of genome analysis. Certainly, genome

architecture plays an important role in the pathobiology and
evolution of S. pneumoniae, and it is tempting to speculate that
in other species too, the genes are subjected to topology-driven
selection pressure that defines their chromosomal locations.
Data from many species will, however, be needed before a full
understanding of all the rules underlying topogenomics are
known and understood.
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OPEN ACCESS  Bacteria have evolved complex regulatory controls in response to various
environmental stresses. Protein toxins of the ¢ superfamily, found in prominent
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human pathogens, are broadly distributed in nature. We show that ¢ is a uridine
diphosphate-N-acetylglucosamine (UNAG)-dependent ATPase whose activity is
inhibited in vitro by stoichiometric concentrations of e antitoxin. In vivo, transient ¢
expression promotes a reversible multi-level response by altering the pool of signaling
purine nucleotides, which leads to growth arrest (dormancy), although a small cell
subpopulation persists rather than tolerating toxin action. High c-di-AMP levels
(absence of phosphodiesterase GdpP) decrease, and low c-di-AMP levels (absence
of diadenylate cyclase DisA) increase the rate of ¢ persistence. The absence of CodY,
a transition regulator from exponential to stationary phase, sensitizes cells to toxin
action, and suppresses persisters formed in the AdisA context. These changes,
which do not affect the levels of stochastic ampicilin (Amp) persistence, sensitize
cells to toxin and Amp action. Our findings provide an explanation for the connection
between ¢-mediated growth arrest (with alterations in the GTP and c-di-AMP pools) and
persistence formation.

Keywords: toxin-antitoxin system, cell wall inhibition, c-di-AMP, CodY, (p)ppGpp, DisA

INTRODUCTION

The toxin-antitoxin (TA) systems are widely distributed in free-living bacteria, in their
extrachromosomal elements, and in archaea (Gerdes, 2013; Unterholzner et al., 2013). The toxins
of all known TA systems are proteins while the antitoxins are either proteins or non-coding
RNAs. The TA systems are classified into five different TA types (Yamaguchi et al., 2011), being
the most broadly distributed the type II TA system, where both the toxin and the antitoxin
are proteins (Leplae et al.,, 2011; Gerdes, 2013). The type II toxins use different strategies to
regulate growth control and cellular processes related to the general stress response. Toxins of
the ¢/PezT superfamily, which are among the most broadly distributed in nature, are found in
major human pathogens and in environmentally important bacteria of the phylum Firmicutes
(Mutschler and Meinhart, 2013). The plasmid-borne ¢ gene product from Streptococcus pyogenes,
Streptococcus agalactiae or Enterococcus faecalis and the chromosome-encoded ¢ toxin from
Clostridium perfringens or Staphylococcus aureus (~285 amino acids) share ~43% sequence
identity with chromosome-encoded Streptococcus pneumoniae or Streptococcus suis PezT toxin
(~255 amino acids) (reviewed in Mutschler and Meinhart, 2013). When free in solution, these
toxins interact with uridine diphosphate-N-acetylglucosamine (UNAG), ATP-Mg?* or GTP-Mg?**
(denoted ATP and GTP), and with their cognate dimeric &/PezA antitoxin (¢/PezA;) (Meinhart
et al., 2001, 2003; Khoo et al., 2007; Mutschler et al., 2011). A non-toxic heterotetrameric complex
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(e t/PezT-PezA,-PezT) interacts with UNAG, but not with
ATP/GTP (Meinhart et al., 2001, 2003; Khoo et al., 2007;
Mutschler et al., 2011).

Enzymes of the ¢/PezT toxin superfamily have a common
fold core with phosphotransferases (Meinhart et al., 2001, 2003;
Khoo et al., 2007; Mutschler et al., 2011). Toxin ¢/PezT transfers
the ATP/GTP vy-phosphate to the 3’-hydroxyl group of the
UNAG amino sugar, rendering UNAG-3P unreactive and thus
reducing cell wall biosynthesis (Mutschler et al., 2011). Although,
a quantitative analysis of this reaction showed that in the presence
of limiting UNAG and ATP, toxin ¢ mainly hydrolyzed ATP and
only traces of the y-phosphate are transferred to UNAG (Tabone
et al., 2014a).

The fine mechanisms of bacterial responses to toxin action are
not generally conserved among different bacterial phyla (Gerdes,
2013). The evolutionary distance between Escherichia coli and
Bacillus subtilis, which is larger than the time divergence between
yeasts and humans, reflects the notable differences made by
the purine nucleotides in the stringent response (Potrykus and
Cashel, 2008; Liu et al., 2015). In E. coli (a representative of
the y-proteobacteria class), toxin-mediated persister formation
is linked to high levels of guanosine (penta)tetraphosphate
([plppGpp), which inhibits the PPX phosphatase; dropping of
PPX increases polyphosphate levels that activate Lon protease
degradation of the antitoxins, with subsequent release of active
toxins (Maisonneuve et al., 2013). These free mRNase toxins
contribute to persistence to some, but not all antibiotics (Harms
et al., 2016). The role of toxin action in bacteria of the
phylum Firmicutes, and whether these toxins induce persistence
or tolerance, is poorly understood. We therefore examined
the role of S. pyogenes pSM19035-encoded ¢ toxin in growth
arrest (dormancy), alone or with antibiotic in B. subtilis cells
(representative of the Firmicutes), by controlling expression
of the toxin at or near physiological concentrations. In our
analysis, we did not study the role of (p)ppGpp in antitoxin
degradation and free toxin release. We found that transient
expression of a short-lived toxin ¢ variant ((Y83C) induced
different temporal sets of cell responses and growth arrest, but
a small cell subpopulation (5 x 107> to 1 x 107*) exits the
dormant state, leading to persistent or tolerant B. subtilis cells
(Lioy et al., 2012).

Analysis of the metabolic changes induced by the free toxin
showed that within the first 5 min, {Y83C expression decreased
the intracellular GTP pool and dysregulated transcription of 78
genes, of which 28 with reduced expression are essential for
cell proliferation (Lioy et al., 2012). Induction of genes involved
in the SOS response was not observed, but the expression
was documented of genes that could modulate toxin action,
such as increased comGA and relA expression or decreased
glmS gene expression (Lioy et al, 2012). It is likely that by
altering ATP:GTP ratios, toxin {Y83C modifies availability of the
initiating nucleotides; this in turn changes promoter preferences
by RNA polymerase, and the intracellular signaling (Krasny and
Gourse, 2004; Pedley and Benkovic, 2017).

Within the first 15 min of £Y83C expression, the intracellular
ATP concentration decreases and that of (p)ppGpp increases
(Lioy et al., 2012). The contribution of increased comGA and relA

expression lead to higher (p)ppGpp levels (Potrykus and Cashel,
2008; Hahn et al., 2015; Liu et al., 2015), which directly inhibit
both salvage and de novo GTP synthesis (Lopez et al.,, 1981;
Kriel et al., 2012; Pedley and Benkovic, 2017). In B. subtilis, low
GTP levels lead to derepression of CodY, a global transcriptional
regulator from exponential to stationary phase (Handke et al.,
2008; Kriel et al., 2012; Bittner et al., 2014; Brinsmade et al., 2014).

Downregulation of GImS contributes indirectly to reducing
the pool of UNAG synthesis, and a small UNAG pool increases
levels of the essential cyclic 3,5-diadenosine monophosphate
(c-di-AMP) second messenger (Witte et al., 2008; Zhu et al,,
2016). Changes in the intracellular level of c-di-AMP, which
play an essential role in K transport and cell wall homeostasis
(Gundlach et al, 2017), indirectly increase the intracellular
(p)ppGpp pool (Rao et al., 2010; Corrigan et al., 2015). The
relationship between the effective levels of c-di-AMP and
bacterial persisters is nonetheless poorly characterized.

At later stages of toxin {Y83C expression, synthesis of
macromolecules (DNA, RNA, proteins) is inhibited and
membrane potential is impaired (30-90 min; Lioy et al., 2012).
Direct interaction of (p)ppGpp with DNA primase inhibits
DNA replication (Wang et al, 2007; Srivatsan and Wang,
2008), (p)ppGpp-mediated low levels of GTP decrease mRNA
transcription (Krasny and Gourse, 2004), and the essential
GTPases decrease the amount of mature 70S ribosomes and
reduce translation (Corrigan et al., 2016). Within 60-120 min,
cell wall biosynthesis is reduced by ¢-mediated phosphorylation
of a UNAG fraction, leading to accumulation of unreactive
UNAG-3P (Mutschler et al., 2011; Lioy et al, 2012), and by
(p)ppGpp inhibition of peptidoglycan metabolism (Eymann
et al,, 2002). All these metabolic changes are reversible, however,
because when the stress condition is relieved (or after artificial
induction of antitoxin expression), the antitoxin &, reverses
the ¢-induced dormant state and the cell population “awakens”
(Tabone et al., 2014a,b).

When bacterial growth is challenged by addition of antibiotic,
susceptible cells stop growing, but a small subpopulation shows
persistence (a biphasic time-inactivation curve) or tolerance to
the drug (a linear time-inactivation curve; see Figure 1; Lewis,
2010; Amato et al., 2013; Brauner et al., 2016). These complex
phenotypes have been attributed to diverse stochastically induced
stresses, with the toxin reducing the activity of the antibiotic
or enhancing efflux activities to form persisters or tolerant cells
(Lewis, 2010; Balaban et al., 2013; Brauner et al., 2016; Harms
et al., 2016) or to produce cells susceptible to antibiotic action,
as in B. subtilis (Wu et al., 2011; Tabone et al., 2014b). Toxin ¢
increases (p)ppGpp and decreases GTP pools, thus decreasing
antibiotic persistence/tolerance formation; in contrast, low,
dysregulated (p)ppGpp levels (in the ArelA context) increase
toxin and antibiotic persistence/tolerance (Tabone et al., 2014b).

To analyze how toxin ¢ helps to induce a growth arrest state
(dormancy), how antitoxin &, promotes exit from this state, and
to learn about the interconnection between toxin action and the
persister/tolerant state, we have studied the metabolic activities
of purine nucleotides on persister/tolerant bacterial. Transient
controlled expression experiments with toxin and antitoxin
showed that toxin ¢ induced a reversible growth-arrested state
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FIGURE 1 | Graphic illustration showing the difference in growth of the
different stress survival strategies. Proliferation of susceptible clonal cells is
halted by transient toxin ¢ expression (IPTG addition) or Amp addition (2x MIC)
(+Drug, blue). A large fraction of cells is susceptible to the drug (dashed line);
a subpopulation persists and forms colonies, leading to a biphasic
time-inactivation curve (¢ [dotdashed] or Amp [twodotted dashed] persisters)
rather than a linear time-inactivation curve (tolerants; dotted line). Transient
expression of antitoxin o> (+-Drug, red) awakens the susceptible cells to toxin ¢
action (solid red line). Transient toxin ¢ expression and Amp addition yield
distinct persister subpopulations.

in a large fraction of proliferating, susceptible B. subtilis cells,
but that a small subpopulation persists rather than tolerating
toxin action (see Figure 1). Controlled upregulation of antitoxin
e reversed growth arrest in vivo and inhibited the UNAG-
dependent ATPase activity of toxin ¢ in vitro. GdpP- or DisA-
dependent alteration of the c-di-AMP pool and CodY-dependent
responses revealed that ampicillin (Amp) persisters and ¢-
mediated persisters are distinct subpopulations, perhaps with
different exit control, and that Amp enhanced killing of ¢-
mediated persisters.

MATERIALS AND METHODS

Bacterial Strains and Plasmids

The bacterial strains and plasmids used in this study are listed
in Table1. All B. subtilis strains are isogenic with BG214.
Escherichia coli BL21(DE3) cells harboring pBT290-borne ¢ gene
under the transcriptional control of the T7 RNA polymerase-
dependent promoter (Pr7), or pCB920-borne wild type (wt) ¢
gene under the control of Pr7 and & gene under its native RNA
polymerase o*-dependent promoter (P,,) were used for protein
purification as described (Camacho et al., 2002; Tabone et al.,
2014b).

Growth Conditions

The BG214 derivatives were grown to mid-exponential phase
(~5 x 107 cells ml™!) at 37°C in minimal medium S7 (MMS7)
supplemented with the necessary amino acid (Lioy et al., 2006).
Except for ArelA, strains were grown in MMS7 with methionine
and tryptophan at 50 ug ml~! each (Lioy et al., 2006). The ArelA

TABLE 1 | Bacterial strains.

Strains Relevant genotype References

BG112520 + lacl, Pnsp ¢, aadA [PCB799-xyIR, Lioy et al., 2006
ny|A €, cat]

BG6892 + XYIR, Pyyia £Y83C, cat Lioy et al., 2006

BG11452 + ArelA, xyIR, Pxyia ¢Y83C, cat Lioy et al., 2012

BG13252 + AgdpP, xyIR, Pxyia tY83C, cat This study

BG13232 + AdisA, xyIR, Pxyia tY83C, cat This study

BG15252 + codY::(erm::spc), xyIR, This study
ny|ACY830, cat

BG15272 + codY::(erm:spc), AdisA, xyIR, This study
ny|A tY83C, cat

BL21(DE3)® + [pPCB920, P17 ¢ gene, Py, w and & Tabone et al., 2014a
genes, bla]

BL21(DE3)° + [pPBT290, P17 ¢ gene, bla] Camacho et al., 2002

aAll Bacillus subtilis strains are isogenic with BG214 (trpCE metA5 amyET1 ytsJ1 rsbV37
xrel xkdA1 attSPB atf/CEBs1),

bBG1125 cells bearing pCB799-borne & gene were grown in MMS7 medium containing
0.05% xylose to titrate basal expression of the wt ¢ toxin.

CEscherichia coli BL21(DE3) genotype (ompT gal [x DES, int:lacl::Placyys::T7 gene 1]
fhuA2 [dem] AhsdS).

strain shows an “auxotrophy phenotype” for valine, leucine,
isoleucine and threonine, and was also supplemented with these
amino acids (25 pg ml™! each) (Roche, Germany; Lioy et al.,
2006).

BG1125 bearing lacI-Pyg, wt ¢ and pCB799-borne xyIR-Pyyiz
wt & (Table 1), in which ¢ gene expression (transcribed by Pgp) is
regulated by IPTG (Calbiochem, Spain) addition and the € gene
(transcribed by Pyy1a) is regulated by xylose (Xyl, Sigma, USA)
addition (Lioy et al., 2012), was grown in MMS7 supplemented
with Xyl (0.05%). In the absence of IPTG [Sigma, USA] there
are ~40 ¢ toxin monomers/colony-forming units (CFU), which
lead to genetic rearrangement. To titrate basal ¢ toxin levels,
traces of Xyl (0.05%) were added to allow synthesis of low but
marked ¢, antitoxin levels by the pCB799-borne & gene. After
IPTG addition, toxin { concentration increased in a very short
time (10 min) up to ~1,500 ¢ monomers/CFU, and its steady-
state level remained for at least 240 min; these toxin levels are
considered the “physiological concentration” (Lioy et al., 2012).
At indicated times, 0.5% Xyl was added to induce antitoxin e
expression, and the culture was incubated 15 min before being
plated without inductor or with 0.5% Xyl (Lioy et al., 2012).

In BG689 or BG1145 bearing the xylR-Pyyja {Y83C cassette
(Table 1), expression of the toxin {Y83C variant was induced
by addition of 0.5% Xyl. BG689 or BG1145 cells were grown in
MMS7 to ~5 x 107 cells ml~! at 37°C. Xylose addition increased
tY83C levels to a plateau within the first 10 min, and the steady-
state level of the toxin remained for at least 240 min (Tabone et al.,
2014b).

Where indicated, toxin and/or antitoxin expression was
induced by adding IPTG and/or Xyl. Before plating, cells were
centrifuged and resuspended in fresh LB medium to remove
the inductor or the antibiotic, and dilutions were plated on LB
agar plates containing glucose (which switches off xylR-Pyya
cassette expression) or Xyl to express the e, antitoxin. The
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survival rate was derived from the number of CFU in a given
condition relative to CFU of the non-induced/non-antibiotic-
treated control. Except ArelA, cells grew in MMS7 with a
doubling time of 50-60 min. The doubling time of ArelA cells
increased 1.4-fold compared to the BG689 strain. Normal-sized
and small colonies were observed in the ArelA and AdisA codY
contexts. All plates were incubated for 20 h at 37°C.

The minimum inhibitory concentration (MIC) of Amp
[Sigma, USA] was estimated by exposing 1-3 X 10° cells ml~!
(16 h, 37°C) in MMS7 with shaking (240 rpm). The Amp
concentration used (3 g ml™!) was twice the MIC (2x MIC). In
the absence of inducer, the presence of the {Y83C (BG689 strain)
or the ¢ gene (BG1125 bearing pCB799) does not affect the MIC
(Tabone et al., 2014b).

Protein Purification and Biochemical

Assays

The S. pyogenes pPSM19035-encoded ¢ gene was overexpressed in
E. coli BL21(DE3) cells from a rifampicin-resistant T7 RNAP-
dependent promoter as reported (Tabone et al., 2014a). In short,
IPTG was added to induce the expression of T7 RNAP that
transcribed wt ¢ toxin, and 30 min later rifampicin (Fluka, USA),
was added to selectively block the expression of the w and € genes.
After 120 min of incubation and full decay of the ¢, antitoxin,
the cells were harvested. The over-expressed long-living ¢ toxin
was purified in two steps as described (Tabone et al., 2014a). The
fractions containing the { protein were dialyzed against buffer
A (50 mM Tris-HCI pH 7.5, 80 mM NaCl) containing 50%
glycerol and stored at —20°C. The € gene was overexpressed in
E. coli BL21(DE3) cells harboring pBT290 under the control of
rifampicin-resistant Pr; (Ceglowski et al., 1993), and antitoxin
&, was overexpressed, and purified as described (Camacho et al.,
2002). The purified protein was stored in buffer A containing 50%
glycerol at —20°C (Camacho et al., 2002).

The ATPase, dATPase or GTPase activities of ¢ toxin were
measured using a (d)NTP/NADH-linked assay (De La Cruz
et al.,, 2000; Yadav et al, 2012). Reactions (50 pl) contained
the indicated concentration of ¢ toxin and the NADH enzyme
mix (310 pM NADH [Roche, Germany], 100 U ml~! lactic
dehydrogenase [Sigma, USA], 500 U ml~! pyruvate kinase
[Roche, Germany], and 2.5 mM phosphoenolpyruvate [Roche,
Germany]) in buffer B (50 mM Tris-HCI pH 7.5, 50 mM NaCl,
10 mM MgOAc, 1 mM DTT, 50 pg/ml BSA) with the indicated
concentration of ATP, GTP or dATP, and 10 mM UNAG or
uridine diphosphate-N-acetylgalactosamine (UNAGal) [Sigma,
USA]. We determined the specific (d)NTPase activity (in uM) by
measuring the (d)NDP production rate using a Shimadzu CPS-
20A dual-beam spectrophotometer as described (Yadav et al.,
2012). A standard curve with known amounts of NADH was
obtained and used to convert the rate of ADP/GDP/dADP
production from absorbance/time to concentration/rate (De La
Cruz et al., 2000; Yadav et al., 2012).

RESULTS

Toxin ¢ Preferentially Hydrolyzes ATP
Toxin ¢ hydrolyses ATP, even in the presence of a 10- to 15-
fold excess of cold GTP (Tabone et al., 2014a), suggesting that

toxin ¢ prefers ATP to GTP (Tabone et al., 2014a). To examine
these reactions, we purified toxin ¢ in the absence of its cognate
antitoxin €.

In the absence of UNAG, toxin ¢ does not undergo
autophosphorylation or hydrolyze NTP; with UNAG (2 mM)
and 500 nM toxin ¢, only traces of the y-phosphate of ATP (0.5
mM) were transferred to UNAG (Tabone et al., 2014a). We tested
directly for nucleotide used preferentially by toxin ¢. Limiting ¢
concentrations (60 nM) were used to analyze ¢-mediated ATP,
GTP or dATP hydrolysis in physiological concentrations of
UNAG and of nucleotides. The B. subtilis intracellular UNAG,
ATP, GTP, and dATP pools approached ~10, ~10, ~5 and ~0.02
mM, respectively (Lopez et al., 1979; Lioy et al., 2012; Bittner
etal, 2014).

Toxin ¢ did not hydrolyze purine nucleotide when UNAG
was omitted (Figure 2A). At physiological UNAG and ATP
concentrations (10 mM each), toxin ¢ (60 nM) hydrolyzed ATP
in a reaction that rapidly reached saturation, which suggested
that ¢ is a UNAG-dependent NTPase. The final rate of ¢ ATP
hydrolysis approached the maximum rate (K) of 1520 £ 120
min~! (Figure 2A).

The UNAG-dependent ¢ ATPase activity was then compared
with a bona fide ATPase enzyme. When the single-stranded
DNA-dependent RecA ATPase was measured in parallel, B.
subtilis RecA hydrolyzed ATP at near the previously observed
Kt of 9 £ 0.3 min~! (Yadav et al, 2014; Carrasco et al,
2015), which suggested that ¢ is a very robust ATPase. UNAG-
dependent ¢-mediated ATP hydrolysis was nonetheless sensitive
to variations in ATP concentration, because when ATP was
reduced to half (5 mM), the K¢ was reduced ~3-fold (510 +
44 min™1).

When ATP was replaced by physiological GTP concentrations
(5 mM), ¢ was able to hydrolyze GTP in a UNAG-dependent
manner and the reaction reached saturation in ~7 min. The
final steady state rate of GTP hydrolysis was reduced by ~5-
fold (Kcar 280 £ 47 min™1) compared with physiological ATP
concentrations (Figure 2A). Increasing the GTP concentration to
10 mM did not improve the reaction.

We analyzed the potential role of dATP as a substrate
(Figure 2A). In the presence of physiological UNAG and dATP
concentrations (10 and 0.02 mM, respectively), we observed
no ¢-mediated UNAG-dependent dATP hydrolysis (Figure 2A).
To test whether ¢ catalyzes dATP hydrolysis, we increased its
concentration artificially. At a 10-fold excess of dATP (0.2 mM),
~3 min lag time was needed to reach the steady state rate of ¢-
mediated dATP hydrolysis; however, saturation was not reached
in 30 min reaction (Figure 2A). With a 10-fold excess of dATP, its
hydrolysis was reduced by ~20-fold compared with ATP. ATP is
probably the preferred ¢ nucleotide cofactor.

UNAGal Is a Poor Inducer of the Toxin ¢

ATPase

Toxin ¢ interacts specifically with UNAG rather than UDP-
glucose (Mutschler et al, 2011); in addition, B. subtilis GalE
is able to interconvert UNAG and UDP-N-acetylgalactosamine
(UNAGal), and the cell wall contains N-acetylglucosamine and
N-acetylgalactosamine (Soldo et al., 2003). To determine whether
UNAGal, a C-4 epimer of UNAG, can activate toxin ¢ ATPase
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FIGURE 2 | Toxin ¢ preferentially hydrolyzes ATP. (A) A fixed toxin ¢

concentration (60 nM) was incubated (30 min, 37°C) in buffer A containing

10 mM UNAG, and ATP (10 or 5 mM) or GTP (5 mM), or dATP (0.02 or 0.2

mM). The control reaction lacked UNAG. (B) Toxin ¢ is a UNAG-dependent

ATPase. Toxin ¢ (60 nM) was incubated as above in buffer A with 10 mM

ATP and 10 mM UNAG, or UNAGal (5 or 10 mM). (C) Stoichiometric €5 antitoxin
(Continued)

FIGURE 2 | Continued

inhibits the UNAG-dependent ¢ ATPase. A fixed ¢ toxin concentration (30 nM)
and increasing antitoxin e» concentrations (15-60 nM) were incubated (30 min,
37°C) in buffer A containing limiting concentrations of ATP (2 mM) and UNAG
(4 mM). The amount of ATP hydrolyzed was calculated (see Section Materials
and Methods). The control reaction lacks UNAG. All reactions were repeated
three or more times with similar results.

activity, we carried out ATPase assays with increasing UNAGal
concentrations.

In the absence of UNAG or UNAGal (minus UNAhexamines),
ATP hydrolysis by toxin ¢ was at background level (Figure 2B).
Quantitative analysis of these reactions showed that at
physiological UNAGal concentrations, the final ¢-mediated
ATP hydrolysis rate was ~85-fold lower (K, 20 min~1!) than ¢
in the presence of UNAG. In the presence of a UNAGal excess
(10 mM), the K, was slightly increased (28 min~—1), but was still
~60-fold lower than that at physiological UNAG concentrations
(Figure 2B); this result indicates that ¢ ATPase activity is
specifically stimulated by UNAG rather than by UNAGal. PetZ
similarly accumulates UNAG-3P after 60 min, and UNAGal-3P
after 720 min incubation (Mutschler et al., 2011).

Antitoxin e Inhibits UNAG-Dependent

¢-Mediated ATP Hydrolysis
In vitro, the ¢es¢ complex is reported to hydrolyze ATP and
phosphorylate UNAG to form inactive UNAG-3P (Mutschler
et al,, 2011). In contrast, in vivo experiments showed that the ¢,
antitoxin inhibits the effect of toxin ¢, perhaps by forming the
inactive ge,¢ complex (Lioy et al., 2006, 2010). To test whether
toxin ¢ hydrolyzes ATP in the presence of the antitoxin ¢, both
proteins were purified separately (Camacho et al., 2002; Tabone
etal., 2014a) and UNAG-dependent ATPase activity measured.
The antitoxin €, alone or with UNAG, did not hydrolyze
ATP (Figure 2C). In the presence of UNAG and ATP, the rate
of UNAG-dependent ¢-mediated ATP hydrolysis was reduced by
increasing antitoxin e, concentrations (Figure 2C). At ¢:¢, ratios
of 1:0.5 or 1:1, the kinetics of g-mediated ATP hydrolysis was
initially unaltered, but ATP hydrolysis was inhibited after 5 min.
At a slight e, excess (1:2 ratio), the antitoxin inhibited ¢ ATPase
activity (Figure 2C). Results were similar when both proteins
were preincubated (5 min) at a 1:1 g:¢; ratio (e, complex; not
shown), which suggests that when it interacts with ¢, the antitoxin
occupies the ATP binding pocket (Meinhart et al.,, 2003) and
inhibits toxin ATPase activity. This is consistent with the crystal
structure of the biologically inactive ¢e,¢ complex and with the
interpretation that antitoxin €, is necessary and sufficient to
inactivate toxin ¢. It is likely that the long reaction incubation
time (24 h) and/or low ¢, stability could explain discrepancies
with the previous report (Mutschler et al., 2011).

Toxin ¢ Induces Reversible Growth Arrest
But a Small Subpopulation Evades Its
Action

The release of toxins from their cognate antitoxins [or induction
of toxin expression (4+Drug in blue in Figure 1)], should lead
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to a bimodal time-inactivation curve if persisters appeared
(dotdashed line). This deviates from the simple decay, anticipated
for a population of only susceptible cells (dashed line) or for a
uniformly tolerant bacterial population (dotted line, in Figure 1;
Brauner et al., 2016; Harms et al., 2016). Inactivation of the
toxin by expression of the antitoxin (+Drug in red) should
lead to recovery of the plating efficiency (red solid line) if the
toxin is bacteriostatic (Figure 1). To test whether expression of
physiological levels of free toxin ¢ induce persistence (dotdashed
line) or tolerance (dotted line) and to study the mechanism
used for such a phenotype (bacteriostasis or bacteriolysis) we
performed long term survival assays. Toxin ¢ was induced for
a long period, and then antitoxin €, expression was induced
(Figure 3A).

Bacillus subtilis BG1125 bearing the ¢ gene under the
control of IPTG induction is prone to rearrangement in
the absence of IPTG (Lioy et al., 2012). To overcome this
effect, the pCB799-borne ¢ gene under the control of Xyl was
transferred into the background (Table 1; see Section Materials
and Methods). BG1125 cells bearing pCB799 were grown in
MMS?7 supplemented with 0.05% Xyl, to ~5 x 107 cells ml~!
(ODsgp = 0.2), and expression of the { gene was induced by IPTG
addition (time zero). Cells, which formed colonies after plating
on LB agar without IPTG, showed a bimodal time-inactivation
curve suggesting the presence of persisters (Figure 3A), rather
than showing a uniform simple decay, expected for tolerant cells
(Figure 1, dotted line).

To test whether the persisters are due to noise that causes
instability in a bacterial population (a reduced cell fraction
transiently insensitive to toxin action) or noisy gene expression
(a reduced fraction with no toxin expression), we maintained
IPTG induction up to 900 min, after which cells were plated
in the absence of the inducer. In the former case, only a

fraction of the non-replicating dormant cells would exit the
arrest state and resume growth after plating without IPTG,
whereas in the latter case, cell proliferation of persisters is
predicted to increase 8- to 16-fold. After IPTG addition, the small
persister subpopulation increased slightly (~3-fold) during the
first 240 min, to later remain apparently constant (Figure 3A);
this suggested negligible biological noise during the first 240 min,
and persisters were transiently insensitive to toxin action.

Massive expression of toxin PezT or ¢ triggers an irreversible
bactericidal effect in E. coli grown in rich medium or B.
subtilis grown in minimal medium, respectively (Zielenkiewicz
and Ceglowski, 2005; Mutschler et al., 2011), but physiological
concentrations of free toxin ¢ induce a reversible bacteriostatic
state (Lioy et al., 2012). To identify the source of these
discrepancies, we tested whether IPTG-induced growth arrest in
B. subtilis cells is fully reversible after antitoxin &, expression
triggered by 0.5% Xyl (15 min), followed by plating in LB agar
with 0.5% Xyl but lacking IPTG. Antitoxin &, expression was
sufficient to reverse growth arrest, and most cells recovered
proliferation, even after 900 min of toxin ¢ action (Figure 3A).
Although, a reduced fraction (10 to 15% of total cells)
were stained with propidium iodide, suggesting a membrane
compromise in these cells. It is likely that toxin ¢ induces
a reversible inhibition of cell growth, and that antitoxin &,
expression is necessary and sufficient to switch off toxin-induced
responses, with cells awakening and forming colonies even after
15 h of toxin incubation (see Figure 1, solid red line), but 10 to
15% of total cells might loss cell viability.

Dysregulated (p)ppGpp Levels Increase the
Rate of tY83C Persisters

Bacillus subtilis encodes one bifunctional RelA synthase-
hydrolase and two mono-functional SasA (also termed
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YwaC/RelP/Sas1) and SasB (YjbM/RelQ/Sas2) synthases
[see Nanamiya et al, 2008; Srivatsan and Wang, 2008]. In
the absence of RelA, an excess of GTP over GDP as well as
baseline levels of (p)ppGpp “dysregulated” by the SasA and SasB
synthases, increase toxin persistence or tolerance by >150-fold
(Tabone et al., 2014b). This effect correlates with dysregulated
(p)ppGpp levels. Lowering the GTP levels without affecting
(p)ppGpp; by treating cells with decoyinine (a GMP synthetase
inhibitor), the persistent rate was indistinguishable between
treated or untreated ArelA cells (Lioy et al., 2012).

To test whether the CFU increase correlates with a simple
decay curve predicted from a uniform tolerant bacterial
population or with a biphasic time-inactivation curve due to
persistence (Figure 1), we analyzed toxin expression in the relA™
(BG689) or ArelA (BG1145) cells bearing the xle—nylA CY83C
cassette (Table 1). The relA™ and ArelA cells were grown in
MMS7 to ~5 x 107 ml~!, expression of the {Y83C gene was
induced with 0.5% Xyl, and the time-inactivation curve was
analyzed. In the absence of RelA, a typical biphasic curve was
observed upon expression of physiological concentrations of the
toxin, with an ~160-fold (~5 x 1073) increase in the rate of
persisters after plating on LB agar without Xyl (Figure 3B).

Varying the c-di-AMP Pool Alters the Rate

of Toxin But Not of Amp Persistence
The second messenger c-di-AMP, which is at the heart of cell
wall homeostasis, is produced mainly by Gram-positive bacteria
of the phyla Firmicutes and Actinobacteria, and by some species
of the 3-Proteobacteria class (Corrigan and Grundling, 2013).
In Firmicutes, high or low c-di-AMP levels indirectly increase
(p)ppGpp (Rao et al., 2010; Corrigan et al., 2015), whereas in
Staphylococcus aureus, they, respectively, increase or decrease f3-
lactam tolerance/resistance (Corrigan et al., 2011, 2015). It is not
known whether c-di-AMP has a role in toxin ¢ responses to stress.
In Firmicutes, intracellular c-di-AMP levels are precisely
regulated by two sets of enzymes with opposite effects and by two
purine nucleotides. The diadenylate cyclases (DAC) synthesize c-
di-AMP from two ATP molecules, the phosphodiesterases (PDE)
degrade c-di-AMP into pApA; (p)ppGpp and pApA inhibit
PDE enzyme activity (Rao et al., 2010; Corrigan and Grundling,
2013; Huynh and Woodward, 2016), which predicts that c-di-
AMP levels increase during starvation. Exponentially growing B.
subtilis cells express two DAC (DisA and CdaA) and two PDE
enzymes (GdpP and PgpH; Rao et al,, 2010; Corrigan et al,
2011; Corrigan and Grundling, 2013; Commichau et al., 2015;
Huynh and Woodward, 2016). The absence of both DAC or
of both PDE causes aberrant physiology and synthetic lethality
when the medium contained high K* (5 mM KCI), but one
representative of each family can be deleted with no apparent
effect (Corrigan et al., 2011; Corrigan and Grundling, 2013;
Commichau et al., 2015; Huynh and Woodward, 2016; Gundlach
et al.,, 2017). C-di-AMP levels vary marginally (2- to 3-fold) in
cells lacking DisA, CdaA or GdpP compared to the wt strain
(Oppenheimer-Shaanan et al., 2011; Gandara and Alonso, 2015).
To determine how B. subtilis cells respond to toxin-mediated
stress, we induced transient toxin {Y83C expression and studied

the effect of disturbing the c-di-AMP metabolic balance by
deleting one DAC (DisA) or one PDE (GdpP) enzyme on an
isogenic background (Table 1). In parallel, Amp was used as
a second stressor at twice the MIC, in anticipation that toxin
expression and Amp would respond to different physiological
cues. The MIC of Amp was similar in all strains tested. After
Amp exposure, a subpopulation of clonal cells yielded a biphasic
time-kill curve (twodotted dashed line), which indicated that
they persisted rather than becoming Amp-tolerant (dotted line;
Figure 1). Similar biphasic curves are reported for other bacterial
species after Amp exposure (Lewis, 2010; Amato et al., 2013;
Brauner et al., 2016; Harms et al., 2016).

Bacillus subtilis cells that lack GdpP show intracellular c-di-
AMP levels ~2-fold higher than those of the wt strain (Gandara
and Alonso, 2015). Absence of GdpP indirectly increases
(p)prpGpp pools (Gundlach et al., 2015; Zhu et al., 2016), which
suggests that a small number of specific signaling nucleotides
integrate and coordinate key metabolic intersections in response
to variation of the intracellular c-di-AMP pool. We constructed
and analyzed a strain bearing the xyIR-Pyya (Y83C cassette in
the context of AgdpP (Table 1). Regulated {Y83C expression in
the wt or AgdpP contexts produced a typical biphasic survival
curve, with an initial rapid decrease in CFU and a persistent
subpopulation with a stable number of CFU (between 10 and 300
min; not shown); for direct comparison of the various strains,
data at 120 min are shown (Figure 4). In the wt strain, {Y83C
expression used (p)ppGpp to mediate rapid inhibition of cell
proliferation, and a cell subpopulation entered a toxin- (~7.2
x 107°) or Amp-persistent state (~2.1 x 107%; Figure 4), as
reported (Lioy et al., 2012). In the AgdpP strain, after transient
toxin expression, the persistence rate decreased by ~10-fold (7
x 107%), but did not significantly affect the persistence rate after
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FIGURE 4 | Variation in the c-di-AMP or GTP pools alters the level of £Y83C
toxin persisters, but not stochastic Amp persisters during exponential growth.
The set of isogenic strains was grown in MMS7 to ~5 x 107 cells mi~
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Amp addition (~1.7 x 1073). In the absence of GdpP, exposure
to Amp and Xyl decreased the rate of persisters by ~16-fold
(~3 x 107% survivals) compared to the wt strain (Figure 4),
which suggests that a subset of toxin or Amp persisters randomly
switched to the susceptible state and were targeted by Amp or the
toxin.

Cells lacking DisA have ~2-fold lower levels of intracellular
c-di-AMP than wt cells (Oppenheimer-Shaanan et al., 2011;
Gdndara and Alonso, 2015). We constructed the xylR-Pyya
tY83C AdisA strain (Table 1), and found that the persister cell
rate was slightly affected by Amp addition (<2-fold, ~1.5 x 1072
survivals). Transient toxin {Y83C expression increased persisters
~4-fold (~3 x 107*) in the AdisA compared to the wt strain
(Figure 4). Transient toxin {Y83C expression and Amp addition
did not notably affect colony formation compared to addition of
Xyl alone (Figure 4).

Absence of CodY Alters the Rate of Toxin
tY83C But Not of Amp Persistence

Transient toxin ¢ expression decreased the GTP pool in
exponentially growing B. subtilis cells (Lioy et al, 2012).
Intracellular GTP levels have a central role in modulating the
stringent response and in reprogramming gene regulation to
allow appropriate adaptation to stress. CodY, a GTP-binding
protein, is a pleiotropic regulator that senses intracellular
branched chain amino acids and GTP levels (Sonenshein, 2007).
Low GTP levels, as found during acute stress, release CodY from
DNA, leading to deregulation of genes involved in adaptation to
nutrient limitation (Ratnayake-Lecamwasam et al., 2001; Belitsky
and Sonenshein, 2013; Bittner et al., 2014). The role of CodY
in toxin ¢ stress responses is unknown. To test whether CodY
modulates toxin and/or antibiotic persistence, we constructed the
xyIR-Pyyip TY83C codY strain (Table 1). Lack of CodY did not
markedly alter the Amp persister rate (~2.5 x 1073 survivals;
Figure 4). After Xyl exposure, however, we observed a slight
decrease in the toxin persister rate (~2-fold) compared to wr cells
(Figure 4). Transient Xyl and Amp addition decreased CFU (~8
x 107° survivals) and the level of persisters decreased by ~5-
fold compared to the wt strain (Figure 4), which suggest that cells
lacking CodY adapt poorly to toxin and Amp stress.

Lack of CodY Suppresses Toxin
Persistence Triggered by Low c-di-AMP

Levels

The absence of DisA increased, and of CodY or GdpP decreased
the rate of toxin persistence (Figure 4). Since lack of both CodY
and GdpP strongly affected cell recovery, but the combined
absence of CodY and DisA showed a less stringent phenotype, we
constructed the xyIR-Pyy1a {Y83C AdisA codY strain (BG1527;
Table 1). The BG1527 strain yielded colonies with diffuse
borders, a 3:1 normal:small size ratio, and viability reduced by
~1.4-fold compared to parental BG689 strains, but lack of CodY
and DisA did not notably alter the rate of Amp persisters (~2.5 x
1073 survivals). Following toxin {Y83C expression, we observed
a moderate decrease (~2-fold) in the toxin persister rate (~3.5
x 107> survivals) compared to wt cells, similar to the codY
strain (Figure 4). Addition of Xyl and Amp greatly decreased

the persistence rate (~3 x 107° survivals; Figure 4). Different
clonal subpopulations of persisting cells thus probably evolved
differently in response to the toxin and Amp.

DISCUSSION

Toxin ¢ represents a class of UNAG-dependent ATPases
(Figure 2A). As another mechanism to halt cell proliferation,
toxin ¢ also catalyzes the transfer of part of the ATP y-phosphate
generated upon ATP hydrolysis to a fraction of UNAG, to yield
unreactive UNAG-3P (Mutschler et al., 2011; Tabone et al.,
2014a). Stoichiometric concentrations of purified antitoxin ¢;
are necessary and sufficient to inactivate toxin ¢ action, which
suggests that no other factor contributes to ¢ inactivation in vitro.

Using a set of isogenic B. subtilis strains, we tested how purine
nucleotide signaling integrates and coordinates the toxin mode
of action in vivo. Toxin ¢ expression induced a biphasic time-
inactivation curve with initial rapid, reversible growth arrest
of the bulk of susceptible cells; a minor cell subpopulation
showed non-inheritable toxin persistence rather than tolerance.
Subsequent expression of the &, antitoxin reversed g-induced
dormancy, and the cells formed colonies even after 900 min
of growth arrest. After accumulation of the ge;¢ complex, the
heterogeneous dormancy state is nearly fully reversible; but a
reduced subpopulation (up to 15%) of total cells is still stained
with propidium iodide. It is likely that the ¢ phosphotransferase
might compromise the awakening of these cells, which may
have a poor fitness or be maladapted. Persisters are formed
through redundant mechanisms, and both the biological basis of
persistence and the mechanisms that lead to persister formation
are poorly understood in Firmicutes. Direct comparison with
the well-characterized E. coli system could introduce some noise.
For example, in both E. coli and B. subtilis cells, physiological
(p)ppGpp levels are necessary for toxin-induced persistence
(Korch et al., 2003; Nguyen et al, 2011; Lioy et al., 2012;
Amato et al., 2013; Maisonneuve et al., 2013). In the absence of
hydrolase-synthase SpoT, E. coli cells are not viable (Xiao et al.,
1991), but in the spoT1 context (attenuated hydrolase activity),
high levels of dysregulated (p)ppGpp give rise to hypertolerance
(Amato et al., 2013; Maisonneuve et al., 2013). In B. subtilis cells,
lack of the hydrolase-synthase RelA leads to undetectable levels
of dysregulated (p)ppGpp, which in turn do not inhibit GTP
synthesis and contribute indirectly to hyperpersistence (~160-
fold increase). In the absence of (p)ppGpp, there is no persistence
signal in B. subtilis or S. aureus cells, but reduction of GTP and
ATP (Tabone et al., 2014b) or ATP levels (Conlon et al., 2016),
respectively, leads to cell susceptibility to distinct antibiotics.
Indeed, the artificial reduction of the GTP level sensitizes the
cells to different antibiotics in the absence of (p)ppGpp (Tabone
et al,, 2014b). In E. coli cells that lack the 10 host-encoded
mRNA interferases, levels of persisters to certain antibiotics
decrease (Maisonneuve et al., 2011), whereas in B. subtilis cells,
absence of the single mRNAase NdoA (MazF) increases antibiotic
lethality rather than inducing persister cell formation (Wu et al,,
2011).

A very small fraction of E. coli cells (~0.01%) is reported
to have a high (p)ppGpp concentration, which triggers entry
into the persistent state (Maisonneuve et al., 2013). Our study
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addressed the mechanism of persister formation in B. subtilis
cells in conditions in which toxin/antitoxin expression were
controlled by external inducers; antitoxin degradation thus had
no role, which rendered unnecessary the analysis of (p)ppGpp
in toxin release. If the stochastic switch to produce (p)ppGpp is
the sole factor that triggers persister formation, the proportion
of toxin and Amp persisters should be similar, and transient
toxin expression and Amp addition would not further decrease
cell viability. This was not observed. To explain our results, we
must assume that a certain cell fraction switches stochastically
to the persistent state prior to environmental challenges (Amp
persisters), but sensing the metabolic state is of key importance
for responsive induction of persistence. Alterations in the GTP
(codY) or c-di-AMP pools (gdpP or disA) indicated a constant
“awakening” rate after Amp addition, but a variable proportion
of toxin persisters (Figure 4). Toxin § temporarily and reversibly
increases the (p)ppGpp pool, reduces the ATP and GTP pools,
and modulates c-di-AMP and UNAG levels to allow cells to
readjust their metabolism from logarithmic growth to “growth
arrest,” enabling cells to cope with environmental stress. The
pattern of toxin persistence was varied by altering the c-di-AMP
pool, which acts as two opposite mechanisms that are negatively
and positively controlled by toxin expression. The subpopulation
of bet-hedging persister cells that arises before changes in the
environment and those triggered by toxin-induced metabolic
changes both lead to toxin persisters.

Responsive strategies based on environmental sensing alter
phenotypic switching between growth-arrested and persister
cells. By varying the intracellular pool of signaling nucleotide,
the stochastic subpopulation of toxin ¢ persisters varied up to
40-fold (AdisA vs. AgdpP). When both stress sources (Amp and
free toxin) were present, however, a fraction of Amp (or toxin)
persisters might awaken and become sensitive to the second
stressor, decreasing the rate of persisters by up to 200-fold (AdisA
vs. AgdpP background).

Based on these results and our previous work (Lioy et al,
2006, 2012; Tabone et al, 2014ab), we propose that the
modus operandi of toxin ¢-induced growth arrest is to reduce
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Stationary phase is the stage when growth ceases but cells remain metabolically active.
Several physical and molecular changes take place during this stage that makes them
interesting to explore. The characteristic proteins synthesized in the stationary phase
are indispensable as they confer viability to the bacteria. Detailed knowledge of these
proteins and the genes synthesizing them is required to understand the survival in such
nutrient deprived conditions. The promoters, which drive the expression of these genes,
are called stationary phase promoters. These promoters exhibit increased activity in
the stationary phase and less or no activity in the exponential phase. The vectors
constructed based on these promoters are ideal for large-scale protein production
due to the absence of any external inducers. A number of recombinant protein
production systems have been developed using these promoters. This review describes
the stationary phase survival of bacteria, the promoters involved, their importance,
regulation, and applications.

Keywords: stationary phase promoters, stationary phase gene expression, plasmid vectors, sigma factor,
stationary phase

INTRODUCTION

The majority of the microorganisms around us in air, sea water, and soil are predominantly
present in stationary phase (Gefen et al., 2014). The natural habitat of microorganisms often
contains limited nutrients due to which rapid growth is usually hampered. Apart from nutrient
deprivation, there are other conditions, including physical and chemical stresses, which result in
unbalanced growth. All these events result in many changes at the molecular level. These molecular
changes are comparable to those observed during the stationary phase of bacteria as witnessed in
laboratory studies. The entry of bacteria to the stationary phase can be caused by different factors,
including limitation of a specific essential nutrient, accumulation of toxic by-products, presence
of stress factors such as changes in pH, temperature, osmolarity, etc. As the cell enters this phase,
there is a reduction in cell size and the DNA/protein ratio is said to increase during transition
to stationary phase (Nystrom, 2004). The stationary phase has received much attention due to
the pattern of protein synthesis in this phase and also because of survival strategies adopted by
bacteria. Numerous physiological, morphological, and gene expression changes are observed when
a growing cell enters the stationary phase. These are discussed in the following sections.
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PHYSIOLOGY OF THE STATIONARY
PHASE

In the stationary phase, the cells become spherical and smaller
with a rigid cell envelope, the cell wall is highly cross-linked,
membrane fluidity reduces, and cells activate the stringent
response mechanism in order to survive the calamity. The
activation of this mechanism allows the bacteria to reprogram
the gene expression pattern to adapt to different stresses. Two
key components of the bacterial stringent response are ppGpp
and pppGpp (which are explained in a later section). As a
consequence, the cells divert their resources away from growth
toward synthesizing amino acids so as to promote survival till
nutrient conditions improve.

Figure 1 depicts the various changes observed in a cell when
it enters the stationary phase. The peptidoglycan layer, being
the stress-bearing component of cell, increases in thickness.
It accounts for 0.7-0.8% of cell's dry weight in exponential
phase cells whereas in stationary phase it increases up to
1.4-1.9% (Mengin-Lecreulx and van Heijenoort, 1985). At
the subcellular level, nucleoid condensation occurs for DNA
protection, the cytoplasm gets condensed with an overall decrease
in protein synthesis as a consequence of stress or stationary
phase (Navarro Llorens et al., 2010). At the translational
level, the 70S ribosomes are converted into inactive 100S
ribosome dimers by associating with ribosome modulation factor
(Wada, 1998). This process, termed as ribosome hibernation,
is thought to be a mechanism to fine-tune the translation
process according to environmental conditions (McKay and
Portnoy, 2015). Recently, 16S rRNA fragmentation at the tip
of helix 6 has been shown to attenuate the activity of 30S
ribosomal subunit and thereby protein synthesis (Luidalepp et al.,
2016). Also, during limited nutrient availability, accumulation of
truncated mRNA and deacylated tRNA occurs. The ribosomes
become stuck on these mRNAs and owing to the absence
of a stop codon, the ribosome is unable to get released
(Pletnev et al., 2015). These mechanisms are understood
to be the defense response upon starvation. As a result
of the various morphological, metabolic, transcriptional, or
translational alterations, the stationary phase cells become
resistant to high temperature, high concentrations of H,O,, and
very high medium osmolarity.

Cells in exponential, stationary, and long-term stationary
phases have different fates (Figure 2). As a consequence of
starvation, many bacteria including the genera Bacillus and
Clostridium form resistant spores helping them withstand
the harsh surrounding environment. Non-optimal growth
conditions also lead to the formation of biofilm in many bacterial
species. Physiologically, biofilm bacteria are similar to stationary
phase bacteria. One key transition is the formation of persisters
induced during stationary phase, in biofilms, and also as a
consequence of a general stress response. These cells could
also arise in exponential growth by the activation of ppGpp
as a consequence of sub-lethal antibiotic concentration. The
formation of these bacterial persisters is understood to be the
reason behind relapsing infections and is a major cause of drug
resistance (Harms et al., 2016).

During the late stationary phase sometimes referred to as
long-term stationary phase, several remarkable adaptations take
place. On continued starvation, one of the survival strategies
includes bacteria entering a viable but non-culturable state
(VBNC). In this state, bacteria remain metabolically active
but fail to form colonies on bacteriological media. Several
bacteria including Rhodococcus biphenylivorans (Su et al., 2015),
Escherichia coli, Agrobacterium tumefaciens, Helicobacter pylori,
Lactococcus lactis, many Vibrio species, and Pseudomonas species
have been shown to enter the VBNC state (Oliver, 2005). The
VBNC state poses a serious health risk as the dormant bacterial
species could remain undetected in culturable conditions, though
having the ability to cause infections (Navarro Llorens et al.,
2010). A variety of stresses is said to lead to the manifestation
of VBNC state (Pletnev et al, 2015). Prolonged starvation
also results in Growth Advantage in Stationary Phase (GASP)
phenotype. The GASP phenomenon is a result of mutations
in the rpoS allele (described later) which confers a gainful
ability to continue growing during starvation conditions, thus
replacing the parental population (Navarro Llorens et al., 2010).
These mutations allow the mutants to effectively scavenge
the nutrients released by dead cells (Zambrano and Kolter,
1996). A number of Gram-positive bacteria such as Listeria
monocytogenes (Bruno and Freitag, 2011), Staphylococcus aureus,
Enterococcus faecalis, and Bacillus globigii (Finkel et al., 1997)
and Gram-negative bacteria including Campylobacter, Geobacter,
Vibrio, E. coli, Pseudomonas, etc., have been found to enter
the GASP state (Chen and Chen, 2014). Gefen et al. (2014)
coined the term ‘constant activity stationary phase’ (CASP) to
describe the phenomenon of constant rate of protein synthesis
observed in non-growing bacteria that have undergone over more
than 60 h of starvation. On studying the protein production
at this stage, they have found that both the protein synthesis
machinery including ribosomes, RNA polymerases, etc., and
resources such as amino acids, nucleotides, etc., remain constant
at CASP. Finally, constant promoter activity was observed
in this experiment for up to 10 h of starvation. Another
interesting phenomenon experienced by bacterial population
in stationary phase is the ‘stationary phase contact-dependent
inhibition’ (SCDI). It requires physical contact between the
evolved and original bacteria (Lemonnier et al., 2008). In this
process, it was observed that the evolved strains either killed or
inhibited the growth of bacteria that they were derived from.
The inhibiting ability of these strains is attributed to mutations
within a single gene involved in glycogen synthesis pathway:
glgC (encoding ADP-glucose pyrophosphorylase). Astonishingly,
all evolved strains overproduced glycogen which seemed to be
necessary for SCDI to occur (Navarro Llorens et al., 2010).

ALTERNATIVE SIGMA FACTORS ACTIVE
AT STATIONARY PHASE

A key regulator of stationary phase gene expression in E. coli is the
transcription factor o°[a product of rpoS (katF) gene]. The E. coli
genome was found to contain two genes katE and katG encoding
for HPII and HP1w1-4x catalases. The expression of HPII was
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FIGURE 1 | Comparison of molecular and cellular changes in exponential vs stationary phase.
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FIGURE 2 | Various bacterial adaptations at stationary and long-term stationary phase. Abbreviations are described in the text.

highest in stationary phase and has been shown to be completely
dependent on katF gene product. The latter serves as sigma factor
for RNA polymerase and therefore named as rpoS or o° or 6°8 or
stationary phase sigma factor or starvation sigma factor (Tanaka
etal., 1997).

The amount of 6> remains relatively low in the growing phase
of cells but increases markedly when the cell encounters stress,
starvation or enters stationary phase. The role of this protein is to
aid in survival and improved resistance to stressful conditions.
Induction of ¢° is observed under conditions of low pH, heat
or cold shock, UV-induced DNA damage, nutrient starvation,

high cell density, high osmolarity, etc. (Hengge, 2011). The o°-
dependent genes have been attributed to morphological changes
(Hengge, 2011), induction of starvation proteins (Alexander and
St. John, 1994), iron uptake, carbohydrate metabolism, amino
acid transport, and so on, at the onset of stationary phase (Lacour
and Landini, 2004).

The rpoS sigma factor is selectively utilized in stationary
phase. The major sigma factor rpoD (¢7°) is inhibited by a
regulator of sigma D (Rsd). The rationale for o° selectivity
in vivo is not completely understood, but it is known that many
promoters can exhibit both ¢5 and ¢7° mediated expression
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in vitro. It is well known that 67 is affected by changes in
spacer region and consensus —10 and -35 positions, but the
alternative ¢° is shown to be less affected by changes in these
regions, thus making it more selective in vivo (Hengge, 2011).
Another observation by Tanaka et al., 1995 indicates that the -35
region is not always required for stationary-phase expression
(Tanaka et al., 1995). In this study, the fic promoter was shown
to function with promoter sequences downstream from -17.
Also, the promoters recognized by RpoS are found to contain
curved DNA region. Hence, the absence of consensus -35 and
the presence of curved DNA region imparted o> dependence to
galP1 and galP2 promoters, whereas the presence of -35 sequence
in the same promoter changed the specificity toward ¢”° (Kolb
et al., 1995). Thus, the general belief is that the ¢° promoters
lack a -35 consensus sequence. However, some authors have
suggested CTGCAA (Bohannon et al.,, 1991) or CCGACA (Wise
et al., 1996) as the -35 consensus sequence. Similarly for -10,
Hengge-Aronis (1993) has suggested a consensus sequence of
TATACT, which was later changed to CTATACT (Espinosa-
Urgel et al., 1996). More recently, a long consensus sequence
KCTAYRCTTAA for -10 region has been proposed, where K
could be T or G, Y could be T or C, and R could be A or G
(Weber et al., 2005). Not all the stationary-phase induced genes
depend on 6%, and out of the many genes that show higher
level of expression in the stationary phase, only 10% is known
to be dependent on o5 (Rava et al, 1999). Out of the genes
induced in stationary phase, those that show ¢° independent
behavior are dnak, groEL, htpG which depend on ¢3? (Kolter
etal., 1993).

Several other alternative sigma factors have been reported.
In Salmonella typhimurium, o has been suggested to serve
a complementary role in stationary phase survival. Mutants
deficient in rpoH gene coding for o have been shown to be
susceptible to oxidative stress (Testerman et al., 2002).

The number of sigma factors varies from 1 in Mycoplasma
genitalium (Dorman, 2011), 6 in Gordonia sp. IITRI100
(Jaishankar et al.,, 2017), 7 in E. coli (Ishihama, 1997), 18
in B. subtilis (Gruber and Gross, 2003), 24 in Pseudomonas
aeruginosa (Potvin et al., 2008), and 65 in Streptomyces coelicolor
(Kim et al., 2008). Table 1 gives a list of various sigma factors
in well-known bacterial species and the types of sigma factors
upregulated at stationary phase.

REGULATION OF RpoS

The RpoS is regulated at post-transcriptional level by rpoS
mRNA secondary structure, small RNAs, Hfq, and HU proteins,
ClpXP protease and RssB (phosphorylation-modulated RpoS
recognition factor) (Hengge-Aronis, 2002). The rpoS mRNA is
stimulated by regulatory factors such as Hfq (HF-1) protein and
DsrA (small regulatory RNA) and repressed by H-NS (histone-
like protein) and oxyS RNA. The 5" UTR of rpoS mRNA forms a
loop which represses its translation. This loop can be disrupted
by non-coding RNAs such as dsrA, rprA, and arcA (Gaida et al.,
2013). Another sRNA which positively regulates rpoS mRNA is
gevB (Jin et al., 2009).

The turnover of RpoS protein in exponential phase is very high
with a half-life of 1.4 min (Lange and Hengge-Aronis, 1994). The
RpoS protein is stable in stationary phase.

The levels of RpoS are also controlled by a number of other
factors. These include both positive regulators such as ppGpp and
polyphosphate (polyp) and negative regulators such as cAMP and
UDP glucose.

The availability of ppGpp is dependent on RelA, a ppGpp
synthase that is associated with ribosomes. In stationary phase,
when the uncharged tRNAs accumulate due to decreased
availability of amino acids, relA is turned on and synthesizes
ppGpp. This turns on the promoters involved in amino acid
biosynthesis and uptake (Barker et al., 2001). It has been shown
that 6S RNA regulates relA gene expression, which leads to
alteration in ppGpp levels in stationary phase (Cavanagh et al.,
2010). The rRNA genes are turned off by ppGpp. Many stationary
phase promoters (SPPs) are also regulated by 6S RNA, even in the
absence of ppGpp.

In B. subtilis, it has been demonstrated that cells entering
in stationary phase have small GTP and GDP pools. This is
possibly due to conversion of GTP to (p)ppGpp or due to the
lack of sufficient precursors available for nucleotide synthesis.
Lopez and coworkers demonstrated that treatment of cells with
decoyinine, an inhibitor of GMP synthase, can result in induction
of stationary phase genes (Ratnayake-Lecamwasam et al., 2001).

The intracellular levels of certain compounds such as
trehalose, glycine betaine, glycogen, and polyphosphate are high
under stress conditions. Some of these compounds modulate
function of the RpoS holoenzyme. For example, glutamate
and trehalose modulate the holoenzyme binding to promoters.
Similarly, altered promoter selectivity has been observed in
E. coli when RpoS associates with inorganic polyphosphate. The
inhibition due to PolyP is relieved by high concentrations of
potassium glutamate (Shimada et al., 2004). Bacterial pheromone,
Homoserine lactone (HSL), a small molecule responsible for
communication between bacteria, also affects the concentration
of ° in the cell. Mutants in the biosynthetic pathway for synthesis
of HSL loose the ability to induce ¢° (Zambrano and Kolter,
1996).

EXPRESSION OF GENES IN
STATIONARY PHASE

When the cells are growing, the metabolism-linked genes are
highly expressed, and get turned off when the cells enter
stationary phase. The stationary phase is a period of no growth,
however, genes essential for survival of organisms are expressed at
this stage. Around 20% of the genes of E. coli are found to express
at higher level in the stationary phase (Rava et al., 1999). These
genes are directly linked to many key events including DNA
repair, glycogen production, thermotolerance, osmotolerance,
etc. (Bohannon et al,, 1991; Ishihama, 1997). Transcriptome
profiling/expression analysis of E. coli in stationary phase
revealed upregulation of genes which are involved in survival
during osmotic stress (ofs, tre, osm), long-term survival (e.g.,
bolA, dps, cbpA, and glgS), periplasmic shock (rpoE and rseA),
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TABLE 1 | List of sigma factors upregulated at stationary phase in different bacteria.

Name of the organism Sigma factors

Sigma factors upregulated at

Reference

stationary phase

Escherichia coli 7
070(0D)Y 024(0_E)Y GZB(GF),
632(0H), 054(0N)Y (538(68),
018(0Fecl)
Bacillus subtilis 18 6B, 6%, P,
O'A, O'B, O'C, UD, GE, GFy UGy
O‘H, O‘K, O‘L, GM, 0\/, O‘W, O‘Y,
%, %, Xpf, YlacC,
Streptomyces coelicolor 65 6B, of, oM,
Pseudomonas aeruginosa 24 oF, o, 6°
Corynebacterium glutamicum 7 o8B, oM, oM

o, 6B, o€, P, oF,

0.32 (GH), 054(0N)Y 038 (OS)

Ishihama, 1997

Haldenwang, 1995; Gruber and Gross, 2003

Kim et al., 2008; Tripathi et al., 2014
Potvin et al., 2008
Patek and Nesvera, 2013

cold shock (csp genes), etc. Other genes include carbon storage
regulator (csrA), trp repressor binding protein (wrbA) and
universal stress protein (uspA) (Chang et al., 2002). Moreover,
several antibiotics including lactocin B of lactic acid bacteria,
alfatoxin of Aspergillus species are produced mainly in stationary
phase (Matin, 1992).

Persister cell formation has also been attributed to genes
differentially expressed in stationary phase. These cells are
recalcitrant to antibiotic treatments and often are the major cause
of drug resistance. Several polyamines including putrescine,
spermidine, and cadaverine direct persister formation through
upregulation of genes such as rpoS, rmf, yqiD (Tkachenko et al.,
2017). This observation suggests that polyamine metabolism
participates in the regulation of persister cells formation. To
determine the genes upregulated at stationary phase microarray
was done in Mycobacterium smegmatis grown under conditions
of glycerol and glucose depletion. Different subset of genes were
identified that were preferentially upregulated at stationary phase.
The categories of genes included those involved in metabolism
of sulfur, sigma factors including sigB, sigE, and sigH, fatty

acid degradation, anaerobic respiration, etc. (Hampshire et al.,
2004). Also, of key interest in this study is the presence of
stationary phase operons involving many gene clusters that were
significantly upregulated in stationary phase. On investigating
further, the presence of other such operons were also found.
The pdh operon of Streptococcus mutans is expressed only
in the stationary phase. This operon was observed to be
transcribed only by a subpopulation of bacteria in stationary
phase and was vital for survival during long periods of sugar
starvation. The pdh operon consists of four genes that are
transcribed as an operon: pdhD, pdhA, pdhB, pdhC, which
encode the components of PDH (pyruvate dehydrogenase)
complex, i.e., pyruvate dehydrogenase (two subunits encoded
by pdhA and pdhB), dihydrolipoyl transacetylase (pdhC), and
dihydrolipoyl dehydrogenase (pdhD). The inactivation of the
first gene: pdhD resulted in impaired survival in both batch
cultures and biofilms (Busuioc et al., 2010). Similarly, phage
shock protein operon (pspABCE) of E. coli was reported
to be critical for survival under prolonged stationary phase
at alkaline conditions. This operon was expressed strongly

| Cell shape Energy metabolism | Virulence Genes having
regulatory role
bolA, ampC, I
er, ehxCABD, spy,
f1sQAZ, b, cfa, paxB, cyxAB es,p A, espB, e,s p%, arcA, cpxR, basR
fic, csgBAEDFG, ’ ’
emrAB
Osmotic resistance | | UV resistance | | Acid resistance
otsBA, treA, osmY, dps, xthA, uspB, gadA, gabDTF,
osmC, katG, katE sodC hdeAB, yhiUV
FIGURE 3 | Categories of genes transcribed in stationary phase.
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TABLE 2 | Stationary phase promoters in Gram-negative bacteria.

Name of or Name of Gene product -10 -35 Other motifs Length of Reference
promoter spacer
Escherichia coli BolAp1 BolA CGGCTAGTA  CTGCAA - 15 Aldea et al., 1989
TreA TreA (Osmotically ATGCAG TAAGGT - 17 Repoila and Gutierrez,
inducible periplasmic 1991
trehalase)
Cst-1 Cst - - - - Tunner et al., 1992
Fic Fic (PABA or folate) TATACT - - - Utsumi et al., 1993
Hns H-NS TATTAT TTGCAC - 17 Dersch et al., 1993
PoxB PoxB (pyruvate oxidase) TAAACT - —25: CGTCA,; - Chang et al., 1994
-60: GTTAGTG
Slp Slp TATTATG GATGAAA - 16 Alexander and St. John,
1994
AldB AldB (Aldehyde TACCCT - - - Xu and Johnson, 1995
dehydrogenase)
CsiD CsiD (Carbon starvation TATTTT TGCGCA - 17 Marschall et al., 1998
inducible gene)
OsmY (Csi-5) OsmY (Periplasmic TATATT CGAGCG - 15 Lange et al., 1993;
protein of unknown Becker and
function) Hengge-Aronis, 2004
Shigella flexneri GadA GadA (Glutamate CTACTTT - - - Waterman and Small,
decarboxylase) 2003
Vibrio anguillarum — EmpA EmpA mettaloprotease GATCCA CCGTGCTAC 19 Croxatto et al., 2004;
Denkin and Nelson, 2004
TABLE 3 | Stationary phase promoters from Gram-positive bacteria.
Organism Promoter Gene product -10 -35 Length of Reference
spacer (bp)
Bacillus subtilis Pst Phosphate- TTTACT TTCAAA 18 Qietal., 1997
specific
transport
Bacillus subtilis Cry3a Crystal proteins TAAGCT TTGCAA 18 Lee et al., 2010
Bacillus subtilis Yib - TACAAT TTGGA 18 Yu et al., 2015
Bacillus subtilis SrfA mutant Srf operon TTGACT TATAAT - Guan et al., 2016
(lipopeptide
antibiotic
surfactin)
Streptomyces coelicolor KasO mutant Colemycin P1 TAAAGT TTGACA 18 Wang et al., 2013
Corynebacterium glutamicum Cg3141 mutant Cg3141 TGGGAT TTAAGG 17 Kim et al., 2016
(flavohemoprotein)
Gordonia sp. IITR100 Stationary phase promoter - AATAAT TTAACT 22 Singh et al., 2016

under extreme stressful conditions and remained significant for
survival under nutrient-limited conditions (Weiner and Model,
1994). Categories of genes that are preferentially upregulated
in stationary phase is shown in Figure 3. Studies have
demonstrated that starved cells exhibit more protective resistance
to different stresses as compared to resistance induced during
growing stage by non-lethal exposure of stresses (Kolter et al.,
1993).

STATIONARY PHASE PROMOTERS

The genes expressed in stationary phase are controlled by
promoters, which result in induction of stationary phase. The
promoters, which are turned on, are called SPPs. They are

recognized by RNA polymerase holoenzyme containing o5 and
therefore called RpoS.

The vast importance of SPPs had been realized way back
in 1980s with the study of mcbA promoter and bolA P1
promoter of E. coli (Connell et al., 1987; Aldea et al., 1989).
The mcbA promoter causes increased level of transcription
initiation for Microcin B17, a DNA replication inhibitor.
Promoter mcbA-LacZ fusion showed the induction of
transcription in nitrogen, phosphate, and carbon starvation
conditions. Similarly, bolA-lacZ fusion demonstrated an
increase in expression of approximately 10- to 20-fold
during transition to stationary phase. Since then many
SPPs have been isolated and characterized in both Gram-
positive and Gram-negative bacteria (Tables 2, 3). Particularly
regarding E. coli and B. subtilis, the stationary-phase-specific

Frontiers in Microbiology | www.frontiersin.org

October 2017 | Volume 8 | Article 2000


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Jaishankar and Srivastava

Stationary Phase in Bacteria

Fcg0096 GATGATC-GTCGGAAACTACCTGACTACGCTCGGCCGCCCAAT
Pery3a TITTTITTGITGCAATTGAAGAATTATTAATGTTAAGCTTAATTA
>empA CGTGCTACTGGCGAGGTTGGTTTTCTTGATCCATTTTCAATGA
>rba TCACACGACAAAAGTTGAGTGATGCAGGCATAATTGGCTATGG
PgapA GAATCCGCTGCAAAATCTTTIGTTTCCCCGCTAAAGTTGGGGAC
>nmp TCATATTAAGG-CCAAATTGCTTGGATCCTGGGATTTATTTAA
>ilvEP2 TGACTAGTGTAT-CTGTCAGGTAGCAGGTGTACCTTAAAATCC
>kasO TCTGCTITGACAAACCGGTGTGCTGGTTTGTAAAGTCGTGGCC
Ppst TCGGITCAAACCCTTTTTACATAGAACCITTACTCTATACGTG
>sppiitr1 00 ATTAACTCAAGTACGTATGCCGTTCCAGAAATAATCAATGAAAGGAA
> yib TTAAATATITGGATTTTTTAAATAAAGCGTTTACAATATATGT
2
e
n ©
3
‘weblogo.berkeley.edu
B CauB ACCGACTGGCGAAGATTTCGCCAGTCACGTCTACCCITGITAT
>ansPpl ATCATCGCCAGGATGAATAAACATTGTTCATGGCAACTTATAT
>boldpl TAAGCTGCAATGGAAACGGTAAAAGCGGCTAGTATTTAAAGGG
>csiD CGCTTITGIGCGCATTTTITCAGAAATGTAGATATTTITAGATT
b>dps AGCCAGAATAGCGGAACACATAGCCGGTGCTATACTTAATCTC
>/baB GATGAATCGAGCCAACAGAAAACGCTGAAAAAACATCCAAAAG
>fic TGCTCTCCCGGCGTAACCCGGATTTGCCGCTTATACTTGTGGC
s CCTGGCTATTGCACAACTGAATTTAAGGCTCTATTATTACCTC
>msyB GCCTTTCATACTTGCAAAACGGAGAATCAGCTATCCTTTTCCC
>osmY GATATCCCGAGCGGTTTCAAAATTGTGATCTATATITAACAAA
>poxB TCCCATCCCTTCCCCCTCCGTCAGATGAACTAAACTTGTTACC
brpsV GGTCAGTGGCCAGCACCCTACGCTTTAAGGI GCTATGCTTGAT
bsip AGAATCAGATGAAAACTATAAAGAAATATCTATTATGGTTTTA
>treA AGATTTCGATCATGCAGCTAGTGCGATCCTGAACTAAGGTTTT
byiaG ACTTCACCCCGCTGTGTCTGCTTTTCCCGACTATTCTTAATGA
byifK TATACGCGGTGGAAACATTGCCCGGATAGTCTATAGTCACTAA
4
3
&
82 T
0 o~ o
N - C
weblogo.berkeley.edu

FIGURE 4 | Sequence alignment of (A) Gram-positive and (B) Gram-negative stationary phase promoters. =10 and —35 are underlined and shown in red and green,
respectively. The conserved bases are shown below.

gene regulation has been

intensively

studied (Hengge,

conserved consensus —10 and -35 sequence have been proposed

2011).
On analysis of the different SPPs, our observation is that
there is not much variation between this class of promoters and

0 promoters. It is the sequence outside the -10 and 35 regions
that distinguish between o7°- and o°-dependent promoters.
Figures 4A,B shows the -10, -35 and spacer region of few
SPPs from Gram-positive and Gram-negative bacteria and the
consensus sequence at the -10 region is shown as a logo
designed using WebLogo software available online (Crooks et al.,
2004).

Among the SPPs exist a special class of promoters known as
the gearbox promoters which include mcbAp, bolApl, ftsQp to
name a few. This class of promoters has been studied in several
Gram-negative bacteria including E. coli. Two different highly

by Aldea et al. (1993) for this class of promoters: CTGCAA or
GTTAAGC at -35 position and CGGCAAGTA or CGTCCat -10
position. Gearbox promoter-induced gene expression seems to

correlate inversely with growth rate and these promoters may or

may not depend on ¢°.

ENERGY RESERVES CONSUMED
DURING STATIONARY PHASE AND
SOURCE OF NUTRIENTS FOR PROTEIN
PRODUCTION

During unfavorable conditions of growth, reprogramming the
cellular machinery for sustaining viability is a natural process
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of adaptation. Reserve polymers like glycogen and poly-
B-hydroxybutyric acid that are accumulated by bacteria during
growth are rapidly consumed during conditions of carbon
starvation to ensure survival. In case of bacteria that do not
accumulate these polymers, cellular RNA is rapidly degraded
for energy generation (Matin, 1992). Among RNA, rRNA
is preferentially degraded (Deutscher, 2003). Besides, 50% of
ribosomes synthesized during exponential growth are degraded
during entry to stationary phase (Piir et al, 2011). What is
surprising is that, when in stationary phase, these ribosomes are
fairly stable and so degradation occurs only in between the stages.

The yield of protein production from stationary phase systems
is as high as 121% as compared to their log phase counterparts
(Ou et al.,, 2004). This raises a very important question: What
makes protein synthesis possible at stationary phase?

Balaban and coworkers devised a microfluidic device and
followed the production of fluorescent proteins at stationary
phase. They found that cells after entering stationary phase
continue to produce proteins for several days (Gefen et al., 2014).
It has been suggested that cells continue to produce proteins at
stationary phase by reusing amino acids from degraded proteins.
Moreover, the biosynthetic pathway of a few amino acids
including serine, aspartate/asparagine, glutamine/glutamate, and
alanine were shown to be active during stationary phase (Shaikh
etal., 2010). In addition, it is shown that each condition resulting
in starvation results in induction of specific set of proteins (Kolter
etal., 1993).

DEVELOPMENT OF GENE EXPRESSION
SYSTEMS USING STATIONARY PHASE
PROMOTERS

A strong promoter is the key for developing efficient gene
expression systems. For recombinant protein production, several
bacterial hosts have been used as cell factories, with features
such as easy purification, improved protein folding and secretion,
high production of membrane proteins, etc. (Ferrer-Miralles and
Villaverde, 2013). To develop more such expression systems in
bacteria, it is necessary to ensure proper selection of a promoter
that would drive the expression of genes at the right time and with
maximum amount.

Promoters could be classified as constitutive or inducible,
growth-stage limited, tissue specific, etc. Inducible promoters
can further be classified into inducer-specific and auto-
inducible promoters. Constitutive promoters are not useful for
toxic proteins. Inducer-specific promoters involve the cost of
inducer. Also, some chemical inducers such as Isopropyl-p-D-
1-thiogalactopyranoside (IPTG) are expensive and toxic (Cao
and Xian, 2011). Further, the addition of external inducers often
requires growth monitoring which is vital for productivity and
hence lead to difficulty in fermentation.

Auto-inducible promoters are ideal for large-scale protein
production as they are induced at late log phase or stationary
phase. Such promoters induce expression of the recombinant
gene without any inducer and thus are economical. However,
most of them have low activity (Yu et al., 2015). In B. subtilis,

Fan and coworkers successfully identified a strong SPP Pylb
by microarray approach (Yu et al, 2015). The B-galactosidase
activities were observed to be up to 5000 miller units. The authors
have proposed that such a promoter will be useful for protein
production. A SPP-based auto-inducible gene expression system
has been constructed using cry3Aa promoter. The Pcry drives the
expression of crystal proteins in B. thuringiensis. The promoter
cry3Aa was tested in B. subtilis and the wild type have the LacZ
levels up to 1000 miller units and on mutagenesis resulted in
levels up to 5200 miller units (Lee et al.,, 2010). Similarly, in
another Gram-positive bacteria, Gordonia sp. IITR100, a SPP was
identified and the B-galactosidase activities were up to 600 miller
units (Singh et al., 2016). However, the B-galactosidase activities
vary with respect to strain, copy number of plasmid, growth
medium, temperature, etc., so it is difficult to assess the strength
of promoter based on Miller units alone. In future, a study of such
promoters based on the number of transcripts would be useful to
compare the strength.

In Corynebacterium glutamicum, promoter of cg3141 gene
coding for flavohemoprotein was found to show higher
inducibility in the stationary phase. Then, a synthetic promoter
library was prepared to change the spacer and flanking regions
in the promoter, to obtain a range of promoter strengths (Kim
et al.,, 2016). At the end, one of the synthetic promoters that
showed up to 20-fold higher strength compared to the original
cg3141 promoter was obtained and demonstrated for fed-batch
cultivation of glutathione S-transferase in a 5L reactor. Table 4
depicts the list of SPP-based expression vectors constructed
till date. Studies like these indicate that the potential of
SPPs is phenomenal. In Streptomyces, a high-level recombinant
protein expression system has been patented (US Patent No.
7,316,914).

APPLICATIONS

SPPs have immense potential for use in many industries
(Figure 5).

Recombinant production of toxins whose overproduction is
detrimental to the growth of cells needs controlled conditions
for expression. In such cases, the use of SPP is advantageous as
the overproduction will not affect the growth of the host cells.
Many bacteria have been used to demonstrate the utility of cell-
density-dependent expression systems for heterologous protein
production. Metabolic engineering of bacteria for enhanced
production of industrially important chemicals has been carried
out since a long time. The fic promoter of E. coli was used
to express phlD gene at a higher titer in stationary phase,
without the addition of any inducer, for the production of
phloroglucinol, which has utility in pharmaceutical industry
and plant tissue culture. After 20 h of cultivation in a
flask with shaking, 9% of glucose supplied had converted to
phloroglucinol with a productivity of 0.014g/l h (Cao and Xian,
2011). B. subtilis has been engineered for overproduction of
aminopeptidase using a mutated PsrfA system and has resulted
in 87.89 U/ml of enzyme activity (Guan et al., 2015). Using
B. subtilis, a cry-promoter-based system was developed wherein
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TABLE 4 | Stationary phase promoter-based gene expression systems reported from Gram-negative and Gram-positive bacteria.

Vector Promoter Organism Ori Antibiotic Reporter gene Reference
resistance
pTGV1 BolAp E. coli pBR322 Ampicillin bolA-LacZ Aldea et al., 1989
pFL1 Fic E. coli pMB1 Tetracycline LacZ Utsumi et al., 1993
pKS4, pKS5 Hns E. coli pSC101 Tetracycline Hns-LacZ Dersch et al., 1993
pNH5 OsmY (Csi5) E. coli pBR322 Ampicillin Csib-LacZ Lange et al., 1993
pMC719 Slp E. coli pBR322 Tetracycline Slp-LacZ Alexander and St. John,
1994
pYYC128 PoxB E. coli pBR322 Chloramphenicol PoxB-LacZ Chang et al., 1994
pRJ4025 AldB E. coli pBR322 Ampicillin LacZ Xu and Johnson, 1995
pYQ23 Pst Bacillus pBR322 Ampicillin, LacZ Qietal., 1997
subtilis Chloramphenicol
pCM3 CsiD E. coli pMB1 Ampicillin Csi-LacZ Marschall et al., 1998
pDM35-EmpA EmpA Vibrio R6K Chloramphenicol LacZ Croxatto et al., 2004;
anguillarum Denkin and Nelson, 2004
pGRP (many promoters) Many E. coli pBR322 Ampicillin green Shimada et al., 2004
fluorescent
protein (€GFP)
pD82-aprE Cry3a Bacillus - Chloramphenicol AprE-LacZ Leeetal., 2010
subtilis
pMD-ficD Fic E. coli pBR322 Ampicillin phiD Cao and Xian, 2011
pDR4-K* KasO Streptomyces EBV origin Hygromycin XyIE-neo Wang et al., 2013
coelicolor
pBSGO3 SrfA Bacillus pBR322 Ampicillin, o Guan et al., 2015
subtilis Kanamycin,
Neomycin
Pylb-bgaB-pUBC19 Ylb Bacillus pUBC19 Ampicillin Beta-gal (bgaB) Yu et al,, 2015
subtilis
pSCH Stationary Gordonia sp. pRC4 Kanamycin LacZ Singh et al., 2016
phase IITR100
promoter
PCES-P4-N14-sfGFP P4-N14 Corynebacterium pCG1 Kanamycin SIGFP Kim et al., 2016
glutamicum

Toxic proteins

Food products

Applications

Bioremediation

Artificial leaves

FIGURE 5 | Applications of stationary phase gene expression systems.

Pharmaceutical

industry

cellulose and alkaline protease were produced with a higher
yield as compared to the wild-type cry3A promoter (Lee et al.,

2010).

It is a well-known fact that the non-growing phase of
lactic acid bacteria accounts for a major proportion of flavor

production in lactic acid bacteria (van de Bunt et al., 2014).
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Therefore, engineering bacterial cells in such a way that they are
expressed at high levels, during the ripening process, by using
SPPs would enhance their applicability in food industry.

In the bioremediation industry, microorganisms have
routinely been employed for removing pollutants. Due to low
nutrient availability in polluted sites, genetic engineering of cells
resulting in higher enzymatic activities at lower growth rates have
been shown to be highly efficient for bioremediation process. On
studying the phenol degradation capability of two non-growing
recombinant E. coli strains, it was found that the groEL-promoter-
driven gene expression system caused 75% phenol degradation
while the fac-promoter-driven expression could cause only 15%
degradation of phenol (Matin, 1992). As suggested by Tunner
et al. (1992), it is possible to use starvation-induced promoters
for chemical waste biodegradation wherein enzymes can be
induced naturally by bacteria due to the occurrence of nutrient-
limited conditions in the environment. This could save the cost
of induction thereby increasing the efficiency of the process.

In a very interesting experiment, Rhodospirillum rubrum
cells grown photoheterotrophically, evolved hydrogen for about
70 h after growth ceased (Melnicki et al.,, 2008). Similarly, a
purple non-sulfur photosynthetic bacterium, Rhodopseudomonas
palustris under nitrogen starvation conditions, produced
hydrogen gas for over 4000 h thus paving way for creation of
‘artificial leaves’ (Gosse et al., 2010).

CONCLUSION AND FUTURE
PROSPECTS

Stationary phase survival is a means of bacterial adaptation by
which bacteria survive under conditions of stress or starvation.
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Bacterial immune systems, such as CRISPR-Cas or restriction-modification (R-M)
systems, affect bacterial pathogenicity and antibiotic resistance by modulating horizontal
gene flow. A model system for CRISPR-Cas regulation, the Type I-E system from
Escherichia coli, is silent under standard laboratory conditions and experimentally
observing the dynamics of CRISPR-Cas activation is challenging. Two characteristic
features of CRISPR-Cas regulation in E. coli are cooperative transcription repression
of cas gene and CRISPR array promoters, and fast non-specific degradation of full
length CRISPR transcripts (pre-crRNA). In this work, we use computational modeling
to understand how these features affect the system expression dynamics. Signaling
which leads to CRISPR-Cas activation is currently unknown, so to bypass this step,
we here propose a conceptual setup for cas expression activation, where cas genes
are put under transcription control typical for a restriction-modification (R-M) system and
then introduced into a cell. Known transcription regulation of an R-M system is used
as a proxy for currently unknown CRISPR-Cas transcription control, as both systems
are characterized by high cooperativity, which is likely related to similar dynamical
constraints of their function. We find that the two characteristic CRISPR-Cas control
features are responsible for its temporally-specific dynamical response, so that the
system makes a steep (switch-like) transition from OFF to ON state with a time-
delay controlled by pre-crBNA degradation rate. We furthermore find that cooperative
transcription regulation qualitatively leads to a cross-over to a regime where, at higher
pre-crRNA processing rates, crRNA generation approaches the limit of an infinitely abrupt
system induction. We propose that these dynamical properties are associated with rapid
expression of CRISPR-Cas components and efficient protection of bacterial cells against
foreign DNA. In terms of synthetic applications, the setup proposed here should allow
highly efficient expression of small RNAs in a narrow time interval, with a specified
time-delay with respect to the signal onset.

Keywords: CRISPR-Cas activation, pre-crRNA processing, CRISPR regulation, crRNA generation, biophysical
modeling
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INTRODUCTION i. It requires direct experimental observation of in vivo
dynamics of molecular species (proteins or RNA) in a cell (see
CRISPR-Cas are adaptive immune systems, which defend e.g., Morozova et al., 2015).
prokaryotic cells against foreign DNA, including viruses and  ii. The signaling which leads to system induction is currently
plasmids. A CRISPR-Cas system consists of a CRISPR (Clustered unclear (Ratner et al., 2015; Patterson et al., 2017), e.g., even a
Regularly Interspaced Short Palindromic Repeats) array and viral infection, an obvious trigger, is not sufficient to activate
associated cas genes (Makarova et al., 2006; Barrangou et al., the system.
2007; Brouns et al,, 2008; Hille and Charpentier, 2016). CRISPR  iji. To understand the roles of the key system features in
arrays consist of identical direct repeats (R) of about 30 bp its response/dynamics these features would have to be
in length, interspaced with spacers (S) of similar length and perturbed, which may require extensive reengineering of the
variable sequence. Spacer sequences are often complementary system.

to fragments of viral or plasmid DNA. A match between a
CRISPR spacer and invading phage (bacterial virus) sequence
provides immunity to infection (Barrangou et al., 2007; Hille
and Charpentier, 2016). The entire CRISPR locus is initially
transcribed as a long transcript (called pre-crRNA) (Pougach
et al., 2010; Pul et al, 2010), which is further processed by
Cas proteins to small protective CRISPR RNAs (called crRNAs)
(Brouns et al., 2008; Pougach et al., 2010; Djordjevic et al.,
2012). crRNAs are responsible for recognition and, together
with Cas proteins, inactivation of invading foreign genetic
elements (Brouns et al., 2008; Al-Attar et al., 2011). Cas proteins
also take part in CRISPR adaptation, which is a process in
which new spacers from viral genomes are inserted in CRISPR
array. Figurel shows a schematic gene diagram for Type
I-E CRISPR-Cas from E. coli, (Mojica and Diez-Villasenor,
2010; Patterson et al., 2017), which we consider in this paper.
The cas genes and the CRISPR array are transcribed from
separate promoters, which are located inside of the intergenic
regions here denoted by IGLB and L (the leader sequence),
respectively (see Figure1l; Pougach et al., 2010; Pul et al,
2010).

Promoters for cas operon and the CRISPR array are repressed
in Type I-E CRISPR-Cas in E. coli (Pougach et al., 2010; Pul
et al, 2010; Westra et al., 2010), which makes this system
silent under standard conditions. Consequently, to generate
crRNAs that can protect the bacterial cell, CRISPR-Cas has by elevated al'nount of Leup (Pul et‘al., 20'10; _WeStr? et al,
to be activated. Thus, to understand the system function 2010). Thus, highly cooperative repression, which is abolished by
it is crucial to understand the main features that control  transcription activators, emerges as a major feature of CRISPR-

dynamics of CRISPR-Cas activation (Mojica and Diez-Villasenor, Cas transcription control in E. coli and its relatives.

A complementary approach is to use mathematical/biophysical
modeling to assess how different features of CRISPR-Cas
expression affect system dynamics. Moreover, in silico analysis
allows one to study alternative system architectures, and/or to
perturb the natural system (see e.g., Rodic et al., 2017), which in
turn allows understanding the role of its key regulatory features.

Experimental research has led to a consistent picture of
the main CRISPR-Cas regulatory features in closely related
E. coli and Salmonella enterica (Pul et al., 2010; Westra et al.,
2010; Medina-Aparicio et al., 2011). Under standard conditions,
promoters for both CRISPR array and cas genes are repressed by
global regulators (H-NS and LRP). Repression by these regulators
is highly cooperative, as their binding is nucleated at certain
position, and then extends along the DNA through cooperative
interactions between repressor molecules (Bouffartigues et al.,
2007). Additional regulators, such as CRP, may also be involved
in the repression of cas operon (Yang et al, 2014). While
the exact signaling mechanism remains unclear, this repression
must be relieved upon appropriate external signal (e.g., envelope
stress that may signal bacteriophage invasion), through the
action of transcription activators (LexA, LeuO, and BaeR-S are
likely involved) (Richter et al, 2012; Patterson et al, 2017).
In particular, for Type I-E CRISPR-Cas in E. coli, it was
shown that cooperative repression by H-NS can be relieved

2010; Richter et al.,, 2012; Patterson et al, 2017). However, Another crucial mechanism in CRISPR-Cas expression is pre-
approaching this problem experimentally is complicated due to ~ CRNA transcript processing (Brouns et al., 2008; Pougach et al,,
the following: 2010). Experiments in E. coli, reported that overexpression of

E EEE
- Il
cas3 IGLB csel cse2 cas7  cas5 cas6be casl cas2 L CRISPR array

FIGURE 1 | A scheme of a Type I-E CRISPR-Cas system from £ coli (Al-Attar et al., 2011; Makarova et al., 2011, 2015). The cas genes and the CRISPR array are
indicated. R and S within the CRISPR array correspond, respectively, to repeats and spacers; note that the spacer sequences differ from each other, and are labeled
by consecutive numbers (1, 2, 3...). IGLB and L correspond to intergenic regions where promoters for the Cascade complex genes (cse1,2, cas7,5,6e) and the
Cas1,2 adaptation proteins (IGLB) and the CRISPR array (L) are located. The two promoters within IGLB and L are indicated by arrows. One of the Cas proteins
(Casbe) is responsible for processing pre-crRNA to crRNA. The effector Cascade complex is composed of proteins encoded by genes marked with yellow color. It
binds crRNA, which recognizes invading DNA. Once recognized, foreign DNA is destroyed by the product of cas3 (Brouns et al., 2008).
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FIGURE 2 | (A) A scheme of CRISPR transcript processing: CRISPR array is transcribed (i.e., pre-crRNA is generated) with rate ¢, and the transcript is either
(non-specifically) degraded with rate Apre, or processed to crRNAs by Cas6e with rate k; individual crRNAs are then degraded with rate A.pn4 (Djordjevic et al.,
2012). (B) The proposed model system for CRISPR-Cas activation: cas genes (including cas6e, whose product processes pre-crRNA to crRNA), and the transcription
factor (C), are transcribed from ¢, pPromoter. To reproduce the same qualitative features of transcription regulation as in a native CRISPR-Cas system (cooperative
regulation), ¢cas is put under control of C protein, in the same manner as in a well-studied Ahdl R-M system (Bogdanova et al., 2008). The system is induced when
the plasmid expressing cas genes and C protein enters a bacterial cell, as indicated in Figure 3. Gradual expression of cas genes, leading to Cas6e protein synthesis
(gray oval), then increases k (this is indicated by the full arrow in the figure), which in turn results in crRNA generation.

FIGURE 3 | A scheme of the basic setup: pre-crRNA is transcribed in a cell from CRISPR array with rate ¢. Transcription of cas genes occurs from a plasmid, which
enters the cell, inducing crRBNA generation. A transcription regulator (C) is transcribed together with cas genes, regulating transcription of the ¢4 promoter in a same
qualitative manner as exhibited in native CRISPR-Cas system. To achieve this, C protein controls transcription of ¢c,5 promoter in the same way as in a well-studied

R-M system. This leads to a gradual synthesis of Cas6e and C protein, leading to system activation, as schematically shown in Figure 2B.

Cas6e (which is responsible for pre-crRNA processing) generates
highly abundant crRNAs from pre-crRNA which is present at low
abundance (Pougach et al., 2010). We previously showed that
a simple quantitative model—whose relevant kinetic scheme is
shown in Figure 2A—explains this observation (Djordjevic et al.,
2012), so that a small decrease in pre-crRNA abundance leads to a
much larger (around two orders of magnitude) increase in crRNA
abundance. Interestingly, the main mechanism responsible for
this strong amplification is fast non-specific degradation of pre-
crRNA (see Figure 2) by unidentified nuclease(s). In particular,
when cas genes expression increases, processing of pre-crRNA
by Casée is favored and diverts the entire pre-crRNA molecule
away from the path of non-specific degradation. Therefore, the
fast non-specific degradation of pre-crRNA should be considered
as a second major regulatory feature of CRISPR-Cas expression.
The modeling described in Djordjevic et al. (2012) took into
account only the transcript processing step, i.e., it was assumed
that there is an infinitely abrupt (stepwise) increase of pre-crRNA

to crRNA processing rate, and pre-crRNA generation rate. This
is, however, a clear idealization of the induction mechanism,
as transcription regulation of cas genes and CRISPR array
promoters is neglected. That is, in reality, pre-crRNA processing
rate can be increased only gradually, as it takes time to synthesize
the needed Cas proteins. The rate of Cas proteins synthesis is
in turn directly related to the transcription control of the cas
gene promoter in the IGLB region (see Figure 1). Similarly, the
rate by which pre-crRNA is synthesized is determined by the
transcription control of the CRISPR array promoter (L region).
Consequently, a more realistic model of CRISPR-Cas
expression dynamics has to take into account both the regulation
of CRISPR array and Cas protein synthesis, and CRISPR
transcript processing. However, a major obstacle in achieving
such model is that signaling which leads to the system induction,
and detailed mechanism of CRISPR-Cas transcription regulation,
is still unclear. We here propose a model system for CRISPR-Cas
induction by assuming that activation of crRNA production
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is put under transcriptional control exhibited in a restriction-
modification (R-M) immune system (Pingoud et al., 2014). As
argued below, such model system would have qualitative features
of transcription regulation expected for a CRISPR-Cas, and will
keep the same transcript processing mechanism as that described
for native system. On the other hand, this model system allows
bypassing the currently unknown signaling that leads to CRISPR-
Cas activation, and can be readily analyzed in silico, since
transcription regulation of a well-studied R-M system (Ahd]I, see
Bogdanova et al., 2008)—for which we previously showed that
it can be reliably modeled (see below)—is used as a proxy for
transcription regulation of CRISPR-Cas system.
Through this approach, we expect to:

i. Obtain quantitatively more realistic model of CRISPR-
Cas induction dynamics, in which the transcription
regulation, i.e., the gradual synthesis of relevant enzymes
and transcription regulators is explicitly taken into account.

ii. Qualitatively understand the main features of CRISPR-Cas
induction, in particular the roles of cooperative transcription
regulation, and of fast non-specific degradation of pre-
crRNA.

iii. Propose an experimental setup for CRISPR-Cas induction
that mimics the main qualitative features of the native
system.

The setup of the model will be explicitly considered in the next
subsection.

RESULTS

In silico Experiment Setup

The Model System

We start from a CRISPR transcript processing scheme, which
is shown in Figure 2. According to this scheme, pre-crRNA is
generated with rate ¢, and subsequently either non-specifically
degraded (due to activity of an unspecified nuclease) with
rate Ape, or is processed by Cas6e to crRNAs with rate k.
crRNAs are subsequently degraded with rate Agprna. All the
parameters in the scheme are experimentally determined in
(Djordjevic et al., 2012) (for Type I-E CRISPR-Cas in E. coli)
and explicitly stated in Methods. In particular, the main feature
of the transcript processing is a large (non-specific) pre-crRNA
degradation rate (with Ape ~ 1 1/min), which is much larger
than crRNA degradation rate (with A rna ~ 1/100 1/min).
In the experiments, crRNA production is artificially activated,
by overexpressing Cas6e from a plasmid, which increases pre-
crRNA processing rate (k) for between one and two orders of
magnitude (between 10A,r and 100X,,). While the repression
of the cas promoter in IGLB region (see Figure 1) is very strong,
with very small amount of Cas6e synthesized when the system
is uninduced, the repression of the CRISPR array promoter is
significantly weaker, with rather strong basal rate of pre-crRNA
generation (¢ ~ 10 1/min) (Pougach et al., 2010; Pul et al., 2010;
Westra et al., 2010; Djordjevic et al., 2012).

As indicated in the Introduction, we previously modeled the
transcript processing mechanism (Djordjevic et al., 2012), where
we took that k is increased abruptly, ie., as a step function
at t = 0. This neglects the transcription regulation of cas

and CRISPR array promoters. Such abrupt increase of k will
provide a baseline for our predictions, which will now take into
account that Cas6e (the enzyme which processes pre-crRNA
to crRNA) is synthesized gradually. While in the experiments
crRNA generation is activated by overexpressing Cas6e from a
plasmid (see e.g., Pougach et al.,, 2010), it is likely that in the
native system the expression of CRISPR array is activated as well
(Pul et al., 2010). Consequently, we will also take into account a
gradual synthesis of the regulator [in our case, a C-protein (Tao
et al., 1991; Bogdanova et al., 2008)], which can activate CRISPR
array transcription by increasing the basal rate ¢ to a higher
value.

To include transcription regulation of the cas promoter, i.e.,
the gradual synthesis of Cas6e and C transcriptional regulator,
we here propose the model system whose setup is schematically
shown in Figures 2, 3. This setup includes a CRISPR array
which is expressed from a promoter with basal transcription
activity ¢ (Figure 3). The second component is a vector (plasmid,
virus) which expresses cas genes and the control protein C
that are jointly transcribed from a promoter with transcription
activity ¢c,s. While Cas3 is not directly relevant for the problem
considered here (dynamics of crRNA generation), as it does
not take part in crRNA biogenesis, it is necessary for CRISPR
interference (Hille and Charpentier, 2016). We therefore include
it in the setup to allow expression of all cas genes, i.e. to have a
fully functional CRISPR-Cas system.

As detailed below, ¢c,s is regulated by C. To mimic the
qualitative features of transcription regulation in native CRISPR-
Cas system, we employ the transcription regulation found in
some R-M systems, as explained in the next subsection. The
system is activated when the vector enters a bacterial cell
lacking its own cas genes, which leads to a gradual synthesis
of Cas proteins (including Cas6e), therefore increasing the
processing rate k, which in turn leads to crRNA generation
(see Figure 2B—the full arrow) by pre-crRNA processing.
Gradual increase of pre-crRNA generation rate can be also
considered through this model, through activation of CRISPR
array promoter by gradually synthesized C.

Note that the setup above, where cas genes are introduced
in a cell on a vector, allows bypassing the unknown signaling
step in CRISPR-Cas induction. That is, the vector entering
the cell marks the start of the system activation (setting zero
time in the dynamics simulations), and mimics the signaling
which starts synthesis of the transcription activator. Therefore,
the key regulatory features which characterize the downstream
steps (CRISPR array transcription and transcript processing)
can be studied both in silico (which will be done here),
and also potentially experimentally. In terms of experimental
implementation, introducing cas genes in a cell on a virus also
allows synchronizing the cell population, which is an approach
previously implemented to visualize R-M protein kinetics (Mruk
and Blumenthal, 2008).

Putting CRISPR-Cas under Transcription Control of
an R-M System

As discussed above, cas promoter will be put under transcription
control exhibited by R-M systems. Below, the main elements
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necessary for modeling the system transcription regulation are
introduced.

R-M systems are often mobile, and can spread from one
bacterial host to the other (Mruk and Kobayashi, 2013).
When a plasmid carrying R-M system genes enters a naive
bacterial host, the host genome is initially unmethylated,
and can consequently be cut by the restriction enzyme.
It is, therefore, evident that expression of the restriction
enzyme and methyltransferase must be tightly regulated in
order to ensure that bacterial genome is protected by the
methyltransferase (“antidote”), before it is cut by the restriction
enzyme. This tight regulation is often achieved through a
dedicated control (C) proteins (Tao et al., 1991; Vijesurier et al.,
2000).

We here concentrate on the Ahdl R-M system, whose
transcription control by C protein has been well-studied
(Bogdanova et al., 2008). The activation of AhdI by C protein
is reminiscent of CRISPR-Cas activation, as strong cooperative
interactions are involved in both cases. In particular, C proteins
bound at promoter-proximal and promoter-distal operators
interact with high binding cooperativity, so that configuration
in which only one operator is occupied cannot be observed
in the absence of RNA polymerase (RNAP). At lower C
protein concentrations, RNAP can outcompete C protein bound
at promoter-proximal operator, leading to transcriptionally
active configuration (Bogdanova et al, 2009). Moreover,
another feature exhibited in AhdI transcription control, i.e.,
autoregulation by C protein, is also likely found in CRISPR-Cas
transcription regulation. That is, LeuO that activates CRISPR-
Cas expression (Westra et al., 2010) also regulates its own
transcription. In particular, similarly to transcription regulation
of cas genes, leuO is repressed by H-NS, while this repression is
abolished by LeuO (Chen et al., 2001). At high concentrations,
C protein is bound at both promoter-proximal and promoter-
distal position, leading to the promoter repression—see Figure 5
in (Bogdanova et al., 2009) and the scheme of the transcription
configurations shown in Figure5 (framed in the figure).
Negative autoregulation is also exhibited by LeuO, as it inhibits
transcription activation of its gene by BglJ-RcsB (Stratmann et al.,
2012). Therefore, putting cas genes under transcription control
found in Ahdl mimics the main qualitative features of CRISPR-
Cas transcription regulation, namely, gradual synthesis of Cas
proteins, cooperativity in transcription regulation, and putative
autoregulation.

Another advantage of this setup is that we previously
showed that biophysical modeling can be used to:(i) explain in
vitro measurements of the wild type and mutant R-M system
transcription control (Bogdanova et al., 2008), (ii) explain in
vivo measurements of the system dynamics (Morozova et al.,
2015), (iii) effectively perturb the main R-M system features
and relate these perturbations with the system dynamics (Rodic
etal., 2017). Consequently, transcription control of a well-studied
AhdI R-M system, whose transcription regulation can be reliably
modeled (Bogdanova et al., 2008), will serve as a proxy for the
transcription control of a much less understood CRISPR-Cas
system.

In silico Analysis of the Main System Features

The baseline for our predictions will be provided by a model
in which the increase of pre-crRNA to crRNA processing rate
k is infinitely abrupt—we will call this the baseline model.
Comparing the baseline model with predictions that take into
account the system transcription regulation (as schematically
shown in Figures 2, 3), allows analyzing how gradual synthesis
of Casé6e affects kinetics of crRNA generation.

While in the native CRISPR-Cas both cas genes and CRISPR
array promoters are repressed by global regulators, the repression
of cas genes was found to be much stronger (Pul et al,
2010; Westra et al., 2010)—consequently, when the system is
(experimentally) artificially induced, this is commonly done by
expressing only cas genes (Pougach et al., 2010; Semenova et al.,
2016; Musharova et al.,, 2017). However, in the native system,
it is likely that expression of both CRISPR array and cas genes
is activated when the appropriate induction signal(s) is received
(Pul et al, 2010). We will therefore investigate the system
dynamics when only cas genes are activated (i.e., only pre-crRNA
processing rate is gradually increased), and when cas genes and
CRISPR array promoter transcription are jointly (and gradually)
increased. Consequently, in both of the models introduced below
(constitutive and cooperative), we will consider two options.
First, when only transcription of cas genes is activated, while
transcription activity of CRISPR array remains constant. Second,
we will consider the case when the transcription activity of
CRISPR array is increased as well.

We further introduce two models of cas gene and CRISPR
array transcription regulation:

i The constitutive model (Figure4). In this model cas genes
are expressed from a constitutive promoter, so that they
are transcribed with the constant rate once the plasmid
enters a cell. In the case when we consider that the system
is activated by only increasing pre-crRNA processing rate,
the transcription activity ¢ is kept constant. When CRISPR
array transcription rate is increased as well, increasing ¢ is
exhibited in the simplest manner, by binding of a single C
protein activator. Note that, in accordance with its name,
no cooperativity is exhibited for transcription regulation
described by this model.

ii The cooperative model (Figure 5). In this model, C protein
regulates the transcription of cas genes, and its own
transcription, in the same manner as in AhdI R-M system. As
noted above, such transcription regulation is characterized by
strong cooperative interactions. CRISPR array transcription
rate is either kept constant, or in the case when it is increased,
we take that it is exhibited in the same way as for cas promoter
transcription (the dashed arrow in Figure 5).

Studying of the two models allows one to assess how the
cooperative transcription regulation (which also characterizes the
native CRISPR-Cas system) compares to the activation in which
no cooperativity is exhibited, and therefore allows us to assess the
role of this key system feature. Also, considering the two models
when ¢ is first kept constant, and then increased together with
k, allows assessing significance of CRISPR array transcription
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FIGURE 4 | Transcription regulation of cas and CRISPR array promoters in the
constitutive model. C and cas genes are transcribed from a constitutive
promoter of constant strength ¢cas. The CRISPR array promoter is either
considered constitutive, with constant transcription activity (¢), or is regulated
by C protein (indicated by the dashed arrow), where a scheme corresponding
to this regulation is framed. The scheme shows possible configurations of
CRISPR array promoter, where activation of CRISPR array transcription is
achieved in the simplest manner, through the binding of a single C protein
which acts as a transcription activator to the CRISPR array promoter.
Transcriptionally active configurations are denoted by arrows, with thicker
arrow indicating larger transcription activity.

control. To allow a direct comparison of models dynamics,
the overall strength of ¢y, is adjusted so that the same value
of maximal pre-crRNA processing rate is achieved. Similarly,
when the transcription rate of CRISPR array is increased, the
interaction parameters are adjusted so that the same equilibrium
increase of ¢ is achieved in both models (see Methods).

Modeling Results
Kinetics of Pre-crRNA and crRNA Production
We first consider the situation in which crRNA generation is
activated by expressing Cas proteins, such that the processing rate
k is gradually increased, while the CRISPR array transcription
activity remains constant. In this case, we compare the system
dynamics for: (i) baseline model, in which the processing rate k
is increased as a step function, which corresponds to the limit
of infinitely fast system induction, (ii) constitutive model (see
Figure 4), and (iii) cooperative model (see Figure 5).

In constitutive and cooperative models, the gradual synthesis
of Cas6e leads to gradual change of transcript processing rate k
(k* is a processing constant):

k (t) = [Cas6e] (t) - k* (1)
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FIGURE 5 | Transcription regulation of cas and CRISPR array promoters in the
cooperative model. The framed scheme shows promoter configurations,
where transcription regulation is exhibited in the same manner as for Ahdl
system, through cooperative interactions. Arrows in the scheme denote
transcriptionally active configurations, with thicker arrow indicating larger
promoter transcription activity. The full gray arrow indicates that cas promoter
is regulated as described by the scheme, with the same parameters as in Ahdl
R-M system (Pougach et al., 2010). The dashed arrow indicates that the same
transcription regulation is also exhibited for CRISPR array promoter, in the
case when its transcription activity ¢ is not assumed constant.

Figure 6 illustrates how the processing rate (k) changes with
time, when the baseline, constitutive, and cooperative models
of cas gene expression are assumed. For the constitutive
model (the dash-dotted curve), the processing rate uniformly
increases and reaches an equilibrium value, for all values of
keq considered in three panels of Figure 6. On the other hand,
for cooperative model (the dashed curve) and at higher values
of ke; (Figures 6B,C), we see a rapid increase of k at initial
times, followed by a fast return to the equilibrium value due to
repression at higher C protein concentrations.

In Figure 7, we address how different k dynamics (shown in
Figure 6), affects pre-crRNA and crRNA generation. Specifically,
¢ is held constant at its initial value (10 1/min), while k changes
according to the baseline, constitutive, or cooperative models
until reaching the same equilibrium value of 10Ape, 100X,z
and 1,000y, (left, central, and right columns of Figure7,
respectively). The model of abrupt Cas6e expression serves as
a baseline for assessing the dynamics in the other two models
(constitutive and cooperative), in which Cas6e is realistically
(gradually) expressed.

In Figures 7A-D, we see that cooperative model leads to
the steepest transition from ON to OFF state (in the case
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FIGURE 7 | Kinetics of pre-crRNA and crRNA generation. The columns correspond to keq values of 102pre (A,D), 100Apre (B,E), and 1,0001pre (C,F), which are
reached through the baseline model (the gray solid curve), the constitutive model (the gray dash-dotted curve) or cooperative model (the black dashed curve). The
upper (A-C) and the lower (D-F) rows correspond, respectively, to pre-crRNA and crRNA kinetics. CRISPR array promoter transcription activity is kept constant

of pre-crRNA), and from OFF to ON state (in the case of
crRNA). Furthermore, we can distinguish between two different
regimes in Figure 7. At lower k.4 (left column in Figure 7), there
is a noticeably slower accumulation of crRNA at early times
in both cooperative and constitutive models compared to the

baseline model of infinitely abrupt processing rate (k) increase
(Figure 7D). On the other hand, at higher k¢4 (kg > 100 1/min,
the central and right columns in Figure 7), the dynamics of
crRNA accumulation for cooperative model becomes faster
compared to constitutive model dynamics at early times, and
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approaches the limit of infinitely abrupt k increase (see the
inserts in Figures 7E,F). The faster kinetics of crRNA increase in
cooperative model is due to the fast increase of k at early times in
this model (Figures 6B,C).

Effects of cas Genes Regulation

From Figure 7, we observe that transcripts reach their steady-
state levels quite late, i.e., >100 min post-induction. Such late
time is, however, not relevant for cell response to phage infection,
since infected E. coli lyse ~20 min post-infection, while shut-off
of essential cell functions happens earlier (Kruger and Schroeder,
1981). Therefore, in Figure 8 we estimate pre-crRNA and crRNA
levels for all three models at 20 min post-induction, as the
maximal value of pre-crRNA processing rate ke, is changed from
very low to high values (>100Ap,e, characteristic for artificial
Cas6e induction), while keeping the level of CRISPR array
transcription constant (¢ = 10 1/min).

The following features emerge from Figure 8:

. A switch-like system behavior for both pre-crRNA and
crRNA curves in the cooperative model, while the constitutive
and baseline models yield much more gradual responses
to changes in ke;. For crRNA, the cooperative model leads
to a rapid transition from the OFF state (with essentially
no crRNA generated at 20min), to the ON state (with
high abundance of crRNA), and reciprocal situation for pre-
crRNA. Consequently, for small amounts of synthesized Cas6e
(i.e., small k4 values), which can be caused by leaks in cas
promoter activity, the system remains in OFF state. On the
other hand, once the system is activated when the processing
rate (directly related to the amount of Cas6e available) reaches
a certain threshold (k.; > 50), a large amount of crRNA is

generated at early times, which should allow protection from
foreign DNA invasion. The significance of this behavior is
considered in Discussion.

iii.

ii. An interesting cross-over behavior in the cooperative model,
where at low k., values crRNA amounts are low, while at
high k., values the synthesized crRNA amounts become
larger than in the constitutive model, and approach the
baseline model curve. Therefore, at high k-values (~100
1/min), which are encountered in experiments, (Pougach
et al., 2010; Djordjevic et al., 2012) the model of cooperative
cas gene expression leads to accumulation of protective crRNA
amounts close to those achievable in the limit of infinitely
abrupt k increase. Consequently, the high cooperativity in
transcription regulation, characteristic for native CRISPR-Cas
system regulation, leads to a highly efficient crRNA generation
at high transcript processing rates.

Sufficient crRNA levels are generated to protect host cell

against bacteriophage infection, at early times post-induction,

even at relatively low values of pre-crRNA processing rate.

That is, keq somewhat larger than 11/min leads to ~10 crRNAs

which already corresponds to the amount that negatively

affects phage development (Pougach et al., 2010); moreover,

a small additional k., increase leads to a large increase in

generated crRNAs in the cooperative model, due to the rapid

transition from OFF to ON state.

iv. A saturation in generated crRNA amounts at early times post-
induction. That is, for k¢;~100 1/min the amount of generated
crRNAs at 20 min stops significantly increasing with further
increase in keq. This saturation can be relieved (leading to
increase in the amount of generated crRNA), if CRISPR array
transcription activity is increased, which is further analyzed
below.

Perturbing Pre-crRNA Degradation Rate

We next perturb the second key feature of CRISPR-Cas
regulation—fast non-specific degradation of pre-crRNA. The
consequence of pre-crRNA degradation rate A, decrease at
constant ¢ was next investigated for all three models. The

FIGURE 8 | Pre-crBNA and crRNA amounts early post-induction for different models of cas gene transcription regulation. The figure shows (A) pre-crRNA and (B)
crRNA amounts 20 min post-induction (i.e., 20 min after introduction of the vector expressing cas genes), as a function of the maximal (equilibrium) value of the
transcript processing rate k. CRISPR promoter transcription activity is kept constant (¢ = 10 1/min). The gray solid, the gray dash-dotted, and the black dashed
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decrease was followed at different ko values (i.e., at different
levels of Casé6e activity), where ¢ is held constant.

The effects of Ap decrease are similar for all three models,
so in Figure9 we show the results only for the cooperative
model. For all k4 values we see that abolishing the fast decay
of pre-crRNA (decreasing Apr), significantly decreases the time
delay of the onset of crRNA generation. This effect is most
pronounced at high k., values (Figure 9C). Also, perturbing
the degradation rate deforms crRNA dynamics curve with
respect to the standard Hill (sigmoidal) shape that is exhibited
at high Ap. such as Ay = 1/50. Furthermore, analogously
to Figure 8, in Figure S1 (Supplementary Material), we show
how crRNA amount at 20 min after induction depends on pre-
crRNA degradation rate Apr. One can clearly observe that as
Apre decreases, the amount of generated crRNA early post-
induction significantly increases, consistently with the decrease
of the time delay of onset of crRNA generation observed in
Figure 9.

Relieving crRNA Production Saturation by Increasing
Pre-crRNA Generation

In addition to cas genes, CRISPR array promoter is also repressed
(though more weakly) by global transcription regulators (Pul
etal,, 2010; Westra et al., 2010). Consequently, crRNA generation
can be also augmented by increasing CRISPR array transcription
activity. Therefore, we next assess how joint increase of k
(achieved by activating cas gene transcription) and ¢ (achieved
by increasing CRISPR array transcription) affects generated
crRNA amount 20 min post-induction for all three regulatory
models.

As can be seen from Figure 10, increasing ¢ robustly relieves
crRNA saturation (see also discussion of Figure 8). Moreover,
one can see that a relatively modest, factor of two increase of ¢
(from 10 1/min to 20 1/min) can abolish the need of a significant,
order of magnitude, k increase to produce the same amount
or crRNA. As above, we observe a switch-like behavior for the
cooperative model (compare Figure 10C with Figures 10A,B),

with cooperative model curves exhibiting the steepest transition
from OFF to ON state for all ¢ values.

Regulation of CRISPR Array Transcription Activity

We next consider how different models of regulation of CRISPR
array transcription affect crRNA dynamics. For all three models,
the transcription activity ¢ is increased by an order of magnitude
(from ¢ = 10 1/min to ¢ = 100 1/min), for different k., values
(keq = Apres 10Apre, and 1004,,), see Figure S2 (Supplementary
Material). We obtain that the cooperative model leads to a
more controlled (attenuated) pre-crRNA dynamics, which is due
to the presence of repressing mechanism at high C protein
amounts (see Figure S3). For crRNA dynamics, we observe that
the cooperative model exhibits the steepest transition from OFF
to ON state. Moreover, this model leads to the largest delay
in crRNA generation. Consequently, in addition to pre-crRNA
degradation rate, the cooperative transcription regulation also
contributes to the delay between the activating signal and the
onset of crRNA generation.

We previously (Figure 9) perturbed pre-crRNA degradation
rate while keeping the transcription rate ¢ constant. Finally, we
now also decrease . under the conditions when both cas genes
and CRISPR array transcription is activated according to all three
models (see Figure S4). The results are qualitatively similar to
Figure 9 (where ¢ is constant), i.e., decreasing A, diminishes
the switch-like system response and/or decreases the time-delay
in the onset of pre-crRNA generation.

DISCUSSION AND SUMMARY

One of the most prominent problems in understanding
CRISPR-Cas function is assessing dynamics of the system
activation, i.e., understanding the roles of the key features of
CRISPR-Cas regulation. Addressing this problem is complicated
by the fact that exact conditions for system activation
remain unclear. In fact, for Type I-E CRISPR-Cas system in
E. coli, even bacteriophage infection itself is not sufficient
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to induce the system. We here proposed a synthetic setup
which allows inducing CRISPR-Cas with qualitative features
that correspond to native system regulation, while bypassing
currently unclear conditions under which the system is activated.
This setup involves putting cas genes and/or CRISPR array
under transcription control found in a well-studied R-M system,
which exhibits cooperative transcription regulation that is also
characteristic of CRISPR-Cas regulation (Bouffartigues et al.,
2007; Westra et al, 2010). A major advantage of the setup
is that it can be readily experimentally implemented, e.g.,
by introducing cas genes and the regulator (C protein) in
a cell on a virus. This would allow synchronizing the cell
population, and experimentally observing the system dynamics,
where such measurements could be directly compared with
the predictions provided here. Another advantage is that
major parameters in the setup have been inferred from
experimental data, as both CRISPR transcript processing, and
AhdI transcription regulation, have been experimentally well-
studied (Bogdanova et al., 2008; Pougach et al., 2010; Djordjevic
etal., 2012).

Consequently, this setup allows us to directly (i silico) address
how the system regulation contributes to its dynamical response.
In particular, previous experimental and computational work
point to cooperative regulation of cas gene and CRISPR array
transcription, and fast non-specific degradation of pre-crRNA,
as two main system regulatory features (Pougach et al., 2010;
Pul et al,, 2010; Westra et al., 2010; Djordjevic et al., 2012). We
therefore investigated two alternative regulatory architectures,
one with constitutive, and the other with cooperative cas
gene regulation. The dynamics corresponding to these two
architectures was then compared with the baseline model, in
which pre-crRNA processing rate is increased infinitely abruptly.
We assessed the dynamics in the case when only cas genes
are activated (i.e., only pre-crRNA processing rate is gradually
increased), and when cas genes and CRISPR array promoter
transcription is jointly increased. We focused on early system
dynamics (within the first 20 min post-induction), as this period
is most relevant for defending the cell against invading viruses.
Finally, we also perturbed the high pre-crRNA non-specific

degradation rate, under different system conditions described
above, and assessed what effect such perturbation has on system
dynamics.

The main result of the analysis is that the system regulation
leads to a clear switch-like behavior, characterized by an initial
delay of crRNA synthesis, followed by a steep transition from
OFF to ON state. Unexpectedly, it is not only the cooperative
transcription regulation, but also fast non-specific pre-crRNA
degradation, which leads to such dynamics. That is, decreasing
the high pre-crRNA degradation rate effectively abolishes the
delay in crRNA generation, and deforms the crRNA kinetics
from the standard sigmoidal (Hill) shape (Hill, 2013) typical
for switch-like system response (Figure 9). Interestingly, we also
found that, when pre-crRNA processing rate and CRISPR array
transcription rate are jointly (and gradually) increased, as likely
exhibited in the native system, the system is more robust to
perturbations in the degradation rate (Figure S4).

The cooperative transcription regulation leads to an
interesting cross-over behavior in the early system dynamics.
At low pre-crRNA processing rates, cooperative regulation
leads to much smaller crRNA amounts at early times compared
to constitutive expression. On the other hand, at higher
processing rates, there is a large increase in synthesized
crRNA amounts, which approach the limit of infinitely abrupt
system induction. Interestingly, when the system is artificially
activated by overexpressing cas genes, pre-crRNA processing
rates correspond to the regime of the highly enhanced crRNA
production (Djordjevic et al., 2012). While the parameters of the
native system induction are unclear, it is tempting to hypothesize
that they may also reach this cross-over, allowing the system to
generate crRNAs with the rate close to the limit of infinitely fast
induction at times when they are needed.

The rapid transition of the system from OFF to ON state is
straightforward to interpret in terms of its function in immune
response. When a potential signal indicating infection is received
by the cell, CRISPR-Cas has a very short time to generate
sufficient crRNA amounts to protect the cell, as bacteriophages
are typically highly efficient in shutting-down essential cell
functions. Thus, there is a question whether enough crRNA can
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be generated in a model which accounts for gradual synthesis
of proteins that process pre-crRNA and/or are responsible for
gradual CRISPR array activation. We robustly obtained that
enough crRNA can be generated at early times, even when the
system is activated by only increasing the pre-crRNA processing
rate. Moreover, a much smaller increase of the processing
rate is needed to achieve certain crRNA amount, if CRISPR
array transcription is activated as well. Therefore, these results
may explain the relatively inefficient repression of CRISPR
array promoter, since even a small increase of CRISPR array
transcription rate efficiently increases generated crRNA amounts.
In fact, the need to rapidly produce large amounts of crRNAs may
be a major constraint on system dynamics.

In distinction to the rapid transition of the system from “OFF”
to “ON” state, interpretation of the delay in crRNA generation,
which comes as a model prediction, is less straightforward. One
possibility is that such delay is related with primed adaptation
in CRISPR-Cas, which relies on a pre-existing (priming) spacer
that enables a biased uptake of new spacers—therefore serving
to minimize infection by phage escape mutants that would
otherwise evade the interference (Sternberg et al., 2016). In
particular, it has been found that priming is facilitated by slow
or delayed CRISPR interference, leading to a steady-state flux of
substrates from which new spacers can be acquired (Kunne et al.,
2016; Severinov et al., 2016; Musharova et al., 2017). Such delay in
CRISPR interference can clearly be achieved by a delay in crRNA
generation that is predicted in our work.

It has been proposed that Type I-E CRISPR-Cas in E. coli
may have functions other than immunity. For example, it was
found by bioinformatics analysis that the system is changing very
slowly, in distinction to rapid diversification of CRISPR arrays in
other species, indicating that the system is not taking an active
role in defense against immediate viral threats (Touchon et al.,
2011). In this respect, it may be useful to view the dynamical
properties inferred here in a more general terms, namely of a
capability of expressing a large number of molecules in a narrow
time interval, with a specific time-delay with respect to reception
of an external signal. It is clear that such highly efficient, and
temporally specific response, may be highly desirable for multiple
cellular functions. It would be very interesting to find out how
functions of E. coli Type I-E CRISPR-Cas, yet to be discovered
in the future, would fit within the dynamical properties inferred
here.

METHODS

We start from a previously introduced model of CRISPR
transcript processing by Cas proteins (Djordjevic et al., 2012).
In this model (see Figure2A), a short-living transcript [pre-
crRNA] is synthesized with a promoter transcription activity
¢, and further, either quickly degraded with a degradation rate
Apres or processed (cut) into shorter, long-living RNAs [crRNA]
with a processing rate k. Processed transcripts are degraded
with a rate A, rna. In the equations below, we assume that the
processing rate depends linearly on the substrate (pre-crRNA)
amount, since the amount of pre-crRNA is small [ <10 molecules
per cell (Pougach et al., 2010)], so that the corresponding kinetic

equations are:

d[pre — crRNA]
dt
d[crRNA]
dt

@ — (Apre + k) - [pre — crRNA] (2)

= k- [pre — ctRNA] — ArNaA - [crRNA]
(3)

The equations above are further solved deterministically, as
both CRISPR array and cas genes are expressed from promoters
with strong basal transcription. Furthermore, the small pre-
crRNA amount is due to fast non-specific degradation, i.e., due
to the transcript processing step. With respect to this, note
that there is an access of enzyme (Cas6e) over substrate (pre-
crRNA) (Djordjevic et al., 2012), so the equations describing the
transcript processing are linear. Therefore, their deterministic
solution accurately describes the mean of the stochastic
simulations.

In the previous study (Djordjevic et al., 2012), we considered
a model in which transcription regulation is neglected, so
that k and ¢ increase in an idealized manner, i.e., infinitely
abruptly. We now introduce models where the relevant enzymes
and transcription regulators are synthesized in a realistic (i.e.,
gradual) manner. Specifically, k in Equation now explicitly
depends on time, and is proportional to the enzyme (the
processing protein, Cas6e) concentration, i.e., k = [Cas6e] - k*,
where k* is processing constant. We here consider that this
processing rate k can change with time in the following ways:

1) Infinitely abruptly, from 0 to its equilibrium value, k.4 at t =
0, which we refer to as the baseline model.

2) Gradually, with [Cas6e](t), where Casé6e is expressed from a
constitutive promoter (promoter with constant transcription
activity), see Figure 4.

3) Also gradually with [Cas6e](t), where Cas6e is now expressed
from an AhdI-like regulated promoter (see Figure 5).

As noted above, we either keep the CRISPR array transcription
rate ¢ constant (which allows us investigating the dynamics in
response to changing only pre-crRNA processing rate), or allow
¢ to change:

1) Infinitely abruptly (the baseline model), so that at t = 0 it
increases from its starting value (10 1/min) to the equilibrium
value.

2) Gradually, through the simplest activation mechanism, where
a single C protein activates transcription from the CRISPR
array promoter (the dashed arrow in Figure 4).

3) Also gradually with C(t), where the same transcription
regulation as in AhdI RM system is exhibited (the dashed
arrow in Figure 5).

In constructing Cas6e and CRISPR expression models, we refer to
our existing model of AhdI restriction-modification (RM) system
control (Bogdanova et al., 2008), which describes expression of
the control protein (C) and the restriction endonuclease (R)—
C and R are co-transcribed in AhdI RM system. We here use a
thermodynamical model of CR operon transcription regulation,
and a dynamical model of transcript and protein expression.
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For t = 0 we take the moment when plasmid carrying C
and cas genes enters the naive host. Thus, all initial conditions
are set to zero, except for [pre-ctRNAJ(t = 0) = ¢/Ape =
10 (1/ min)(Djordjevic et al., 2012), as extracted from the
Equation in equilibrium. Note that while C and cas genes enter
the cell on a plasmid, CRISPR array is expressed within the cell,
with the transcription rate ¢.

Constitutive Model of cas Gene and
CRISPR Array Expression

We assume that C and cas genes are co-transcribed from a
constitutive (unregulated) cas promoter (see above and Figure 4).
C and cas transcript and protein concentrations change with
time:

d[c — cas](t)

dr = QCas — MCas - [c — cas](t) 4)
% = kc - [c — cas](t) — Ac - C(¢) (5)
@ = kcasee - [¢ — cas](t) — Acasse - [Cas6e](t). (6)

Note that all the notation (including in the equation
above), is introduced in Table1l. The first terms on the

right-hand side represent transcript/protein synthesis by
transcription/translation, while the second terms represent
transcript/protein decay by degradation. The parameter values
are as in AhdI RM system model (with Cas6e now replacing R in
AhdI system), and are also provided in the table at the end of the
methods. Since C and Cas6e protein degradation rates are taken
to be the same, it follows:

[Cas6e](f) = Kcasee

C(), (7)
C

So that the differential equation for Cas6e dynamics can be
omitted. We set the value of ¢, to one (see the next subsection)

so that the equilibrium processing rate is the same for the
constitutive and the cooperative models (see e.g., Figure 6),
which allows a direct comparison of the dynamics in these two
models. Consequently, we set k* so that k.; = [Cas6e] eq k* =
10 (1/ min). Regarding CRISPR array transcription ¢, we keep it
constant, in the case when we consider the system activation by
overexpression of cas genes. In the case when we also consider
activation of CRISPR transcription, we introduce a simple model
of CRISPR expression regulation (the dashed arrow in Figure 4),
where CRISPR promoter, apart from being unoccupied, can
be found in the following three configurations, which are
represented by the reactions shown below: (i) RNAP alone bound
to the promoter (8), (ii) a C monomer alone bound to its binding
site (9), and (iii) RNAP recruited by a C monomer bound to its
binding site, acting as a transcription activator —note that these
configurations correspond to the second, third and fourth line in
the framed part of Figure 4, respectively.

DNA + RNAP ‘K:) RNAP — DNA (8)
1A
DNA+CK<:>C—DNA (9)
2A
C — DNA + RNAP <K:) C — DNA — RNAP (10)
3A

TABLE 1 | Notations used in model equations.

Variables Description

YCas Transcription activity of cas promoter

7 Transcription activity of CRISPR promoter

[c-cas] Concentration of cas operon transcript

[pre-crRNA]  Concentration of unprocessed CRISPR array transcript

[crRNA] Concentration of processed CRISPR array transcript

C Concentration of control protein

[Cas6e] Concentration of processing protein

KINETIC MODEL CONSTANTS

K* CRISPR transcript processing constant 0.02

ko Translation constant for control protein 0.60

Kcasee Translation constant for processing protein 3.00

ACas Rate of cas transcript decay 0.20

Apre Rate of unprocessed CRISPR transcript decay 1.00

AcrRNA Rate of processed CRISPR transcript decay 0.01

rC Rate of control protein decay 0.033
ACas6e Rate of Cas6e processing protein decay 0.033
TRANSCRIPTION REGULATION MODELS CONSTANTS

a Proportionality constants 1.663

y 110

o 110

a Constants which absorb the relevant 1.60 x 101
p equilibrium dissociation constants and RNA 9.25 x 107"
q polymerase concentration 141 x 10~°
d 1.00 x 107!
e Adjusted

f 2.00 x 102
a 1.00 x 10~1
I Adjusted

q 2.50 x 107°
Kp 6.50 x 102

The equilibrium dissociation constants of the above reactions are
given by:

Kia = [DNA] [RNAP] / [RNAP — DNA] (11)
Kya = [DNA][C]/[C — DNA] (12)
Ksa = [C — DNA][RNAP]/ [C — DNA — RNAP]. (13)

Using the Shea-Ackers based approach, i.e. assuming that the
transcription activity is proportional to the equilibrium promoter
occupancy by RNAP, we derive the expression for CRISPR
promoter transcriptional activity:

Zanap + Zc—RNAP
1+ ZRNAP + ZC + ZC—RNAP

=y (14)

where 'y is a proportionality constant, while
configuration statistical weights correspond to: Zpy,p =
[RNAP — DNA] / [DNA] — RNAP alone bound to the promoter,
Zc = [C— DNA]/[DNA]-C monomer alone bound to its
binding site, Zc_gnap = [C — DNA — RNAP] / [DNA] — RNAP
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recruited to the promoter by a bound C monomer. We can
obtain ¢ dependence on C concentration:

d + def [C]
1 +d+e[C] + def [C]

p (O =y (15)

If we introduce parameters expressed in terms of the equilibrium
binding constants and RNAP concentration:

d = [RNAP] /Kja (16)
e = 1/Kzx (17)
f = Kia/Kza. (18)
To estimate the parameters, we use a condition:
1
9(0) =10— (19)
min

which corresponds to the value in Djordjevic et al. (2012), and:

1
(p(ceq) =100—
min

(20)

Another (evident) condition is that the fraction, which appears
on the right-hand side of the Equation (15), has to be smaller
than 1. By adjusting the parameters to satisfy the conditions (19)
and (20), we obtain d < 1/9, which allows setting the values of
d and y. Further, we notice that e = 99/ ([Cl,, - (f — 100)) and,
having fixed the value of f, we can adjust e with respect to [Cleq.

The unprocessed [pre-crRNA] and processed [crRNA]
transcript amounts change with time according to the Equations
(2) and (3), where ¢ is given by .

Cooperative Model of cas and CRISPR

Expression

As opposed to the constitutive cas operon expression, we here
assume that the cas promoter is regulated by C as in the
wild type Ahdl RM system (Bogdanova et al., 2008), through
cooperative interactions (see Figure5). The following set of
reactions describes the transcriptional regulation of the cas
promoter by the C protein (note the promoter configurations
shown in Figure 5):

c+cC K<:>1 D (21)
DNA + RNAP K<:>2 RNAP — DNA (22)
D + DNA <T)—3 D — DNA (23)
D—DNA+DK<:>4T—DNA (24)
D — DNA + RNAP <T>—5 D — DNA — RNAP  (25)

where C and D stand for C protein monomers and dimers,
respectively.
The reactions (21)-(25) represent:

- (21) C monomers dimerization;
- (22) RNAP binding to the cas promoter forming RNAP-DNA
complex;

- (23) D binding to the distal binding site forming D-DNA
complex;

- (24) D recruitment to the proximal binding site forming T-
DNA complex;

- (25) RNAP recruitment to the cas promoter forming D-DNA-
RNAP complex.

In equilibrium the above reactions lead to the following equations
of the equilibrium dissociation constants:

_[cP
Ky = O] (26)
K, — [DNA][RNAP] 27)
[RNAP — DNA]
_ [DI[DNA]
K; = m (28)
_ [D][D — DNA]
M= oy )
Ks — [RNAP][D — DNA] (30)

[D — DNA — RNAP]

Taking into account the aforementioned Shea-Ackers assumption
we obtain:

w ZRNAP + ZD—RNAP
1+ Zrnap + Zp—rNap + Z1°

PCas = (31)

« is a proportionality constant, Zgpyap = [RNAP—DNA]/[DNA],
ZD*RNAP = [D — DNA — RNAP]/[DNA] and ZT = [T —
DNA]/[DNA] denote the statistical weights of only RNAP bound
to the promoter, RNAP recruited to the promoter by a C dimer
bound to the distal binding site, and a C tetramer repressing
transcription, respectively.

By using Equations (26)-(30), the Equation (31) can be
rewritten in terms of C monomer concentration (following the
notation in Bogdanova et al., 2008; Rodic et al., 2017):

a+ b[C]?
1+a+ b[C]*+c[C)*

@cas (C) = « (32)

which can be expressed, by using the redefined parameters, in the
following form:

a—i—ap[C]2
1+ a+ ap[C]* + p*q[C]*

@cas (C) = « (33)

We set « so that the equilibrium value of cas transcription activity
corresponds to one (adapted from Bogdanova et al., 2008).
Parameters g, p, and q depend on the equilibrium dissociation
constants and RNAP concentration and are given by:

a = [RNAP]/K, (34)
K3
p= K1K3Ks (35)
K,K?
q 1 __ Y375 (36)

T KKK KKy
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While their values are deduced from the already determined a, b,
and ¢, that correspond to the best fit to the AhdI experimentally
measured transcription activity vs. C (Bogdanova et al., 2008).

Regarding the dynamics, note that C and Cas6e transcript and
protein amounts change with time according to the Equations
(4)-(6), where @cg; is given by .

Similarly as for the constitutive model, we keep ¢ constant,
in the case when we consider inducing the system through
increasing pre-crRNA processing rate. When we also consider
regulation of CRISPR array transcription, we assume that
CRISPR promoter is regulated by C in the same way as cas
promoter. Thus, following the same procedure we obtain for the
CRISPR promoter transcription activity:

, a/ + a/p/[c]z

o (37)
1+a/+a/p/[C]2 +p/2q/[c]4

(p:

where constants ', @, p/, and ¢’ are determined by imposing the
same constraints on ¢ as above (-). Specifically, these constraints
lead to the condition 4’ < %, which allows setting parameters
a’ and o' Further, from Equation (20) we express p’ in terms of
q and get ¢ < ;555 (deduced from the real roots criterion of
quadratic equation), based on which we set ¢, and subsequently
obtain the relation for adjusting p” with respect to ke, (i.e., Ceq).
Again, the unprocessed [pre-crRNA] and processed [crRNA]
transcript amounts change with time according to the Equations
(2) and (3), where ¢ is replaced with (37).

Changing Pre-crRNA Processing Rate
From Equation (1) we have that

keq = [Cas6e],q - K", (38)
where we adjust the equilibrium value of k in the constitutive
and the cooperative case by varying the concentration of Cas6e in

equilibrium. The equilibrium Cas6e concentration can be derived
from the steady-state conditions for Equations and :

kCasGe

[Cas6e],, =
: ACashCase

q WCas(Ceq)~ (39)

In the model of constitutive C and Cas6e expression, the
equilibrium concentration of Cas6e is adjusted through the
change of ¢cus (being constant with time). In the case of
cooperative C and Cas6e expression, [Cas6e],; is adjusted
through the change of a in Equation (33), i.e., through the change
of overall cas promoter strength, taking into account that [C],; is
proportional to [Cas6e].4 according to (7).

Joint Change of k and ¢

We here investigate how the joint change of k and ¢, which
corresponds to the joint increase of cas6e and CRISPR array gene
expression, affects the dynamics of [pre-crRNA] and [crRNA]
transcripts. We start from the baseline model of infinitely abrupt
increase of k and ¢. We then compare the baseline model to the
more realistic case of constitutive and the cooperative models.
We take ¢ change from the initial value of 10 1/min to 100
1/min in equilibrium, while k., takes on values Apre, 104 pre, and

1002 pre. Note that the change in k.4, implies joint change of ¢cqg
in Equation (4) and e in Equation (15) in the constitutive case;
in the cooperative case it implies joint change of o and p in
Equation (33) and p’ in Equation (37), which ensures the same
functional dependency (1), for different values of ke;.

Perturbing Pre-crRNA Degradation Rate
lpre

The pre-crRNA degradation rate Ay is perturbed (decreased) in
the following two cases:

i. With the transcription rate ¢ (10 1/min) held constant. The
equilibrium value of k is then adjusted by varying ¢c,s in the
constitutive, and « in the cooperative model.

ii. When both ¢ and the processing rate k reach the equilibrium
value (100 1/min) gradually, with the effect of the change
assessed in all three models (baseline, constitutive and
cooperative). ke, reaches the value 100 1/min through the
change of ¢c,s in the constitutive, and « and p in the
cooperative model, while ¢ increases from ¢(0) = 10 1/min
to ¢ (Ceq) = 1,001/min through adjusting the parameters e
in the constitutive, and p’ in the cooperative model.

Note that changing A, affects the initial amount of pre-
crRNA (which is an initial condition for the differential
equations) according to the relation [pre — crRNA] e (t=0) =
@ (t=0)/Apre (see Equation 2), which follows from the
steady-state condition for pre-crRNA when the system is not
activated.
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Ribonucleotide Reductases from
Bifidobacteria Contain Multiple
Conserved Indels Distinguishing
Them from All Other Organisms:

In Silico Analysis of the Possible Role
of a 43 aa Bifidobacteria-Specific
Insert in the Class Ill RNR Homolog

Seema Alnajar, Bijendra Khadka and Radhey S. Gupta*

Department of Biochemistry and Biomedical Sciences, McMaster University, Hamilton, ON, Canada

Bifidobacteria comprises an important group/order of bacteria whose members have
widespread usage in the food and health industry due to their health-promoting activity
in the human gastrointestinal tract. However, little is known about the underlying
molecular properties that are responsible for the probiotic effects of these bacteria. The
enzyme ribonucleotide reductase (RNR) plays a key role in all organisms by reducing
nucleoside di- or tri- phosphates into corresponding deoxyribose derivatives required
for DNA synthesis, and RNR homologs belonging to classes | and Ill are present in
either most or all Bifidobacteriales. Comparative analyses of these RNR homologs
have identified several novel sequence features in the forms of conserved signature
indels (CSls) that are exclusively found in bifidobacterial RNRs. Specifically, in the large
subunit of the aerobic class Ib RNR, three CSls have been identified that are uniquely
found in the Bifidobacteriales homologs. Similarly, the large subunit of the anaerobic
class Il RNR contains five CSls that are also distinctive characteristics of bifidobacteria.
Phylogenetic analyses indicate that these CSls were introduced in a common ancestor
of the Bifidobacteriales and retained by all descendants, likely due to their conferring
advantageous functional roles. The identified CSls in the bifidobacterial RNR homologs
provide useful tools for further exploration of the novel functional aspects of these
important enzymes that are exclusive to these bacteria. We also report here the results of
homology modeling studies, which indicate that most of the bifidobacteria-specific CSls
are located within the surface loops of the RNRs, and of these, a large 43 amino acid
insert in the class Il RNR homolog forms an extension of the allosteric regulatory site
known to be essential for protein function. Preliminary docking studies suggest that this
large CSI may be playing a role in enhancing the stability of the RNR dimer complex. The
possible significances of the identified CSls, as well as the distribution of RNR homologs
in the Bifidobacteriales, are discussed.

Keywords: novel features of ribonucleotide reductases, probiotic bacteria, Bifidobacteriales, conserved signature

inserts and deletions, homology modeling and protein docking studies, extended allosteric site, phylogenetic
analysis
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INTRODUCTION

The Bifidobacteriales constitute an important order of bacteria
within the phylum Actinobacteria (Ventura et al., 2007; Zhi
etal., 2009; Gao and Gupta, 2012). While some species belonging
to this order are pathogenic (Smith et al, 1992; Bradshaw
et al., 2006; Alves et al., 2014; Kenyon and Osbak, 2014) many
Bifidobacteriales species belonging to the genus Bifidobacterium
are known for their beneficial health-promoting effects in
humans and other mammals (Gibson et al., 1995; Leahy et al,,
2005; Masco et al., 2005; Ventura et al., 2009; Cronin et al., 2011).
These probiotic bifidobacteria form a significant constituent in
the microbiota of the human colon, and exert their effects as
commensal microorganisms (Biavati et al., 2000; Turroni et al.,
2008, 2009; Mills et al., 2011; Milani et al., 2014; Ventura et al,,
2014). As a result, these bacteria are frequently exploited by
the food industry to create consumable products that increase
their relative proportion in the gut (Gibson et al., 1995; Sanders,
1998; Masco et al, 2005; Oberg et al, 2011; Ventura et al,
2014). Bifidobacteria are Gram-positive, anaerobic, saccharolytic
organisms with a unique metabolic pathway known as the “bifid
shunt” (Palframan et al, 2003; Biavati and Mattarelli, 2006;
Milani et al., 2015). While many characteristics are known
about this important group of bacteria, the biochemical and
molecular properties contributing toward their probiotic effects,
and adaptability in their respective environments, remain elusive
(Ventura et al., 2009; Turroni et al., 2014).

The present study focuses on the enzyme ribonucleotide
reductase (RNR), the sole enzyme capable of reducing nucleoside
di- or tri- phosphates (NDPs or NTPs) into deoxyribonucleotides
(dNDPs or ANTPs) (Eklund et al., 2001; Nordlund and Reichard,
2006; Torrents, 2014). There are currently three recognized
classes of RNRs, named classes I, II, and III, sharing no more
than 10% sequence identity across their lengths, which are
distributed in different organisms (Logan et al., 1999; Sintchak
et al., 2002; Torrents et al, 2002). Class I RNR is further
divided into three subclasses viz. Ia, Ib, Ic (Jordan et al., 1996;
Jiang et al., 2007; Bollinger et al., 2008). The distributions of
these different classes of RNRs within the bacterial domain
does not follow any specific pattern that can be correlated
with the phylogenies of the bacterial phyla (Torrents et al.,
2002; Lundin et al., 2009). However, since the different classes
of RNR employ different mechanisms of action and require
differing environmental prerequisites to function, we explore
their distribution in bifidobacteria in an attempt to identify any
unique characteristics that may distinguish them.

Each RNR is capable of reducing all four ribonucleotides
into their corresponding deoxyribonucleotides by exhibiting
a tightly regulated allosteric substrate specificity site, and
employing a convoluted mechanism involving radical chemistry
that ultimately results in the removal of a hydrogen from the 3’
carbon of the substrate (Brown and Reichard, 1969; Reichard,
1993, 2010; Eriksson et al., 1997; Eliasson et al., 1999). Some
RNRs have an additional overall activity site, made possible by the
existence of an ATP cone domain at the N-terminus (Thelander
and Reichard, 1979). Class I RNRs use NDPs as their substrate,
and are aerobic tetramers consisting of one large (R1) and one

small (R2) homodimers (Nordlund and Reichard, 2006). The R2
dimer harbors a dinuclear metallocofactor where the radical is
formed and subsequently transferred to the active site located
at the RI subunit. Classes Ia, Ib, and Ic differ in the type of
metallocofactor in R2 (manganese and/or iron), as well as the
different cofactors required for enzymatic function (Petersson
et al., 1980; Nordlund and Reichard, 2006; Jiang et al., 2007;
Bollinger et al., 2008; Torrents, 2014). Most bifidobacteria harbor
a class Ib RNR (Lundin et al., 2009), whose large and small
subunit are encoded by the nrdE and nrdF genes, respectively,
and require NrdH as a reductant and NrdI as a cofactor; in
contrast, classes Ia and Ic utilize thioredoxin and/or glutaredoxin
as reductants, do not require additional cofactors, and their large
and small subunits are encoded by nrdA and nrdB, respectively
(Jordan et al., 1997; Cotruvo and Stubbe, 2008; Roca et al., 2008;
Crona et al,, 2011). Class II RNRs are not oxygen sensitive,
use either NDPs or NTPs as their substrate, and are the only
monomeric class of RNR (Tamao and Blakley, 1973; Larsson
et al., 2010), however, their structural topology mimics a dimer
(Sintchak et al., 2002). No known bifidobacteria harbor a class IT
homolog, but all bifidobacteria possess a class III RNR. Class IIT
RNRs are encoded by nrdD and nrdG genes and function under
strictly anaerobic conditions, with NTPs as their sole substrates
(Garriga et al., 1996; Torrents et al., 2001). They consist of a
large R1 subunit (NrdD) that is a dimer in its native state,
and works concomitantly with a small activase (NrdG) which
generates the radical utilizing a [4Fe-4S] cluster (Eliasson et al.,
1992; Sun et al,, 1995; Logan et al., 1999). This is unlike class I
RNRs, where radical formation by the small subunit is required
to induce dimer formation of the large subunit (Ollagnier et al.,
1996; Torrents, 2014). Despite the described differences in the
properties of the different classes of RNRs, the remarkable
structural similarities seen across the three main RNRs strongly
suggest a common evolutionary origin of them (Poole et al,
2002; Sintchak et al., 2002; Torrents et al., 2002). In all three
RNRes, allosteric regulation involves binding of the AINDP/dNTP
products at a 4-helix bundle, involving two helices from each
monomeric subunit, at the dimer interface of the enzyme (Uhlin
and Eklund, 1994; Larsson et al., 2001). The allosteric regulation
causes conformational changes at a highly conserved 10 stranded
a/p barrel where the active site “finger loop” structure resides in
its center, or is brought to its center upon activation (Aurelius
etal., 2015).

Although previous studies have significantly contributed to
the current understanding of the structure and function of
the different RNRs, in the present work we focus on the
specific biochemical/molecular properties of the RNRs from
bifidobacteria that may shed light on their unique physiological
effects. Our earlier work describes a number of conserved
signature indels (CSIs) in the homologs of many important
proteins from that are uniquely found in all Bifidobacteriales
(Zhang et al.,, 2016). These CSIs represent vertically transferred
genetic changes that are indicated to have occurred in a common
ancestor of the group in which they are found, thus asserting
their value as highly specific molecular markers. In the present
work, we have performed similar comparative genomic studies
that have led to the identification of several novel CSIs in class Ib
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and IIT RNR homologs that are shared by all genome-sequenced
Bifidobacteriales species that contain the respective protein
homolog(s), but are absent in all other bacteria. We also describe
the results of protein modeling which illustrate the structural
location of these CSIs, as well as the results of preliminary in silico
docking studies which suggest that one of the large CSIs [a 43
amino acid (aa) insertion in class III RNR] may be playing a role
in NrdD complex stability.

MATERIALS AND METHODS

Identification of Conserved Signature

Indels

The approach used to identify CSIs in RNR was as described
in earlier work (Gupta, 2014; Zhang et al., 2016). Multiple
sequence alignments (MSAs) were initially created using the
Clustal_X 2.1 (Larkin et al., 2007; Goujon et al., 2010) program
for the protein sequences of NrdE, NrdF, NrdH, NrdD, and
NrdG homologs from about 10-15 Bifidobacteriales species,
as well as 8-10 species from other groups/phyla of bacteria.
These sequence alignments were examined for the presence
of conserved indels that are limited to the Bifidobacteriales
homologs and are flanked on both sides by at least five conserved
residues in the neighboring 30-40 aa. A detailed Blastp search
(Altschul et al., 1997) was then conducted on the sequence region
containing the potential conserved indels to investigate the
species-specificities of the identified indels. The indels that were
not flanked by conserved regions were not further investigated
in our work. The signature files shown here were created using
SIG_CREATE and SIG_STYLE from the GLEANS.net program
as described in earlier work (Gupta, 2014; Zhang et al., 2016).
Unless otherwise indicated, all of the reported CSIs are specific
for the Bifidobacteriales homologs and similar CSIs were not
observed in homologs from any other bacterial species within the
top 500-1000 blast hits examined.

Phylogenetic Tree Construction

In this study we have constructed three separate phylogenetic
trees: (i) based on NrdE (large subunit of class Ib RNR) sequences,
(ii) based on NrdD (large subunit of class III RNR) sequences,
and (iii) based on the large subunit sequences from class I
(NrdA, NrdE), II (Nrd]), and III (NrdD) RNRs. For these
studies, NrdE and NrdD homologs from all genome sequenced
bifidobacterial species were obtained from the NCBI GenBank
sequence database (Benson et al., 2017). The species represented
in the tree based on NrdD sequences included 49 of 58 validly
published Bifidobacterium species, the two known Scardovia
species, all three Alloscardovia species, and the single species
known from the Parascardovia and Gardnerella genera. The
tree based on NrdE sequences similarly included the subset of
these Bifidobacteriales species where the protein homolog was
detected. Sequences from members of the Bifidobacteriales genera
Aeriscardovia and Pseudoscardovia were not available at the
present time and were not included in our study. For each tree,
a MSA of RNR homologs was created using the Clustal_X 2.1
(Larkin et al., 2007; Goujon et al.,, 2010) program. For each of

these trees, we have additionally included a number of outgroup
species (20 species for the NrdD tree, 23 species for the NrdE
tree) from other orders in the Actinobacteria phylum, as well as
Firmicutes species. For the tree concerning the sequences from
large subunits of all RNR classes, we have included <10 NrdE and
<10 NrdD sequences from representative Bifidobacteriales, in
addition to several species across various bacterial phyla in order
to depict the evolutionary history of RNR classes. The MEGA 6
program (Tamura et al., 2013) was used to construct a maximum
likelihood (ML) tree based on 1000 bootstrap replicates for
each alignment employing the Whelan and Goldman model
substitution method (Whelan and Goldman, 2001). Gaps and
regions with missing data from the sequence alignments were
completely removed. In each case, a discrete Gamma distribution
was used to model evolutionary rate differences among sites (five
categories) and the Jones-Taylor-Thornton substitution method
was used to compute the initial trees for the heuristic search using
the Neighbor-joining method with a matrix of pairwise distances
(Jones et al., 1992).

Homology Modeling of RNR Homologs

and Structural Analysis of CSls

The approach used to model the CSIs involves homology
modeling based on previously crystallized class Ib and III RNR
proteins. A Position-Specific-Iterated Blastp search (Altschul
et al., 1997) was performed on Bifidobacterium longum NrdE
(Accession no. EPE39971) and NrdD (Accession no. KXS29127)
sequences against the PDB database which revealed that the
class Ib RNR from Salmonella typhimurium (PDB ID: 1PEQ)
(Uppsten et al., 2003) and class III RNR from Enterobacteria
phage T4 (PDB ID: 1H7B) (Larsson et al., 2001) exhibited the
highest sequence similarity to the Bifidobacteriales homologs and
provided suitable templates for homology modeling of the RNR
isoforms of B. longum. A conserved domain search (CD-Search)
(Marchler-Bauer and Bryant, 2004) was conducted on the
B. longum sequences. Homology modeling was performed using
MODELLER v9.11 (Eswar et al., 2007) and the top 500 models
were initially created and ranked on the basis of their Discrete
Optimized Protein Energy (DOPE) scores (Shen and Sali, 2006).
The selected models of RNR homologs with the highest DOPE
score were then submitted to the GalaxyRefine server (Heo et al.,
2013; Lee et al,, 2016) to obtain atomic-level energy minimization
and to improve the stereochemical quality of the model. The
secondary structure elements in the regions containing CSIs
were examined and compared with results of the PSIPRED and
CONCORD analyses to ensure their reliability (Jones, 1999; Wei
et al., 2011; Buchan et al., 2013). The stereochemical properties
of the final models were assessed using four independent servers:
RAMPAGE, ERRAT, PROSA and Verify3D (Bowie et al., 1991;
Luthy et al, 1992; Colovos and Yeates, 1993; Sippl et al,
1999; Lovell et al., 2003; Wiederstein and Sippl, 2007). These
validation tools utilize a dataset of highly refined solved structures
to evaluate the statistical significance of models based on the
conformation, location, and the environment of individual amino
acids in the protein sequence, as well as the model’s overall
structural stability. The structural alignments of the models
with the respective templates were carried out using PyMOL
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TABLE 1 | Results of protein—protein docking studies for the Bifidobacterium
longum RNR (NrdD subunit) either containing or lacking the large 43 aa CSI.

Docking server Protein models of the NrdD

CSl-containing

CSl-containing (based on Csi

(Extended helix) PSIPRED/CONCORD) lacking
ClusPro —1297.200 —1190.900 —958.000
ClusPro + ROSIE —1092.851 —1110.039 —1042.091
PatchDock * 16192.000 11234.000
PatchDock 4+ ROSIE * —1109.473 —1033.714
“ROSIE” —1106.550 —1114.689 —1043.235

The results of docking studies are shown for two different models of the CSI-
containing protein (Extended helix and based on PSIPRED/CONCORD) and
compared with those for the model for CSI-lacking protein. The monomers based
on the indicated models were submitted to ClusPro and PatchDock servers.
Results from the ClusPro and PatchDock servers were also submitted to the ROSIE
(RosettaDock) server for local refinement. The results shown under the heading
“ROSIE” were obtained by submitting model monomers that were superimposed
onto the crystallized 1H7B (Larsson et al., 2001) template dimer. For the ClusPro
and ROSIE servers, the lower binding energy (more negative values) is indicative
of the increase in stability of the docking complexes, while for the PatchDock
server higher (positive) scores indicate stronger binding affinity (see Materials
and Methods section for further details). Asterisks (*) indicate that no biologically
relevant complexes were obtained from the indicated docking servers.

Version 1.8 (Schrodinger, 2016) in order to analyze the location
and the structural features of the CSIs in the protein structure.
This procedure was followed to create the homology models of
both of the RNR homologs found in bifidobacteria. In addition,
a structural model of class IIT RNR was also generated using
I-TASSER, an online server that uses threading to predict three
dimensional protein structure (Zhang, 2008; Roy et al., 2010;
Yang et al., 2015).

Protein-Protein Docking Analysis of the
Class lIl RNR Homologs

Protein-protein docking studies were performed in order to
assess the possible role of a large CSI in the formation or
stabilization of the dimeric structure of class III RNR in
bifidobacteria. A structural model of the class III RNR from
B. longum was created by removing the CSI residues from
its primary sequence, using the methods described above for
other RNR homologs. An additional structural model of RNR
was generated with the CSI region constructed as an extended
helix. In this structural model, the CSI has a slightly different
secondary structure than those of the models that followed
PSIPRED/CONCORD, or I-TASSER predictions. This was done
in an attempt to be inclusive of multiple possible structural
conformations of the CSI. Four structures of the anaerobic RNR
monomer viz. PSIPRED/CONCORD based model, I-TASSER
generated model, model with extended helix, and the CSI-
lacking model, were submitted to two independent web-based
protein—protein docking programs using default parameters, viz.
PatchDock Version B 1.3 (Schneidman-Duhovny et al., 2005)
and ClusPro Version 2.0 (Comeau et al., 2004). PatchDock
is an efficient molecular docking algorithm that employs a
geometry-based shape complementarity approach which aims

to yield refined atomic contacts of protein—protein complexes.
Its scoring function takes into consideration both geometric
fit and atomic desolvation energy (Duhovny et al., 2002). On
the other hand, ClusPro utilizes PIPER, a rigid body docking
program, which is based on a novel Fast-Fourier Transform
(FTT) docking approach with pairwise potential. Its scoring
function is thus based on pairwise interaction potentials (Comeau
et al., 2004; Kozakov et al, 2006). The resulting top scoring
dimer complex models of RNR from each server (if any) were
then refined using the RosettaDock (ROSIE) server (Lyskov
and Gray, 2008; Chaudhury et al., 2011; Lyskov et al., 2013).
For the docking scores of ClusPro and RosettaDock, the lower
(negative) binding energy value indicates improved stability of
the docking complexes. In the case of PatchDock, the geometry
shape complementarity score was utilized to determine rank, and
higher (positive) scores indicate stronger binding affinity (see also
notes in Table 1). In addition, the monomeric forms of each of
the four models were structurally aligned with the established
biological assembly of the RNR dimer, and the resulting dimer
orientations were utilized as additional inputs for submission to
the ROSIE server. The resulting refined structure from ROSIE
with the lowest total score, maximum cluster size and the smallest
RMSD with respect to the solved structure of RNR complex,
was chosen as a representative structure for detail interface
interaction analysis. To analyze the dimer interface, this class III
RNR dimeric output structure was submitted to the PDBePISA
Version 1.48 server, using default parameters (Krissinel and
Henrick, 2007).

RESULTS

Identification of Conserved Signature
Indels in Class | and Class Ill RNR
Homologs and Their Phylogenetic

Implications

Comparative analysis of the Bifidobacteriales genomes indicated
that all of the sequenced species from this order contain an
anaerobic class III RNR homolog. In addition, an aerobic class
I RNR belonging to the class Ib group was also found in most
species from this order except B. adolescentis, B. angulatum, B.
dentium, B. gallicum, B. cuniculi, B. lemurum, B. merycicum,
B. moukalabense, B. ruminantium, and members of the genera
Parascardovia and Scardovia. The sequences of class Ib and III
RNRs were examined for the presence of any CSIs that are specific
for bifidobacteria. The results of these studies have identified
three CSIs in the large subunit of the class Ib RNR (NrdE)
homologs, which are specifically found in the bifidobacterial
enzyme. Sequence information for two of these CSIs, which are
comprised of 4 and 2 aa inserts in a conserved region of the
NrdE protein, is shown in Figure 1. As seen in the figure, both
of these CSIs are flanked on either side by conserved regions
and while they are commonly shared by all of the bifidobacteria
harboring the NrdE homolog, they are not present in any other
bacterial species in the top 500 blast hits. Sequence information
for one additional CSI in the NrdE protein, consisting of a 1 aa
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FIGURE 1 | Partial sequence alignment of the large subunit of the class Ib ribonucleotide reductase (NrdE) protein showing two conserved inserts (highlighted) that
are exclusively found in all Bifidobacteriales members that carry the homolog, but absent in other bacteria. The dashes in the sequence alignment denote identity with
the amino acid found on the top line. The Genbank accession numbers of the sequences are shown in the second column. The results are shown for only a limited
number of species, however, other species not shown showed similar pattern as described here. Abbreviations used for the genus names are: All., Alloscardovia;
Art., Arthrobacter; Bif., Bifidobacterium, Bren., Brenneria; Brev., Brevibacterium; Cell., Cellulomonas; Cry., Cryobacterium; Gar., Gardnerella;, Gor., Gordonia, Jon.,
Jonesia; Mob., Mobiluncus; Myc., Mycobacterium; Noc., Nocardia; Rou., Rouxiella; Seg., Segniliparus; Ser., Serratia; Vib., Vibrio; Wil., Williamsia; Yer., Yersinia.

deletion also specific for all Bifidobacteriales strains that harbor
the protein, is presented in Supplementary Figure 1, and is once
again absent in other bacteria.

Similarly, analysis of the sequences from the NrdD homolog
has also led to the identification of five CSIs that are specific
for the Bifidobacteriales homologs. Sequence information for one
large CSI, a 43 aa insertion, that is specifically found in the
NrdD homolog from bifidobacteria, is presented in Figure 2.
Sequence information for four other CSIs, consisting of a 1 aa
deletion, two 1 aa insertions, and a 4 aa insertion, which are
also either exclusively or mainly found in the Bifidobacteriales
NrdD homologs, are presented in Supplementary Figures 2-5. Of
these other CSIs, the 1 aa deletion (Supplementary Figure 3)
is also present in Coriobacteriales species, which are also

anaerobic and saccharolytic bacteria. Additionally, one of the
CSIs consisting of a 1 aa insert is also shared by Lactobacillus
species (Supplementary Figure 2), and the other single aa insert
is shared by few other species from the Actinobacteria phylum
(Supplementary Figure 5). Asides from these cases, the CSIs
were not found in the additional 500-1000 bacterial outgroups
examined. The locations of the different identified CSIs over
the lengths of the NrdE and NrdD proteins and their respective
domains are presented in Supplementary Figures 6, 7. All of
the CSIs in the NrdE and NrdD subunits are located in the
RNR domain of the respective proteins. In contrast to the NrdE
and NrdD proteins, no specific CSIs were found in the NrdF,
NrdH, or NrdG proteins. Due to the exclusive presence of most
of these CSIs in the RNR homologs from bifidobacteria, they
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FIGURE 2 | Partial sequence alignment of the large subunit of the class Il ribonucleotide reductase (NrdD) protein showing a 43 or 44 amino acid insertion
(highlighted) that is exclusively found in all Bifidobacteriales members, and absent in other bacteria. Other details are as in Figure 1. Abbreviations used for the
genus names are: Act., Actinotalea; Acti., Actinotignum; Aer., Aerococcus; Aero., Aeromonas; All., Alloscardovia; Bif., Bifidobacterium;, Cel., Cellulosimicrobium;
Cry., Cryobacterium,; End., Endozoicomonas; Ent., Enterococcus; Gar., Gardnerella; Gem., Gemella; Hae., Haemophilus; Lactob., Lactobacillus; Lactoc.,
Lactococcus; Lis., Listeria; Nec., Necropsobacter; Oen., Oenococcus, Pan., Pantoea; Par., Parascardovia, Ped., Pediococcus; Pho., Photobacterium, San.,
Sanguibacter; Sca., Scardovia; Sno., Snodgrassella; Str., Streptococcus; Vib., Vibrio.
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provide molecular markers for distinguishing members of the
order Bifidobacteriales from other bacteria, and they may inform
important differences in the molecular/biochemical properties of
the RNR homologs from bifidobacteria. It should be mentioned
that in addition to the described CSIs, the NrdE and NrdD
homologs from bifidobacteria also harbor other genetic changes
such as amino acid substitutions that appear specific for them.
Although the evolutionary significance of these changes is not
clear and was not studied in the present work, it is likely that some

of them also play important role in conjunction with the CSIs in
the novel functional aspect(s) of the RNRs from bifidobacteria.
Maximum-likelihood phylogenetic trees were constructed for
the class Ib and class III RNRs protein sequences based on
the NrdE and NrdD proteins, and these trees are shown in
Figures 3A,B, respectively. In addition to the sequences from a
large number of Bifidobacteriales species covering the order, the
tree also contains information for several other Actinobacteria
as well as a limited number of Firmicutes species; the sequences
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FIGURE 3 | Maximum likelihood trees based on the sequences of (A) the large subunit of the class Ib ribonucleotide reductase (NrdE) involving 684 aa residues after
the complete deletion of alignment gaps, and (B) the large subunit of the class Il ribonucleotide reductase (NrdD) involving 549 aa residues after complete deletion.
Each tree is based on >40 genome sequenced Bifidobacteriales species and >20 outgroup members from other Actinobacteria as well as Firmicutes. The trees
were constructed using the MEGAB program and are drawn to scale where horizontal branch length is measured in the inumber of aa substitutions per site.
Bootstrap scores that were greater than 70% are shown as a percentage on the nodes. The arrows indicate where the CSI events are likely to have occurred.

0L Jonesia
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from the Firmicutes species were used to root the trees.
The sequences from Bifidobacteriales species formed strongly
supported monophyletic clades in both trees. Because the
sequence alignments used for construction of these phylogenetic

trees did not contain any sequence gaps, the observed branching
pattern was not influenced by the presence of the identified CSIs.
Therefore, the distinct branching of bifidobacteria observed in
both trees supports the notion that the reported CSIs in the
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NrdD and NrdE proteins most likely first occurred in a common
ancestor of the order Bifidobacteriales, and were inherited by
descendants due to incurring an evolutionary advantage. In
addition to these trees, we have also constructed a tree based
on the sequences of the large subunit from the three main
RNR classes (Supplementary Figure 8). The three classes of RNR
formed distinct clades in the tree, which were separated from each
other by long branches. Based on the midpoint rooting of the
tree, the sequences from the class III RNR, which function under
strictly anaerobic conditions, were found to form a sister clade
to sequences from the classes I and II. The observed branching
of the class IIT RNR in the tree is in agreement with earlier
work (Reichard, 1993; Logan et al., 1999; Larsson et al., 2001;
Poole et al., 2002; Sintchak et al., 2002; Torrents et al., 2002)
suggesting that this class of RNR represents the ancestral form
of the reductase. Although phylogenetic analysis can shed light
on the evolutionary history of the three types of RNR, it does
not explain the variable distribution of these classes in different
organisms. As an important protein, there is at least one type of
RNR in every organism. However, the combination of different
RNRs which are found in various organisms is unpredictable and
it does not show any correlation with the evolutionary histories
of the organisms (Torrents et al., 2000; Lundin et al., 2009, 2010;
Torrents, 2014).

Locations of the CSls in the
Ribonucleotide Reductase Homologs

Structures

To gain insights into the possible significance of the identified
CSIs, homology models for the class Ib and III RNRs from
B. longum were constructed (see Materials and Methods
section) based on previously crystallized template structures
of class Ib and IIT RNR proteins (Larsson et al., 2001; Uppsten
et al,, 2003). After the validation of the homology models
using a variety of tools described under section “Materials
and Methods,” a superimposition of the final selected models
with the template structures was carried out using PYMOL to
determine the locations of the identified CSIs in the structures
of the class Ib and III proteins. The locations of the three
CSIs identified in class Ib RNR in the modeled structure of
the NrdE protein is shown in Figure 4A. As seen, all three
CSIs in the NrdE homolog were located within the surface
loops of the protein (Figure 4A). However, of these CSIs,
the 2 aa insert also appears to extend a helix. The current
model is in agreement with secondary structure analyses
(PSIPRED/CONCORD), and yielded reassuring measurements
by ERRAT, Verify3D, RAMPAGE and PROSA. The locations
of these CSIs in the structure of the B. longum NrdE subunit
indicate that they are topologically distant from the dimer
interface/allosteric regulatory site, as well as the active site as
seen in Supplementary Figure 9A (Uppsten et al., 2003, 2006).
However, the locations of these CSIs within surface loops in the
NrdE structure indicate that they could be involved in mediating
novel protein-protein interactions (Cherkasov et al., 2006; Singh
and Gupta, 2009; Gupta, 2016; Zhang et al., 2016; Khadka and
Gupta, 2017).

Of the five CSIs found in the NrdD homologs (Class III)
of bifidobacteria, the structural locations of four indels could
be determined and are illustrated on the modeled structure
(Figure 4B). Structural location of one of the CSIs present near
the C-terminal end could not be determined as the structural
information for the corresponding region was absent from the
template structure (PDB ID: 1H7B) used for homology modeling
(Larsson et al., 2001). Similar to the indels found in the NrdE
structure, most of the CSIs in the NrdD structure are also be
found on surface loops that are structurally distant from the
active site (Figure 4B and Supplementary Figure 9B). The 4
aa insert, also located on the surface exposed region, appears
to form a loop and elongate a helix. The large 43 aa insert in
NrdD exists as an elongation of the allosteric regulatory region,
in between two helices that form the 4-helix bundle in the NrdD
dimer (Uhlin and Eklund, 1994; Logan et al,, 1999; Larsson
et al., 2001). Since the 43 aa insert did not correspond to a
characterized domain or motif, elucidating its structure was a
challenging task. We present a model that is in agreement with
secondary structure predictions from the B. longum primary
sequence (PSIPRED/CONCORD) (Figure 4B), and an additional
model according to the prediction made in silico by the I-TASSER
server (Supplementary Figure 10B). As seen in Supplementary
Figure 10B, in the I-TASSER model, the 43 aa insert appears to
form two helices that are connected to one another by a loop,
and each are also connected to the two existing helices by loops.
The orientation of the insert is such that it folds back toward
the bulk of the protein, and the dimer interface is relatively
uninfluenced. In the case of the model generated based on the
secondary structure predictions, the CSI forms an extension of
the two helices, along with two small helices connected by loops
in between (Figure 4B). In order to be inclusive of all reasonable
possibilities, we also modeled the NrdD homolog based on the
hypothesis that, instead of small helices with breaks induced by
loops according to the PSIPRED/CONCORD model, perhaps the
loops connecting the main helices to the small helices may be
extended helices without loop-induced breaks (Supplementary
Figure 10A). This extended helix hypothesis is a corollary to
the observation that the elongated helix in class III compared to
class I has important functional significance regarding allosteric
binding, and also influences dimer packing (Larsson et al,
2001). All three models were refined and validation scores were
maximized in these CSI-containing regions.

Analyzing the Possible Functional
Significance of the Large Conserved

Insert

To determine the possible role of the large 43 aa insert in
dimer formation or complex stability, we have performed a
series of docking studies to reveal dimerization potentials of
the models compared to an additional model of bifidobacterial
NrdD that lacks the CSI. These four models (I-TASSER,
PSIPRED/CONCORD, extended helix hypothesis and
CSI-lacking) were submitted to two online servers viz. ClusPro
and PatchDock. The complexes obtained from ClusPro and
PatchDock were refined and scored using ROSIE, and an
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2 aainsertion
(R556-R557)

4 aainsertion
(P542-Q545)
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(G440-G441)

43 aa inseion i
(G279-L321) i

1 aainsertion
D469
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(P584-K587) (G538-R539)

FIGURE 4 | Surface representations of homology models of (A) the class Ib ribonucleotide reductase monomer from Bifidobacterium longum, modeled from the
1PEQ template (Uppsten et al., 20083); the cartoon representations are of the model (yellow) superimposed on the template (purple) and (B) the class Il
ribonucleotide reductase monomer (NrdD) from B. longum, modeled from the 1H7B template (Larsson et al., 2001), with secondary structure in agreement with
PSIPRED and CONCORD analyses; the cartoon representations are of the model (cyan) superimposed on the template (dark blue). The observed dimer on the right
of (B) is a result of docking analysis from ClusPro, refined by ROSIE. The conserved signature insertions identified in these proteins are highlighted in red, and the
positions of the deletions are shown in green.

additional dimerization measurement was performed by server did not yield any dimer complex for the modeled
superimposing the models with the available experimentally proteins containing extended helix that was plausible with the
solved structure of the NrdD dimer (Larsson et al., 2001). The known biological assembly. However, the docking scores for the
docking scores of the dimer complexes from the protein-protein ~ CSI-containing protein model based on PSIPRED/CONCORD
docking studies are summarized in Table 1. The PatchDock were consistently improved (or superior) for all servers in
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comparison to the protein model lacking the CSI. Thus, the
model generated according to the PSIPRED/CONCORD
prediction is more likely to approximate the true structure of the
class ITT RNR in B. longum. For all docking servers, the I-TASSER
generated protein model did not form a plausible dimer complex
and hence its results are not shown. This may be due to the
fact that in the I-TASSER model of NrdD, the CSI was found
to protrude away from the dimeric interface (Supplementary
Figure 10B).

To examine if any of the residues from the CSI are involved
in dimer interaction, the structural coordinate file for the dimeric
form of the PSIPRED/CONCORD model was submitted to the
PDBePISA server (Krissinel and Henrick, 2007). Analysis of the
results obtained suggests that two residues from the large CSI
(viz. Gly279, Met280 for B. longum NrdD) are present at the
protein dimer interface. However, both of these residues, which
are present at the N-terminal end of this large CSI, are not
conserved in other Bifidobacteriales homologs. Thus, it is difficult
to infer with any degree of confidence the possible role of these
two residues in protein dimerization. Asides from these two
residues, the remaining CSI residues are partly or fully solvent
accessible near the interface.

DISCUSSION

The Bifidobacteriales are an important group of bacteria
that consist of both pathogenic species and health-promoting
commensal microorganisms that are frequently exploited in the
food industry as probiotics (Gibson et al., 1995; Sanders, 1998;
Leahy et al., 2005; Masco et al., 2005; Ventura et al., 2009;
Cronin et al., 2011). However, the use of these bacteria as
probiotics faces several challenges as very little is understood
about the mechanism responsible for the beneficial effects
exerted by bifidobacteria (Oberg et al,, 2011). In the present
work, we have identified several novel signatures in the
form of CSIs in the sequences of both classes I and III
RNR homologs that differentiate the RNR homologs from
Bifidobacteriales from all those found in all other organisms.
Earlier work on CSIs (including 1-2 amino acid indels) in
several important proteins (e.g., GroEL, DnaK, GyrB, PIP5K,
etc.) provides evidence that the CSIs play important functional
roles in CSI-containing organisms, and deletion or other
changes in the CSIs adversely impact cell growth or other
critical functions (Chatterji et al., 2000; Singh and Gupta, 2009;
Schoeftler et al., 2010; Clarke and Irvine, 2013; Gupta et al,
2017). In this context, the results reported here that both
classes I and III RNR homologs harbor multiple CSIs that
are uniquely present in all bifidobacteria is of much interest.
These CSIs serve to clearly differentiate the bifidobacterial
RNR homologs from those found in all other organisms,
and they could function in conjunction with each other
to impart certain novel functional characteristic(s) that is
only shared by the classes I and III RNR homologs from
bifidobacteria.

The distribution of RNR homologs in the Bifidobacteriales
reveals that while all bifidobacteria species contain a class III

anaerobic RNR homolog (NrdDG), the class Ib aerobic RNR
homologs (NrdEF) were not found (or detected) in a number
of Bifidobacterium species (viz. B. adolescentis, B. angulatum, B.
dentium, and B. gallicum, B. cuniculi, B. lemurum, B. merycicum,
B. moukalabense, B. ruminantium) as well as in members of the
genera Parascardovia and Scardovia (Lundin et al., 2009). The
bifidobacteria species lacking the class Ib RNR homologs do not
show any specific branching pattern, or belong to any specific
clade(s) of bifidobacteria, but they appear to be distributed
sporadically within the order Bifidobacteriales (Figure 3). Thus, it
is likely that the genes for both classes I and III RNR were present
in the common ancestor of all Bifidobacteriales and subsequently
some species have lost the genes for the class I RNR. Since the
different identified CSIs in the classes I and III RNR homologs are
present in all bifidobacteria, the most likely explanation for this
fact is that the genetic changes responsible for the observed CSIs
occurred in a common ancestor of the order Bifidobacteriales,
presumably at the time of divergence of this group of bacteria
from other organisms, similar to the CSIs in many other proteins
that are uniquely found in the members of this order (Zhang et al.,
2016).

The biological significance of the wide-spread presence of
an aerobic RNR (class Ib) in bifidobacterial species, which
are generally regarded as anaerobic organisms, remains to be
understood. It is known that bifidobacterial species exhibit
varying levels of aerotolerance which affects their viability
outside of their natural habitats (e.g., gastrointestinal tract,
mouth and vagina of mammals) upon exposure to an oxidative
environment (Biavati and Mattarelli, 2006; Oberg et al., 2011).
Under these conditions, RNRs are pivotal in maintaining a
pool of dNDPs/dNTPs to compensate for DNA and protein
damage by reactive oxygen species (ROS), ultimately alleviating
the detrimental effects of superoxide stress. Thus, a reasonable
assumption is that the class I aerobic RNR may play an
important role in the tolerance of bifidobacteria to oxidative
environment. Although how bifidobacteria manage oxidative
exposure remains to be understood, in few studies that have
explored the gene expression of both NrdEFHI and NrdDG
systems in Bifidobacterium species, including data available from
the Gene Expression Omnibus', reveal that, under oxidative
stress, the expression of both gene systems was rapidly induced
by the altered environment; first, the class Ib system was
upregulated, followed by the class III system and other proteins,
including proteolytic enzymes (Larsson et al., 2001; Edgar et al.,
2002; Xiao et al.,, 2011; Zuo and Chen, 2016). However, further
work is necessary to understand the biological and physiological
roles of the class I RNR in bifidobacteria under normal conditions
and during oxidative stress.

Earlier work on CSIs in protein structures provides evidence
that most of the studied CSIs are located in the surface loops
of proteins (Geszvain et al., 2004; Akiva et al, 2008; Singh
and Gupta, 2009; Gupta et al., 2017; Khadka and Gupta, 2017).
The results of our modeling of the identified CSIs in the NrdE
and NrdD protein structures also show that all of described
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CSIs in the classes I and III RNR protein subunits are present on
the surface loops of these proteins (Figure 4). Based on extensive
earlier work, the surface loops in protein structures often serve as
platforms for facilitating novel protein-protein or protein-ligand
interactions that are specific for the CSI-containing organisms,
without affecting the core functions of the target proteins
(Geszvain et al., 2004; Akiva et al., 2008; Singh and Gupta, 2009;
Schoeftler et al., 2010; Gupta et al., 2017; Khadka and Gupta,
2017). In a number of cases, the surface loops formed by the CSIs
have also been shown to play important role in determining the
oligomeric state of the proteins (Itzhaki et al., 2006; Akiva et al.,
2008; Hashimoto and Panchenko, 2010). Based on these studies,
it is expected that the identified CSIs in the RNR homologs of
bifidobacteria will also play novel and functionally important
roles that are specific for bifidobacteria. There is no information
available at present regarding the biochemical properties of the
RNR homologs from bifidobacteria or whether they exhibit any
novel functional characteristics. However, the identified CSIs
provide highly specific tools for the genetic and biochemical
exploration of novel functional characteristics of the RNRs from
bifidobacteria.

Of the five different CSIs identified within the NrdD
homologs, one of these CSIs is a large 43 aa insert, located
proximal to the allosteric regulatory site in the protein monomer
(Figure 4B and Supplementary Figure 9B) (Larsson et al., 2001).
This regulatory site consists of a 4-helix bundle where each
monomer contributes two helices. These helices are significantly
longer in class IIT RNRs compared to those of class I (~21 aa),
resulting in an altered dimer packing, mode of effector binding
and consequential conformational changes to the active site
(Larsson et al., 2001). Due to the presence of the 43 aa CSI
in the class III bifidobacterial RNRs in this region, this helical
region is further elongated in bifidobacteria, which is suggestive
of a feature uniquely shared by these bacteria. In the absence
of any information regarding the structure of the NrdD protein
from bifidobacteria, or the conformation of this large CSI in
the protein structure, it is difficult to predict the precise role
that this CSI may play in the RNR structure and/or function.
However, the results of our preliminary in silico protein-protein
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Adrian Pérez-Ramos’, Maria L. Werning?2, Alicia Prieto’, Pasquale Russo?,
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3 Department of Agricultural, Food and Environmental Sciences, University of Foggia, Foggia, Italy

Pediococcus parvulus 2.6 secretes a 2-substituted (1,3)-p-D-glucan with prebiotic and
immunomodulatory properties. It is synthesized by the GTF glycosyltransferase using
UDP-glucose as substrate. Analysis of the P parvulus 2.6 draft genome revealed the
existence of a sorbitol utilization cluster of six genes (qutFRMCBA), whose products
should be involved in sorbitol utilization and could generate substrates for UDP-glucose
synthesis. Southern blot hybridization analysis showed that the cluster is located in a
plasmid. Analysis of metabolic fluxes and production of the exopolysaccharide revealed
that: () P parvulus 2.6 is able to metabolize sorbitol, (i) sorbitol utilization is repressed
in the presence of glucose and (jii) sorbitol supports the synthesis of 2-substituted (1,3)-
B-D-glucan. The sorbitol cluster encodes two putative regulators, GutR and GutM, in
addition to a phosphoenolpyruvate-dependent phosphotransferase transport system
and sorbitol-6-phosphate dehydrogenase. Therefore, we investigated the involvement
of GutR and GutM in the expression of gutFRMCBA. The promoter-probe vector pRCR
based on the mrfp gene, which encodes the fluorescence protein mCherry, was used to
test the potential promoter of the cluster (Pgy) and the genes encoding the regulators.
This was performed by transferring by electrotransformation the recombinant plasmids
into two hosts, which metabolize sorbitol: Lactobacillus plantarum and Lactobacillus
caseil. Upon growth in the presence of sorbitol, but not of glucose, only the presence of
Pgut was required to support expression of mrfp in L. plantarum. In L. casei the presence
of sorbitol in the growth medium and the pediococcal gutR or gutR plus gutM in the
genome was required for Pg,; functionality. This demonstrates that: (i) Pgy is required for
expression of the gut cluster, (i) Pyt is subjected to catabolic repression in lactobacilli,
(i) GutR is an activator, and (iv) in the presence of sorbitol, trans-complementation for
activation of Pg,; exists in L. plantarum but not in L. casei.

Keywords: Pediococcus parvulus, exopolysaccharides, g-glucans, sorbitol, lactic acid bacteria, probiotic
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INTRODUCTION

Sorbitol, also named D-glucitol, is a six-carbon sugar polyol
widespread in plants, particularly in fruits, such as berries,
cherries, plums, pears and apples. However, sorbitol is
obtained industrially, by catalytic hydrogenation of glucose
or glucose/fructose mixtures. This polyol has a relative sweetness
of about 60% compared to that of sucrose, high-water solubility
and is largely used as a low calorie sweetener, humectant,
texturizer and softener (Zumbé et al., 2001). In addition, sorbitol
is used in the production of pharmaceutical compounds, such as
sorbose and ascorbic acid, and as a vehicle for drug-suspension
(Silveira and Jonas, 2002). Sorbitol has also a potential prebiotic
effect in vivo, since it does not contribute to the formation of
dental caries, is slowly and only partially absorbed in the small
intestine and can reach the colon where it can act as substrate
for bacterial fermentation. Supplementation with sorbitol
resulted in enrichment of lactobacilli in rat colon and cecum
(Sarmiento-Rubiano et al., 2007).

Sorbitol absorption is mediated by dose and concentration.
Doses greater than 30 g can cause water retention, resulting in
osmotic diarrhea, bloating, flatulence, cramping and abdominal
pain (Fernandez-Banares et al, 2009). These doses vary
depending on the condition of the intestinal absorption surface.
In patients with malabsorption, the ingestion of 5-20 g, provoked
diarrhea and gastrointestinal complications (Montalto et al.,
2013). In the colon, this sugar alcohol is metabolized by some
species of Lactobacillus and is also a preferred carbon source for
human intestinal bifidobacteria (Sarmiento-Rubiano et al., 2007).

Furthermore, utilization of sorbitol as a carbon source
has been described in a variety of bacteria within the fila
proteobacteria (Yamada and Saier, 1988; Aldridge et al., 1997)
and firmicutes (Tangney et al., 1998; Boyd et al., 2000; Yebra
and Pérez-Martinez, 2002). Among the firmicutes, there are some
lactic acid bacteria (LAB) with catabolic pathways for sorbitol
metabolism (Rhodes and Kator, 1999; Sarmiento-Rubiano et al.,
2007). These pathways are encoded by genes organized in gut
operons, and include the sorbitol transport system, sorbitol-6-
phosphate dehydrogenase (S6PD) as well as regulatory protein(s),
and those of Lactobacillus casei and Lactobacillus plantarum
have been characterized (Nissen et al., 2005; Ladero et al., 2007;
Alcantara et al., 2008).

Sorbitol is transported into the cells and phosphorylated
to sorbitol-6-phosphate by a phosphopyruvate-dependent
phosphotransferase (PTS) sorbitol system (PTS$%!). Each PTS
is composed of two cytoplasmic enzymes, common to the
transport of different compounds (EI and HPr) and of different
membrane-associated enzyme complexes (EII), specific for one,
or several substrates. The genes gutC, gutB and gutA encode the
EIl domain of a sorbitol PTS (Alcantara et al., 2008). The gutF
gene encodes a sorbitol-6-P dehydrogenase, which catalyzes the
conversion of sorbitol-6-phosphate to fructose-6-phosphate, a
compound that is introduced into the glycolytic pathway with
NADH regeneration (Nissen et al., 2005). The gutR and gutM
genes encode two regulatory proteins. The role of the GutM and
GutR proteins has been studied in Escherichia coli, operating
GutM as an activator and GutR as a repressor (Yamada and

Saier, 1988). In the firmicutes group, the analyzed gut operons
contain homologs to the gutM and gutR genes, but the role
of GutR regulator is different from that of E. coli. The GutR
of L. casei has been functionally characterized and it has been
shown to be a PTS-controlled transcriptional activator, via a PTS
regulation binding domain (PRD) (Stiilke et al., 1998). Also, both
the GutR binding sequence and the PRD domain are conserved
in firmicutes. GutM encodes a highly conserved protein in
firmicutes and in L. casei plays a regulatory role (Alcantara et al.,
2008).

Pediococcus parvulus 2.6 (Werning et al., 2006) (previously
named Pediococcus damnosus) is a lactic acid bacteria isolated
from a ropy cider (Fernandez et al, 1995). This LAB
produces a 2-substituted (1,3)-B-D-glucan exopolysaccharide
(EPS) (Duenas-Chasco et al., 1997), with high molecular mass
(>10° Da), and whose rheological properties showed its potential
utility as a biothickening agent (Velasco et al, 2009). The
presence of this EPS improves some probiotic features of
P. parvulus 2.6, including tolerance to simulated gastrointestinal
conditions and adherence to Caco-2 cell lines and reduces
inflammation-related cytokine levels produced by polarized
macrophages (Ferndndez de Palencia et al., 2009; Immerstrand
et al., 2010). Moreover, the purified EPS improves the growth,
viability and adhesion capability of probiotic microorganisms
(Russo et al., 2012), also it activates macrophages with anti-
inflammatory effects (Notararigo et al., 2014), and decreases the
levels of the proinflammatory IL8 in human intestine cultures
(Notararigo et al., unpublished data). The draft genome of
P. parvulus 2.6 has been determined (Pérez-Ramos et al., 2016),
and its analysis showed the existence of a putative sorbitol
utilization gut operon in this bacterium. Thus, this current
work focuses on the genomic location, expression and metabolic
involvement of the gut operon of P. parvulus 2.6 in sorbitol
catabolism, as well as its interplay with EPS production by this
bacterium.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
The bacteria used in this work are listed in Table 1. Pediococcus
and Lactobacillus strains were routinely grown in de Man
Rogosa Sharpe (MRS) broth (Pronadisa, Madrid, Spain) at
30°C and 37°C, respectively. Lactococcus lactis strains were
grown in ESTY broth (Pronadisa) supplemented with 0.5%
glucose at 30°C. When bacteria carried the pRCR plasmid or its
derivatives the medium was supplemented with chloramphenicol
(Cm) at 5 g mL~! for L. lactis and at 10 ug mL~! for lactobacilli.
E. coli V517 was grown in LB broth and incubated at 37°C.

For evaluation of sorbitol utilization, P. parvulus strains were
grown in a MRS broth made by components (de Man et al,
1960) without glucose, pH was adjusted to 5.2 and the medium
supplemented with 10 mM glucose (MRSG), 30 mM sorbitol
(MRSS) or 10 mM glucose plus 30 mM sorbitol (MRSGS) at 30°C.
Prior selection of conditions for growth in presence of sorbitol
several tests were performed. First various carbon sources were
tested (10 mM glucose, 10 mM fructose or 10 mM maltose) and
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TABLE 1 | Bacteria used in this work.

Bacteria Plasmid Resistance  Characteristics Reference
Pediococcus parvulus 2.6 pPP1, pPP2, and - 2-substituted (1,3)-p-D-glucan producer Pérez-Ramos et al., 2016
pPP3
P, parvulus 2.6NR pPP1 and pPP3 - Non-EPS-producing strain. Derivative of 2.6 Fernandez et al., 1995
strain by pPP2 plasmid curing
Lactococcus lactis subsp. cremoris MG1363 - - Plasmid free type strain used for plasmid cloning Wegmann et al., 2007
L. lactis subsp. cremoris MG1363[pRCR] pRCR cmR Source of promoter probe pRCR containing the Mohedano et al., 2015
mrfp gene, which encodes the fluorescent
mCherry protein
Escherichia coli V517 8 plasmids ND Source of plasmids used as references in agarose ~ Macrina et al., 1978
pVA517A through gel analysis
pVAS17H
Lactobacillus casei BL23 - - Bacteria used for heterologous gene expression Mazé et al., 2010
L. casei BL23[pRCR16] [PRCR16] cmR Derivative of pRCR by cloning of Pyt upstream of ~ This study
mrfp
L. casei BL23[pRCR17] [PRCR17] cmR Derivative of pRCR16 by cloning of gutR This study
upstream of mrfp
L. casei BL23[pRCR18] [PRCR18] cmR Derivative of pPRCR16 by cloning of gutM This study
upstream of mrip
L. casei BL23[pRCR19] [PRCR19] cmR Derivative of pPRCR16 by cloning of gutMR This study
upstream of mrfp
Lactobacillus plantarum 90 1 uncharacterized ND Bacteria used for heterologous gene expression Lamontanara et al., 2015
plasmid
L. plantarum 90[pRCR16] [PRCR16] cmR Derivative of pRCR by cloning of Py, upstream of ~ This study
mrfp
L. plantarum 90[pRCR17] [PRCR17] cmR Derivative of pPRCR16 by cloning of gutR This study
upstream of mrfp
L. plantarum 90[pRCR18] [PRCR18] cmR Derivative of pPRCR16 by cloning of gutM This study
upstream of mrfp
L. plantarum 90[pRCR19] [PRCR19] cmR Derivative of pRCR16 by cloning of gutMR This study

upstream of mrfp

ND, no determined; CmF, resistance to chloramphenicol.

pH at 6.8, 5.2 or 4.0 and then influence of aeration was evaluated
in presence of 10 mM glucose at either pH 6.8 and 5.2 (results not
show).

For evaluation of mCherry expression, Lactobacillus strains
were grown in a MRSG containing 55 mM (1% w/v) glucose or
in a MRSS containing 55 mM (1% w/v) sorbitol at 37°C.

Plasmidic DNA Preparations

Total plasmidic DNA preparations of P. parvulus 2.6 and
2.6NR strains were prepared as follows. Bacterial cultures were
grown to an optical density at 600 nm (ODggo nm) of 2.5, and
100 mL of each culture were sedimented by centrifugation at
10,000 x g for 20 min at 4°C. The cells were resuspended
in 4 mL of a solution containing 50 mM Tris/HCl pH 8.0,
10 mM EDTA, lysozyme (30 mg mL~!) and RNasa A (10 pug
mL™!), and incubated for 30 min at 37°C. Then, 4 mL of a
solution containing 220 mM NaOH and 1.33% sodium dodecyl
sulfate) were added and samples were incubated for 5 min at
room temperature. Upon addition of 5 M potassium acetate
pH 5.0 (4 mL), samples were centrifugated at 10,000 x g for
15 min at 21°C. The DNA present in the supernatants was
precipitated, concentrated by addition of 8.7 mL of isopropanol,
sedimented by centrifugation at 10,000 x g for 15 min at 4°C,
and resuspended in 10 mM Tris, 1 mM EDTA buffer (4.3 mL).

The DNA preparation was deproteinated by treatment with 7.5 M
ammonium acetate (2.7 mL) and phenol (4.3 mL) during 5 min at
room temperature and then sedimented at 10,000 x g for 5 min
at 21°C. The aqueous phase containing total plasmidic DNA was
further purified by isopycnic CsCl density gradient centrifugation
and dialysis as previously described (Lopez et al.,, 1989). The
final recovery was 54 pug and 58 pg for 2.6 and 2.6NR DNA
preparations, respectively.

The recombinant plasmids from the lactococcal and
lactobacilli strains were isolated using the High pure plasmid
isolation kit (Roche) as follows. Bacteria were grown until
stationary phase (10° colony forming units mL~!) and 1 mL of
each culture were sedimented by centrifugation at 10,000 x g for
10 min at 4°C. Cells were resuspended in solution I of the kit
supplemented with lysozyme (30 mg mL~!) and were incubated
for 30 min at 37°C. Then, plasmid isolation were performed
as described in the kit protocol, eluting the plasmidic DNA in
100 1L at approximately 100 ng wL~1.

Sequencing

DNA sequencing was performed by the dideoxy method
at Secugen (Madrid, Spain). The sequencing of the sorbitol
utilization cluster and the flanking regions of pPP1 of P. parvulus
2.6 was performed using total plasmidic DNA preparations
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of the bacterium (see above) with the walking strategy and
the sequence has been deposited in GenBank (accession No
MF766019). The lack of sorbitol cluster in the 2.6NR strain
was confirmed by sequencing of its pPP1 plasmid by using as
substrates a total plasmidic preparation of 2.6NR strain and
either pPP1*F or pPP1*R primers (see Table 2) In addition,
in the case of sequencing with pPPI*E it was also used as
substrate the product of a polymerization reaction catalyzed
by the bacteriophage ®29 DNA polymerase with plasmidic
DNA of P. parvulus 2.6NR and hexamers containing random
sequences.

Construction of pPRCR16, pPRCR17,
pRCR18, and pRCR19

A region located upstream of the P. parvulus 2.6 gut operon
carrying the putative Py, promoter and the gutR and gutM
genes was cloned into the promoter probe pRCR vector.
To this end, three DNA regions of pPP1 plasmid were
amplified with Phusion High Fidelity Polymerase (PHFP,
ThermoFisher Scientific) by using a plasmidic DNA preparation
of P. parvulus 2.6 and the primers depicted in Table 2,
which have homology with pPP1 DNA and carry restriction
sites suitable for cloning. Plasmid pRCR16 (Figure 1) was
generated by ligation of the Py, promoter to the pRCR
promoter probe vector (Mohedano et al.,, 2015), after double
digestion of both DNAs with BglII and Xmal (New England
Biolabs, Ipswich, MA, United States), with the T4 DNA ligase
(New England Biolabs). Then, between the Xmal and Xbal
restriction sites of pRCR16 three amplicons were independently
cloned, containing gutR, gutM or gutRM, generating plasmids
pRCR17, pRCR18 and pRCR19, respectively. The clonings were
performed in L. lactis MG1363, the ligations mixtures were
used to transform the bacteria by electroporation (25 pF

2.5 kV and 200 Q in 0.2 cm cuvettes), as previously described
(Dornan and Collins, 1987) and transformants were selected
in ESTY-agar plates supplemented with Cm at 5 pg mL~L.
The inserts present in the new four recombinant plasmids were
confirmed by automated sequencing. Then, DNA preparations
of pRCR17, pRCR18 and pRCRI19 obtained from L. lactis
MG1363 (0.5 pg) were used for transfer to lactobacilli by
electroporation (25 pF 1.3 kV and 200 Q in 0.1 cm cuvettes)
as previously described (Berthier et al., 1996) and transformants
were selected in MRSG-agar plates supplemented with Cm at
10 pg mL~ L.

Southern Hybridization

Plasmid samples were fractionated by electrophoresis in a 0.7%
agarose gel and DNA molecules were revealed by staining
with ethidium bromide at 0.5 pg mL~!. The image of
the gels was obtained with GelDoc 200 (BioRad) and the
bands were quantitated with the Quantity One 4.5.2 software
(BioRad). The DNA fragments were transferred to a nylon
membrane Biodyne A (PALL Gelman Laboratory, AnnArbor,
MI, United States) by 5 inches Hg of vacuum for 2 h
using the Vacuum Blotter model 785 (Bio-Rad). Internal
regions of gutF, gutR and gutB genes were amplified by PCR
generating amplicons 1, 2, and 3, respectively, in reactions
catalyzed by PHFP, and by using as substrate total plasmidic
DNA preparation of P. parvulus 2.6 and the primer pairs
shown in Table 2. Then, the amplicons were labeled with
digoxigenin-dUTP by using the DIG high prime DNA labeling
and detection starter kit II (Roche, Mannheim, Germany).
Each DIG-labeled DNA probe (25 ng mL™!) was used for
hybridization at 45°C following the specifications of the kit’s
supplier. The hybridization bands were revealed with the
chemiluminescent substrate CSPD, and the signals were detected

TABLE 2 | Oligonucleotides used in this work.

Primers Sequence (5'- 3) Utilization Amplicon size (bp)
pts1F TGCGGAAGCGGTTAATCGGCT gutF DNA probe? 618
pts1R CCACGACTCTTGCCTCCCGCA

ptsRF CGAACTGGAAGCAACCTGGGA gutR DNA probe? 652
ptsRR CCGATGAATAATTGGCGCTGC

ptsBF GGAATGGAAGCTGTTGATGGC gutB DNA probe? 643
ptsBR CAACGCCAATCAAGGTCCCGA

pgutBgllIF GAAGATCTACCATATGGCGATAATGAAAA Cloning of Pgyt in pPRCR? 186
pgutXmalR TCGCTCCCGGGTCATTTCTTTTC

gutRXmalF CGTGGTTAACCCGGGAATTTTAGTTG Cloning of gutR in pRCR162 1952
gutRXbalR GCTCTAGAAACGCACTGACTAGGATCA

gutMXmalF TCCCCCCGGGTTAAATCAGTTGATGGA Cloning of gutM in pRCR162 597
gutMXbalR GCTCTAGAACAGCCCATAAAGCCC

gutRXmalF CGTGGTTAACCCGGGAATTTTAGTTG Cloning of gutRM in pRCR162 2472
gutMXbalR GCTCTAGAACAGCCCATAAAGCCC

pPP1*F CATAGTTCACTGGGCTACCA Sequencing of pPP1*P -
pPP1*R TAGCGGTGCCTCCCTTTAAT -

apiasmidic DNA preparations of P. parvulus 2.6 was used as substrate for the PCR reactions. ®Plasmidic DNA preparations of P parvulus 2.6NR was used as substrate

for the DNA sequencing.
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mCherry, a chloramphenicol acetyltransferase, GutR and GutM, respectively.

FIGURE 1 | Scheme of construction of plasmids pRCR16, pRCR17, pRCR18, and pRCR19. Maps of these plasmids and of the parental pRCR are depicted. The
pertinent restriction sites are shown, as well as the putative promoter of the gut operon (Pgyt) and the following genes: mrfp, cat, gutR and gutM encoding the

pSH71
replicon

Xbal

pSH71
replicon

pSH71
replicon

with the LAS-3000 imaging system (Fujifilm, Stamford, CT,
United States).

Analysis of the Metabolic Fluxes of

P. parvulus and Its EPS Production

P. parvulus 2.6 and 2.6NR strains were grown in either MRSG
or MRSGS under aerobic conditions (shaking at 180 rpm),
at 30°C during 66 h, and samples were taken at the times
indicated in Figure 2 to monitor growth by determination of
optical density at 600 nm and of acidification of the media by
measuring pH. Also, samples were centrifuged at 16,000 x g for
30 min at 4°C, and the levels of glucose, sorbitol, lactic acid and
EPS in the supernatants were analyzed. The experiments were
performed in triplicate for each strain and in each condition of
growth.

Analysis of Culture Supernatants by Gas
Chromatography-Mass Spectrometry (GC-MS)

The concentration of glucose, sorbitol and lactic acid was
determined by GC-MS using myo-inositol as internal standard.
For this analysis, myo-inositol (100 jg) was first added to aliquots
of the bacterial culture supernatants. The mixture was lyophilized
and derivatized with 2.5% hydroxylamine chloride in pyridine
for 30 min at 70°C, to form the sugar oximes. Afterward,
bis-trimethylsilyl trifluoroacetamide (BSTFA) was added and

samples were incubated for 45 min at 80°C, to form the
trimethylsilylated derivatives. Identification and quantification of
the compounds were performed by GC-MS on a 7980A-5975C
instrument (Agilent, Santa Clara, CA, United States) equipped
with a HP-5MS column (30 m x 0.25 mm LD. x 0.2 pm
film thickness) with helium as the carrier gas. Injector and
detector were set at 275°C. Samples (1 pL) were injected
with a split ratio of 1:50 with a temperature program: 80°C
for 4 min, then 15°C min~! to 270°C and finally 30°C
min~! to 310°C (2 min). The peaks in the chromatograms
corresponding to sugars and lactic acid were identified by
their retention times. Quantifications were calculated using
the peak areas and the calibration standard curve for each
compound.

Quantification of the 2-Substituted (1,3)--D-Glucan
Produced by P. parvulus

A competition (ELISA) method for the specific detection
of the EPS synthesized by P. parvulus 2.6, based on
Streptococcus pneumoniae serotype 37 antibodies, was performed
as previously described (Werning et al., 2014). Briefly, the ELISA
assay was carried out in 96-Well Nunc-Immuno MicroWell
MaxiSorp plates (Thermo Fisher Scientific), and the EPS of
P. parvulus 2.6, purified as previously described (Notararigo
et al.,, 2013), was immobilized in each well (62.5 ng per well).
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FIGURE 2 | Analysis of metabolism of P parvulus 2.6 (A,B) and 2.6NR (C)
strains. Bacteria were grown in the indicated media. Symbols: ODggg nm (A),
glucose (@), sorbitol (A), lactic acid (O) and pH (H). The experiments were
performed in triplicate and the mean value and standard deviation is depicted.

Culture supernatants [diluted with phosphate-buffered saline
(PBS) pH 7.2 when necessary] were used as competitor for
binding to the primary antibody (dilution 1:800 of anti-
serotype 37, Statens Serum Institut, Copenhagen, Denmark).
Then, primary antibody was conjugated with a secondary
antibody, polyclonal Anti-Rabbit IgG alkaline phosphatase
(Sigma-Aldrich, Saint Louis, MO, United States) diluted
1:25,000, and finally was revealed with p-nitrophenylphosphate
in diethanolamine buffer (Sigma-Aldrich). Reaction signals

were detected with a microtiter plate reader model 680
(Bio-Rad, Hercules, CA, United States), measuring the OD
at 415 nm. Quantification was performed using a standard
curve generated by the competition for the primary antibody
of serial dilutions of the purified P. parvulus 2.6 EPS dissolved
in PBS.

Detection of mCherry Fluorescence in
LAB Carrying pPRCR16, pPRCR17,
pRCR18, or pPRCR19

To detect the expression levels of the mCherry fluorescent
protein, L. plantarum Lp90 strains carrying the pRCR derivatives
were diluted 1:100 and grown in MRS supplemented with
1% glucose in static mode at 37°C, until mid-exponential
phase. Then the cultures were centrifuged at 9,000 x g for
10 min at room temperature, and the cells were washed with
one volume of PBS pH 7.2 prewarmed at 37°C. Then, the
bacteria were resuspended in the same volume of MRS broth
supplemented with 1% sorbitol or 1% glucose prewarmed
at 37°C. Cultures were incubated at 37°C with agitation of
180 rpm, and samples were taken each hour. Two hundred
microliter of all chilled samples were centrifuged at 9,000 x g
for 10 min at 4 °C and cells were washed once with
chilled PBS buffer pH 7.2. Samples were resuspended in
200 pL of PBS buffer pH 7.2 and used to measure the
fluorescence levels of mCherry protein in a 96-Well Nunc
U96 MicroWell plate (Thermo Fisher Scientific) in a Varioskan
Flash equipment (Thermo Fisher Scientific), using 587 and
610 nm wavelengths for excitation and detection of emission,
respectively. In addition, appropriate dilutions were prepared
to estimate culture biomass by measuring the ODgoonm-
Three independent trials were performed and the same fresh
suspensions, without fixing, were used for phase contrast and
fluorescent microscopy analysis with a Leica DM1000 model
microscope (Leica Microsystems, Mannheim, Germany) with a
light source EL6000 and a filter system TX2 ET for detection of
red fluorescence. The microscope was connected to a DFC3000G
camera (Leica Microsystems) with a CCD sensor. Image analysis
was performed using Leica Application Suite X Software (Leica
Microsystems).

To detect the expression of the mCherry fluorescent protein,
L. casei BL23 strains carrying the pRCR derivatives were
grown and processed in the same manner as the L. plantarum
cultures, except that preinoculum cultures were diluted in
MRS supplemented with 1% glucose or 1% sorbitol to an
ODg0o nm = 0.1 and then were incubated at 37°C with agitation
of 180 rpm for 16 h, until they reached early stationary phase.
Then, 1 mL of each culture was centrifuged and washed with
PBS as above. Samples were concentrated five-fold and used to
measure the fluorescence levels and to take fluorescence images
as described above.

Bioinformatic Analysis

The DNA sequence of plasmid pPP1 was analyzed with the
programs included in the DNASTAR Lasergene 12 (DNAstar
Inc. Madison, WI, United States). Homologies of pPP1 DNA
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FIGURE 3 | Analysis of EPS production by P parvulus 2.6 in MRSGS (@), (A)
and (H) and in MRSG (0), (A) and (CJ). (A) Concentration of EPS present in
cultures supernatants is depicted. The results were expressed in mg of EPS
per L or in mmol of glucose per L. (B) The ODggp nm Of the cultures is
depicted. (C) Specific EPS concentration is shown and it was calculated as
the ratio EPS concentration/ODgog nm. The experiments were performed in
triplicate and the mean value and standard deviation is depicted

sequences and of its inferred translated products with the NCBI
data bases of the National Center for Biotechnology Information
(NCBI) were analyzed with the Basic Local Alignment Search

Tool (BLAST)'. Multiple sequence alignment of genes and
proteins were performed with Clustalx 2.1° programs.

Transmembrane helices in GutM were predicted using
TMHMM 2.0° (TMpred*) programs. Prediction of secondary
structures in the gut mRNA was accomplished with the mfold 2.3
program®.

RESULTS

Analysis of P. parvulus Sorbitol

Metabolism

Sorbitol could be a substrate for the synthesis of P. parvulus
2.6 EPS and analysis of the DNA sequence of the draft genome
of this bacterium (Pérez-Ramos et al., 2016) with the BLAST
program revealed a putative gut operon, that could be involved
in transport and catabolism of this compound. Therefore, growth
of P. parvulus 2.6 and its isogenic EPS-non-producing (non-
ropy) 2.6NR strain in MRS (without glucose) and MRSS (medium
containing sorbitol) was tested. The 2.6NR strain showed the
same poor growth in both media (Supplementary Figure S1).
However, the presence of sorbitol in the medium significantly
improved the growth of the 2.6 strain (Supplementary Figure S1),
reaching a final ODggopnm of 3.0 in MRSS versus 0.45 in
MRS, indicating that this bacterium was able to utilize sorbitol.
Nevertheless, the growth of P. parvulus 2.6 in MRSS was very
slow and took more than 12 days to reach the final optical density
(Supplementary Figure S1). Therefore, in order to improve the
growth rate of 2.6 strain, the influence of modifying various
parameters in bacterial growth in MRSS was investigated. The
best inferred conditions were the usage of a MRSGS containing
as carbon sources 10 mM glucose plus 30 mM sorbitol, pH = 5.2,
and growth with aeration at 30°C. Thus, these conditions
were used to investigate a potential interplay between sorbitol
utilization and EPS production by P. parvulus 2.6.

A comparative study of the metabolic fluxes of P. parvulus
strains by analysis of culture supernatants during growth in
MRSG or MRSGS corroborated that 2.6, but not 2.6NR, was
able to ferment sorbitol (Figure 2). Co-metabolism of sorbitol
and glucose by the 2.6 strain resulted in an increase of
2.5-fold in the final biomass estimated by the ODggo nm of the
cultures. Values of 4.48 £ 0.18 in MRGS (Figure 2A) compared
to 1.77 £ 0.06 reached in MRSG (Figure 2B), the latter being
similar to 1.36 & 0.05 observed for the 2.6NR strain in MRGS
(Figure 2C). In addition, a prolonged exponential growth phase
of the 2.6 strain was observed in the MRSGS medium (50 h
versus 20 h, Figures 2A,B). In the 2.6NR culture supernatants,
the initial sorbitol levels (30 mM) remained constant during the
entire time period of the assays, revealing that this bacterium was
unable to transport sorbitol to the cytosol (Figure 2C). Moreover,
the analysis of the carbon source consumption by the 2.6 strain

Uhttps://blast.ncbi.nlm.nih.gov/Blast.cgi
Zhttp://www.ebi.ac.uk/Tools/msa/clustalw2/
*http://www.cbs.dtu.dk/services/ TMHMM-2.0/

4http:/ /embnet.vital-it.ch/software/TMPRED_form.html
*http://unafold.rna.albany.edu/?q=mfold/RNA-Folding- Form
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FIGURE 4 | Detection of plasmids of P. parvulus 2.6 and 2.6NR strains.
Plasmids preparations of P. parvulus strains and of E. coli V517 were analyzed
in a 0.7% agarose gel. (A) The image of the gel. The three samples were run
in the same gel. In (B) the calibration curve for plasmid size determination is
depicted. Symbols: plasmids from E. coli V517 (), plasmids from P, parvulus
strains (H).

showed that glucose started to be transported to the cytosol after
2 h of growth, and upon 26 h of incubation the monosaccharide
was undetectable in the culture supernatants (Figures 2A,B).
Furthermore, only after 20 h of incubation did the 2.6 strain
start to internalize the sorbitol and presumably to metabolize it,
because the bacterium did not enter into the stationary phase
until the sorbitol was consumed (Figure 2A). The metabolic
activity of the two strains was monitored by detecting the lactic
acid production, since it is the main metabolic end-product
because pediococci are homofermentative bacteria. The results
showed that the 2.6 strain grown in MRSG (Figure 2B) and the

2.6NR strain grown in MRSGS (Figure 2C) released to the culture
media similar amounts of lactic acid, the maximum levels being
18.45 + 0.45 mM and 20.19 £ 0.42 mM, respectively. By contrast,
the 2.6 strain grown in the presence of both carbon sources
showed a higher lactic acid production, up to 76.03 & 0.43 mM
(Figure 2A). Correlating with these results, the final pH of the
2.6 cultures in MRSG and of the 2.6NR cultures in MRSGS was
similar (4.81 & 0.02 versus 4.78 £ 0.02), and higher than that of
the 2.6 cultures in MRSGS (4.23 £ 0.02).

Furthermore, the EPS production by P. parvulus 2.6 in the
presence or absence of sorbitol was investigated. Significant EPS
levels were detected after 14 h of growth in MRSG and MRSGS
media. Therefore, the data depicted in Figure 3 correspond to
those obtained within the 14-62 h incubation period. The results
revealed that the bacterium produced EPS during the growth
in MRSGS and synthesized higher levels of the polymer in this
medium than in MRSG (Figure 3A). Thus, after 62 h of growth
in MRSG, the 2.6 strain produced 78.6 & 3.7 mg L~! of EPS,
while in MRSGS synthesized 180.5 & 11.8 mg L™!. Additionally,
in order to evaluate the specific efficiency of the EPS production
depending on the carbon source used, the ratio between EPS
concentration and the biomass estimated from the ODgyg nm
(Figure 3B) was calculated (Figure 3C). The results showed
that irrespectively of the carbon source, the bacteria had almost
identical efficiency of EPS production, which increased during
the exponential and stationary phases of growth (Figure 3C).

Determination of Genomic Location of
the gut Operon

P. parvulus 2.6 probably carries three natural plasmids, which
were previously named pPP1, pPP2 and pPP3 (Werning et al,,
2006), and we have identified only three plasmid replication
machineries in the P. parvulus draft genome (Pérez-Ramos et al.,
2016). In addition, the P. parvulus 2.6 EPS is synthesized by
the GTF glycosyltransferase encoded by the gtf gene, which is
located in the pPP2 plasmid (Werning et al., 2006). Thus, the
2.6NR strain was generated from 2.6 by pPP2 plasmid curing after
treatment with the DNA intercalating agent ethidium bromide
and the gyrase inhibitor novobiocin (Ferndndez et al., 1995).
Consequently, given that 2.6NR does not utilize sorbitol, it
was feasible that the gut operon was encoded by pPP2 and
this hypothesis was investigated. First, total plasmidic DNA
preparations of the two Pediococcus strains were purified by
fractionation in a CsCl gradient to eliminate non-supercoiled
(open circles and linear) forms of the plasmids. Then, the purified
plasmidic DNA preparations were analyzed in an agarose gel
(Figure 4). Four and three bands were detected, respectively,
in preparations of the 2.6 and 2.6NR strains. The sizes of the
bands were inferred from their migration using a calibration
curve (Figure 4B) generated with the plasmids of the E. coli V517
strain and are shown in Figure 4A. Two of the bands apparently
were shared by 2.6 and 2.6NR, and were initially ascribed to
the monomeric forms of pPP1 (39.1 kpb in 2.6 and 40.0 kpb in
2.6NR) and pPP3 (12.7 kpb). As expected, pPP2 (24.5 kpb) was
not detected in 2.6NR DNA preparations. Moreover, we could
not ascribe to any plasmid the band with less mobility and a
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FIGURE 5 | Detection of the R, parvulus 2.6 gut operon by Southern blot hybridization. Plasmids preparations of the P. parvulus strains were fractionated by
electrophoresis in agarose gel, transferred to membranes and hybridized for detection of gutF, gutR and gutB with the probes 1, 2, and 3, respectively. (A) Physical
map of the gut operon, including the putative promoter of the gut operon (Pgyt), the operon genes (gutf, gutR, gutM gutC, gutB and gutA), a secondary structure
including the 3’-end of gutR and the 5’-end of gutM (coordinates 3483-3512 in GenBank accession No MF766019) as well as a transcriptional terminator
(coordinates 6103-6027 in GenBank accession No MF766019) downstream of gutA. In addition, location of probes 1, 2, and 3 is indicated. (B) Images of the
corresponding gels and hybridized membranes. The double headed arrows indicate the position of the hybridized bands in the corresponding gel.

theoretical molecular weight of 56.8 kbp that was present in DNA
preparations of both strains. Quantification of the bands from
agarose gels (Figures 5, 6) revealed different proportions of the
plasmidic forms in 2.6 (0.3:5.9:2.5:1.0) and 2.6NR (0.8:1.0:0.0:1.0)
samples.

The gut operon of P. parvulus 2.6 (Figures 5A, 6A) is
composed of six genes, of which gutF encodes a sorbitol-
6-phosphate dehydrogenase; gutRM encodes two putative
regulators; and gutCBA encodes the proteins EIIC, EIIBC
and EITA which are components of a phosphoenolpyruvate-
dependent sorbitol phosphotransferase system (PTS¢“"). Thus, to
detect the location of the gut operon, Southern blot hybridization
of total plasmidic DNA preparations was performed using as a
probe internal regions of gutF, gutR or gutB. One hybridization
signal was observed with the three probes at the position of
the 39.1 kb pPP1 plasmid in the 2.6 DNA sample (Figure 5B).
Surprisingly, this plasmid was apparently present in both
P. parvulus strains, but in the 2.6NR DNA sample no signal
was observed. Nevertheless, the results demonstrated that the
gut operon was not located in the pPP2 plasmid, but rather was
carried by the pPP1 plasmid of the 2.6 strain and not of the newly
designated pPP1* plasmid of 2.6NR strain.

Analysis of Plasmids pPP1 of P. parvulus
2.6 and pPP1* of P. parvulus 2.6NR

The results obtained by Southern blot analysis prompted us
to obtain further information of pPP1 and pPP1* plasmids.
Thus, the total plasmidic DNA preparation of the 2.6 strain

was used as a substrate to confirm the sequence of the gut
operon and to determine the unknown nucleotide sequence
of the flanking regions (undetected in the draft genome of
the bacterium) by the dideoxynucleotide method and with the
walking strategy. The sequence of a DNA segment of 11,746 bp
(Figure 6A and GenBank accession No MF766019) was obtained
and its analysis revealed the existence of nine open reading
frames (ORF), in addition to the 6 genes (gutFRMCBA) of
the gut operon (Figure 6A and Supplementary Table SI).
One open reading frame was detected upstream of the gut
operon and was designated tnp, since its product has 100%
identity with a multispecies transposase (Genbank accession
No WP_003606336.1) widely distributed in the Lactobacillaceae
family. Downstream of the gut operon were detected four
ORF named orfl, orf2, orf3 and orf4, which could encode
hypothetical proteins conserved in other LAB. In addition,
the product of the named res gene belongs to the Ser-
recombinase superfamily (cl02788) and specifically to the PinE
conserved protein domain family (COG1961), showing more
than 90% amino acid identity with proteins from oenococci,
lactobacilli and pediococci annotated as Pin-related site-specific
recombinases/DNA invertases. Also, two divergent genes named
tauE and tetR seem to encode a TauE sulfite exporter which
belongs to the TauE conserved domain family (pfam01925) and a
transcriptional regulator belonging to the TetR family (domain
architecture ID 11442015), and both proteins have more than
95% amino acid identity with their homologues in Oenoccocus
oeni and lactobacilli.
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Based on the DNA sequence of the gut operon flanking regions
in pPPI1, and on the lack of the gut operon in 2.6NR, primers
were designed and used to try to detect if there exists any
identity between pPP1 and pPP1* by DNA sequencing. Two
of these, pPP1*F and pPP1*R, located respectively upstream
and downstream of the gut operon, provided the desired
information (Figure 6A). A good chromatogram of the DNA
sequencing of pPP1* using the 2.6NR plasmidic preparation
and pPP1*F primer with 100% identity with pPP1 was obtained
until nucleotide 156 in the chromatogram (548 nt in Genbank
accession No WP_003606336.1), then at least two overlapping
sequences were observed (Supplementary Figure S2A), and
it was not possible from this point to deduce a further
correct DNA sequence. This was not the case when DNA
from the 2.6 strain was used as substrate, since a good
chromatogram of the pPP1 DNA sequencing was obtained
(Supplementary Figure S2B). However, the usage of pPP1*R
allowed not only to determine that the homology between
pPP1 and pPP1* starts again at nucleotide 10,021 (in Genbank
accession No WP_003606336.1), but also that upstream of
this position in pPP1* there exists a region including a uvrX
putative gene identical to those of other pediococci (i.e., in
pPC892-2 plasmid, Genbank accession No CP021472.1) and
Lactobacilli (ie., in pH10 plasmid, Genbank accession No

CP002430.1) plasmids, which do not carry orf2, orf3 and
orf4.

With regard to the gut operon of P. parvulus 2.6, the
identity of the region including the genes and the upstream
regulatory regions with the homologues of L. plantarum strains
was 99% (Figures 6A,B) and nucleotides from 694-to 60020
in GenBank accession No MF766019), consequently the amino
acid sequence of the Gut proteins of P. parvulus showed an
identity ranging from 95 to 100%, with those of L. plantarum 90
(Figure 6C). No significant homology at the DNA sequence level
was detected between the characterized operons of L. casei and
those of P. parvulus (Figure 6B and results not shown). However,
presumably due to convergent evolution, homology ranging from
68 to 24% amino acid identity was detected between the Gut
proteins of P. parvulus 2.6 and of L. casei BL23 (Figure 6C).

Analysis of the Gut Operon Regulation

GutR and GutM of P. parvulus could be involved in regulation
of the gut operon expression and upstream of the start codon of
P. parvulus 2.6 gutF gene, a TATAtT sequence was detected that
only deviates one nucleotide from the consensus —10 promoter
region (Figure 6B). Thus, to gain insight into this potential
regulation, complementation studies in heterologous LAB hosts
able to utilize sorbitol were carried out. First, we cloned
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independently the putative promoter sequence (designated Pg;r)
and its upstream region (Figure 6B), as well as the transcriptional
fusions Pgys-gutR, Pgy-gutM and Pg,-gutRM into the pRCR
promoter probe vector (Mohedano et al., 2015) upstream of the
mrfp, generating the pRCR16, pRCR17, pRCR18 and pRCR19
plasmids, respectively (Figure 1). Thus, functionality of the
promoter and influence of GutR and GutM could be detected
by measuring the levels of fluorescence of the mCherry encoded
by the mrfp gene. As hosts to perform the studies, we chose: (i)
the plasmid free L. casei BL23, because its sorbitol utilization
and the regulation of its gut operon is known (Yebra and Pérez-
Martinez, 2002; Nissen et al., 2005; Alcantara et al., 2008) and,
(ii) L. plantarum 90, because we have previously detected in
this bacterium efficient functional expression of mCherry from
a pRCR derivative, without problems of plasmid incompatibility
and that the copy number of the plasmid was 62 & 2 molecules
per bacterial genome (Russo et al., 2015).

The well characterized transcriptional activator GutR of
L. casei BL23 controls expression of the gut operon of this bacteria
and its operator site upstream of the Pg,; has been identified as

well as a catabolite repression element (cre) overlapping the —10
region of the promoter (Alcantara et al., 2008) (Figure 6B). The
P. parvulus 2.6 GutR has only a low homology of amino acids
(24%) with its homologue of L. casei, but like its counterpart
belongs to the BglG transcriptional antiterminators family,
possesses the PRD domain and the DNA helix turn helix binding
domain. Therefore, both proteins could have a similar role.
Alignment of the L. casei and P. parvulus -10 regions revealed
that the upstream regulatory regions of BL23 strain has no clear
homologs in the 2.6 strain (Figure 6B). Consequently, cross
talk between transcriptional signals of P. parvulus and L. casei
regulators should not take place, and influence of the pediococcal
GutR and GutM in expression of Pg, from the 2.6 strain
could be investigated in the BL23 strain without interferences.
Thus, the pRCR derivatives were transferred independently to
the BL23 strain and the recombinant bacteria were grown in
MRS supplemented with either 1% glucose or 1% sorbitol until
stationary phase prior to analysis. Examination of the cultures
by fluorescent and phase contrast optical microscopy revealed
that only bacteria carrying pRCR17 and pRCR19 and grown in
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TABLE 3 | Heterologous expression of components of the P. parvulus 2.6 gut
operon in L. casei BL23 carrying pRCR derivatives plasmids grown in either MRSS
or MRSG.

L. casei strains DNA insert in Specific fluorescence?
pRCR derivatives
MRSS MRSG
BL23[pRCR16] Paut 0.14 £ 0.07 0.14 + 0.01
BL23[pRCR17] Pgut-gutR 5.69 +£0.44 0.07 £0.09
BL23[pRCR18] Pgut-gutM 0.19 £ 0.06 0.11 £0.02
BL23[pRCR19] Pgut-gutRM 3.58 £ 0.06 0.05 £0.02

aThe specific fluorescence is depicted and it was calculated as the ratio of the
detected fluorescence (5 x) and the bacterial biomass estimated from the ODgoo nm
of the culture.

presence of sorbitol have fluorescence (Figure 7). In addition,
fluorescence as well as the optical density of the cultures was
measured and the specific fluorescence, referred to the biomass,
was calculated. The fluorescence quantification confirmed that
the Pgy-gutRmrfp, and Pgye-gutRMmrfp transcriptional fusions
are activated upon growth in the presence of sorbitol (Table 3).
Thus, these results revealed that expression from the Py
required the activation by GutR and the presence of sorbitol in
the growth medium. Moreover, they indicated that activation by
GutR decreased, when GutM was present (5.69 £ 0.44 versus
3.58 £ 0.06).

Concerning the L. plantarum 90 host, its GutR has 98%
homology to that of P. parvulus 2.6 (Figure 6C) and the
DNA sequence of the region located upstream of the two
Pgyr promoters only differs in one nucleotide (Figure 6B).
Consequently, both operons must have the same regulatory
gene system, which implies that both systems could recognize
each other. Thus, a trans-complementation process was expected
between the regulatory proteins of Lp90 and the promoter
region of 2.6. Therefore, the pRCR derivatives were transferred
independently to the 90 strain and, since a cross talk is more
complex situation, its comprehension required a more detailed
analysis. For this reason, the recombinant bacteria, after growth
in MRS supplemented with 1% glucose, were transferred to
MRS fresh medium supplemented with either 1% sorbitol or
1% glucose and a time course assay of fluorescence and growth
of the cultures was performed. The results revealed that all
recombinant strains became fluorescent, when grown in the
presence of sorbitol and, with the time of incubation the
fluorescence increased (Figure 8 and Table 4). In addition,
analysis of the bacterial growth showed that all cultures in
MRSG have very similar exponential growth rates (ranging
from 0.889 % 0.059 to 0.803 £ 0.049) and all entered slowly
into stationary phase after 2 h of incubation (Figure 8F and
Table 4). Initial transfer of the cultures to MRSS resulted in
a similar decrease (around 50%) of the growth rate (values
from 0.416 £ 0.045 to 0.495 £ 0.011) during the first 2 h of
induction. Then, probably after consumption of the residual
intracellular glucose or due to the induction process, bacteria
decreased their growth rate to levels ranging from 0.259 4 0.020
to 0.251 % 0.034, besides the 90[pRCR18] (GutM overexpressor),
that after stalling its growth from 2 h to 3 h incubation time

decreased its growth rate to 0.239 =+ 0.048, indicating that
overexpression of GutM in absence of high levels of GutR has a
negative impact for the cells. Furthermore, analysis of the specific
levels of fluorescence of the cultures referred to their biomass
(Table 4) showed different levels for the different fusions (Pgy;-
mrfp < Pguy-gutRMmrfp < Pgy-gutRmrfp < Pgys-gutMmrfp),
showing that overexpression of GutM provokes the highest
induction of expression from Pg,;. In addition, the highest levels
were observed after 4 h of induction for cells carrying either
pRCR17 (22.38 £ 2.02) or pRCR19 (19.26 =+ 2.10) versus the end
of the incubation (6 h) for cells carrying pRCR16 (14.81 =+ 0.66)
and pRCR18 (26.83 + 1.83).

Thus, the results revealed a trans-complementation of
the L. plantarum regulatory proteins on expression driven from
the P. parvulus Pg,; promoter. Moreover, the results confirmed
the role of inducer of GutR as well as requirement of sorbitol for
expression from Pg,; and support that co-expression of GutR and
GutM decrease the activation mediated by GutR.

DISCUSSION

The overall metabolic results obtained here support that
P. parvulus is able to synthesize EPS in MRS medium
using either glucose or sorbitol as carbon sources. We have
previously demonstrated that the 2-substituted (1,3)-B-D-glucan
of P. parvulus 2.6 is synthesized by the GTF glycosyltransferase
utilizing UDP-glucose as substrate (Werning et al., 2014). In
addition, Velasco et al. (2007) determined that the 2.6 strain
transport the glucose by a PMF-permease and possesses the
a-phosphoglucomutase and the UDP-glucose pyrophosphorylase
activities responsible for the conversion of glucose-6-P to
glucose-1-P and further conversion of this compound to UDP-
glucose. Thus, Velasco et al. (2007) showed how the 2.6 strain
uses the glucose, not only for the central metabolism, via
the glycolytic pathway, but also for the secondary metabolism
involving a biosynthetic pathway for its EPS synthesis. In
addition, the detection of the genetic determinants of sorbitol
utilization by the 2.6 strain obtained in this work supports
that the bacterium transports sorbitol by a PTS## system and
converts sorbitol-6-P into fructose-6-P by the action of sorbitol-
6-P dehydrogenase. Fructose-6-P can be converted to glucose-6-P
by a reaction catalyzed by phosphoglucose isomerase, enzymatic
activity that was also previously detected in the 2.6 strain
(Velasco et al., 2007). Therefore, the 2.6 strain possesses the
transport and enzymatic machineries for synthesis of the EPS
from sorbitol. In addition, we have detected that aeration of
the cultures during the growth improves sorbitol consumption
(results not shown). Accordingly, the conversion of sorbitol-6-
P into fructose-6-P requires NAD" as an oxidative co-factor
to produce NADH (Zarour et al., 2017). Analysis of the draft
genome of the 2.6 strain showed the existence of a putative
NADH oxidase coding gene. If this enzyme exists, it could
unbalance the NAD'/NADH equilibrium toward the oxidized
form NAD.

The P. parvulus 2.6 2-substituted (1,3)-B-D-glucan is
composed of molecules of glucose and consequently the
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FIGURE 8 | Trans complementation of the sorbitol utilization regulatory machinery in L. plantarum 90. Bacteria carrying (A,E,F) pRCR16 (CJ, W), (B,E,F) pRCR17 (O,
@), (C,E,F) pRCR18 (<, #) or (D,E,F) pRCR19 (A, a) were grown in MRSG and at time O were transferred to fresh MRSS (open symbols) or to MRSG (closed
symbols). ODgoonm and fluorescence of the cultures were monitored every hour. Overlays of images of the cultures taken at time 0 and after 2, 4, and 6 h incubation
by phase contrast and fluorescent microscopy are depicted. The experiments were performed in triplicate and the mean value and standard deviation is depicted.
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position. (B) Secondary structure of the L. casei BL23 gut operon.

Oenococcus oeni pOENI-1 and pOENI-1v2 plasmids (Favier
et al, 2012) and pPP1 carry a region containing among
others the res, tauE and tetR genes. The putative TauE sulfite
exporter is possibly involved in adaptation to stress conditions
during alcoholic beverage production (Favier et al, 2012).
Thus, the recombinase or invertase site specific Res could be
responsible for a mobilization of an element composed of a
truncated res, tauE and tetR to a stable location, since at
the 3’-end region of res and downstream of fefR unit exist
inverted complementary sequences 5'-TTTTAAAGC-3" and 5'-
GCTTTAAAA-3' (nucleotides 7774-7778 and 10021-10029 of
Genbank accession No WP_003606336.1).

Another instance of plasmids rearrangement in P. parvulus is
that which generated the profile and DNA sequence of 2.6NR
strain plasmids (Figure 6). The initial isolate of 2.6NR strain
generated in the Basque country University (BCU, Spain) and
described in Fernandez et al. (1995), kindly provided by Dr.
Maria Teresa Duenas (BCU) was studied in this work. Thus, the
changes in plasmid cassettes were not produced in our laboratory,
and presumably they took place upon treatment of 2.6 strain with
ethidium bromide and novobiocin and was selected for the loss
of the ropy phenotype. Thus, it is feasible that a formation of
a co-integrate of pPP1 with other plasmid, may be pPP2, took
place and convergent replication from two origins prompted to a
deletion of one of the replicons, may be the pPP2, since its loss
was envisaged, to generate pPP1*.

Concerning the regulation of expression of the gut operon,
the overall results showed that it is repressed in the absence

of sorbitol in the growth medium and that the P. parvulus
GutR is an activator like the L. casei BL23 regulator (Alcantara
et al., 2008). In this system, it has been proposed that GutM
is involved in the activation, since a decreased expression
of the gut operon was detected in a GutM deficient mutant
(Alcantara et al,, 2008). Furthermore, the complementation
studies in L. plantarum 90 performed here showed a heterologous
regulation of gene expression from the pediococcal Pg,s promoter
by the GutR from Lactobacillus, and a positive effect when
only the pediococcal GutM was overexpressed (Figure 8 and
Table 4). Thus, these results suggest that a protein-protein
interaction between the P. parvulus GutM and the L. plantarum
GutR could potentiate the activation of the Pg,; promoter, since,
P. parvulus 2.6 GutR and GutM have 98% identity with their
homologues of L. plantarum 90. In addition, either in L. casei
BL23 and in L. plantarum a decrease of expression from Py, was
observed when GutM was overexpressed in combination with
GutR (Figure 8 and Tables 3, 4). This prompted us to analyze
the genetic environment of gutR and gutM. An overlapping of
the last nucleotide of the termination codon (TAA) of gutR
and the first nucleotide of the start codon (ATG) of gutM was
detected in P. parvulus 2.6 and L. plantarum 90 genomes. This
indicated that post-transcriptional regulation of the gut operon
could exist in this bacterium. For this reason, the secondary
structure of the region surrounding the overlapping in the
gut mRNA was folded with the Mfol program (Figure 9A).
A secondary stem-loop structure was predicted with a AG =
—5.6 kcal mol™!, the ribosomal binding site (RBS) of gutM
(5'-GGAGG-3') was located at the loop and partially blocked
in the stem of the structure. Thus, even though the sequence
of the RBS of gutM indicates a high efficiency of utilization
for the ribosome, the initiation of translation of gutM could be
partially impaired by the partial RBS blockage, which would be
released by the opening provoked by the passage of the ribosomes
translating gutR. In addition, the overlapping of gutR and gutM
is located at the end of the stem of the structure. Thus, two
post-transcriptional regulations could take place: (i) translation
of gutR can act by favoring translation of gutM by exposition
of its RBS and (ii) a -1 frameshift (Atkins et al., 2016) could
happen at the TAA termination codon of gufR and ribosomes
translating this could step back one nucleotide and upon charging
the corresponding tRNA read the Leu (TTA) codon and continue
translating gutM. In this way a fused peptide GutR-M could
be synthesized. The same structure could be formed in the
transcript encoded by the plasmid pRCR19 with a AG = —5.9
keal mol ™!, containing gutRM and which could be a substrate for
the two proposed post-transcriptional regulations. Furthermore,
the DNA fragment cloned in pRCRI18, lacks most of the gutR
gene but still retains some of the 3'-end region of this gene
and the encoded mRNA can form a secondary structure almost
identical to the wild-type structure (with only a change of A-U by
G-U pairing at the end of the stem, Figure 9). Thus in bacteria
carrying pRCR18 partial blockage of the RBS could take place,
but synthesis of GutR-M could not occur. This could explain
the antagonistic effect of overexpression of gutM from pRCR18
(increase of expression from Pg,) and pRCR19 (decrease of
expression from Pg,), if GutR-M exists and has a role.
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Prediction of transmembrane regions in the regulatory
proteins with the TM-Pred revealed that GutR is a soluble protein
and that the first amino acids from 1 to 21 of GutM constituted
a transmembrane region also predicted for the GutR-M fused
polypeptide. This fused polypeptide could provide an efficient
anchoring of the regulator to the membrane bringing it close
to the PTS#* system facilitating the phosphorylation of GutR
and resulting in the physiological optimal expression of the
operon. This generation of a fused polypeptide could also take
place in L. plantarum but does not seems to occur in L. casei,
since in this bacterium the TAA translational stop codon of
GutR and the ATG start codon of GutM are adjacent and not
overlapped (Figure 9). However, the L. casei gut transcript can
form a secondary structure with a AG = —9.8 kcal mol~!
which could block the RBS of gutM gene, couple translation of
GutR and GutM could take place, and protein-protein interaction
could be responsible for higher activation of the system at the
beginning of the induction process. Our results indicate that
high levels of GutM synthesized from a multicopy plasmid have
a deleterious effect for the bacteria (Figure 8) and probably
the proposed models of posttranscriptional regulation are
designed to have the right concentration of regulatory proteins.
Nevertheless, further experiments are required to pinpoint the
role of GutM and of the putative GutR-M polypeptide of
P. parvulus.
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The exopolysaccharide synthesized by Lactobacillus sakei MN1 is a dextran with antiviral
and immunomodulatory properties of potential utility in aquaculture. In this work we
have investigated the genetic basis of dextran production by this bacterium. Southern
blot hybridization experiments demonstrated the plasmidic location of the dsrL.S gene,
which encodes the dextransucrase involved in dextran synthesis. DNA sequencing of
the 11,126 kbp plasmid (oMN1) revealed that it belongs to a family which replicates
by the theta mechanism, whose prototype is pUCL287. The plasmid comprises the
origin of replication, repA, repB, and dsrlL.S genes, as well as seven open reading
frames of uncharacterized function. Lb. sakei MN1 produces dextran when sucrose,
but not glucose, is present in the growth medium. Therefore, plasmid copy number
and stability, as well as dsrLS expression, were investigated in cultures grown in the
presence of either sucrose or glucose. The results revealed that pMN1 is a stable
low-copy-number plasmid in both conditions. Gene expression studies showed that
dsrL.S is constitutively expressed, irrespective of the carbon source present in the
medium. Moreover, dsrl.S is expressed from a monocistronic transcript as well as
from a polycistronic repA-repB-orf1-dsrL.S mRNA. To our knowledge, this is the first
report of a plasmid-borne dextransucrase-encoding gene, as well as the first time that
co-transcription of genes involved in plasmid maintenance and replication with a gene
encoding an enzyme has been established.

Keywords: dextran, dextransucrase, lactic acid bacteria, Lactobacillus sakei, plasmid, probiotics

INTRODUCTION

Lactic acid bacteria (LAB) play an important role in the production of fermented
foods based on milk, meat, and vegetables as well as alcoholic beverages, due to their
metabolic pathways, whose products contribute to food safety (e.g., lactic acid or hydrogen
peroxide) and to the organoleptic characteristics [e.g., the diacetyl and other aroma
compounds or texturizing exopolysaccharides (EPS)]. In addition, some LAB have beneficial
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health characteristics (probiotic properties) or metabolic
capacities such as the production of enzymes (amylases,
phytases), vitamins (folates, riboflavin), or EPS, which are
of particular interest for the agro-food industry and for the
formulation of new functional foods (Anastasio et al., 2010;
Badel et al., 2011; Capozzi et al., 2012).

The EPS produced by LAB can be classified by (i)
composition, because they include different types of bonds and
monosaccharide subunits; (ii) types and degrees of branching;
(iii) molecular mass; and (iv) three-dimensional (3D) structural
conformation. EPS are classified as homopolysaccharides
(HoPS), consisting of a single type of monosaccharide, or
heteropolysaccharides (HePS), composed of two or more types
of monosaccharides. HoPS are glucans, fructans, or galactans,
made up of repeating units of glucose, fructose, or galactose,
respectively (Pérez-Ramos et al., 2015).

The a-D-glucans are the most widely produced HoPS and
according to the linkage in the main chain, they are subdivided in
dextrans a-(1,6), mutans a-(1,3), reuterans a-(1,4), and alternans
@-(1,3) and «-(1,6) and may present different types and degrees
of branching (Monsan et al., 2001). Of these, dextrans are
currently used in the food and pharmaceutical industries (Aman
et al., 2012). The viscosity and rheological properties of the
dextran solutions are influenced by their molecular masses
and consequently define their applications. Thus, low-molecular
mass dextrans are used in the photographic and pharmaceutical
industries, whereas the high-molecular mass dextrans are utilized
in the chemical industry. Among various medical applications,
dextrans are used for anticoagulant therapy as heparin substitutes
and blood plasma replacers/expanders. In addition, there is
evidence that dextran sulfate has an antiviral effect against
human immunodeficiency virus (Piret et al, 2000) and we
have recently demonstrated that dextrans synthesized by LAB
have potential as antivirals and immunomodulatory agents in
trout (Nacher-Vézquez et al., 2015). In the food industry HoPS
are added to bakery products and confectionery to improve
softness or moisture retention, to prevent crystallization, and to
increase viscosity, rheology, texture, and volume (Pérez-Ramos
et al,, 2015). They are also used as films to protect surfaces of
frozen fish, meat, vegetables, or cheese from oxidation and other
chemical changes.

Dextrans are synthesized by dextransucrases (Dsr), which
catalyze the transfer of D-glucopyranosyl residues from sucrose
to the growing polymer, accompanied by fructose release
(Werning et al., 2012). The Dsr-encoding genes are carried
by strains belonging to the genera Lactobacillus, Leuconostoc,
Oenococcus, Streptococcus, Weissella, and Pediococcus (Kralj et al.,
2004a; Naessens et al., 2005; Bounaix et al., 2010; Werning et al.,
2012; Amari et al., 2013; Rihmkorf et al., 2013; Dimopoulou
et al, 2015; Yanping et al, 2015). Many Dsr have been
characterized, but despite the interest of dextrans in various
applications, little is known about the regulation of the expression
of Dsr. By determining the levels or the activity of the Dsr in
bacterial cultures grown in presence of sucrose or other sugars
it has been inferred that their expression may be constitutive or
sucrose-inducible. However, transcriptional analysis of dsr genes
expression to validate sucrose inducibility has been performed in

a few cases only (e.g., in Leuconostoc mesenteroides NRRL B-512F,
Quirasco et al., 1999).

We have previously demonstrated that Lb. sakei MN1 isolated
from a fermented meat product synthesizes an a-(1-6) glucan
with ~6% substitution, at positions O-3, by side chains composed
of a single residue of glucose and with a molecular mass of 1.7
x 108 Da (Nacher-Vézquez et al., 2015; Zarour et al., 2017). We
have performed in vitro and in vivo experiments that support that
this dextran has antiviral and immunomodulatory properties of
interest in aquaculture (Nécher-Vézquez et al., 2015). Moreover,
we have demonstrated that the purified HoPS is able to efficiently
immunomodulate in vitro human macrophages (Zarour et al.,
2017). In addition, we have provided evidences that Lb. sakei
MNI1 has probiotic properties and we have shown that the
production of dextran influences, in vitro, the bacterial capability
for aggregation, biofilm formation, and adhesion to enterocytes
as well as in vivo bacterial colonization and competition with
pathogens in gnotobiotic zebrafish models (Nacher-Vazquez
et al., 2017). Therefore this bacterium and its dextran seem to
have potential for development of functional synbiotic food and
feed. Thus, in this work, we have characterized the genetic basis
of dextran production in this bacterium with the aim of having a
better knowledge of the practical utility of Lb. sakei MN1.

MATERIALS AND METHODS

Bacterial Strains and Growth Media

The bacterial strains used in this work are shown in Table 1.
The Latococcus lactis strains were grown in M17 broth (Oxoid)
supplemented with 0.5% glucose (M17G) or 0.5% glucose plus
0.8% sucrose (M17GS) and Lb. sakei strains were grown in Man
Rogosa Sharpe broth (de Man et al., 1960) with 2% glucose
(MRSG) or 2% sucrose (MRSS) or in defined medium with 0.8%
glucose (CDMG) or 0.8% sucrose (CDMS) (Sanchez et al., 2008)
and incubated at 30°C. Escherichia coli strains were grown in LB
medium containing 10 g L~! of tryptone, 5g L~! of yeast extract,
and 10g L' of NaCl (pH 7.0) and incubated at 37°C. When
the bacteria carried pRCR or pRCR-based plasmid derivatives
conferring resistance to chloramphenicol (Cm) the medium was
supplemented with Cm at 5 wg mL~! for L. lactis and Lb. sakei
strains or at 10 g mL~! for E. coli DH5a.

Genomic and Plasmidic DNA Preparations

To isolate plasmidic DNA, bacterial cultures were grown to
an absorbance at 600 nm (Aggp) of 2 at 30°C in MRSG and
10 mL of each culture were sedimented by centrifugation (15,700
x g, 10 min, 4°C). For cellular lysis, cells were washed with
phosphate buffer saline (PBS, pH 7.4), resuspended in 2 mL
of a solution containing 25% sucrose, 30 mg mL™! lysozyme,
120 U mL~! mutanolysin, and 40 ug mL~! RNase A, and
incubated for 15 min at 37°C. Then, cell debris and chromosomal
DNA were removed from the extracts by: (i) treatment for
7 min at 21°C with 4 mL of a solution containing 0.13 N
NaOH and 2% SDS, (ii) incubation for 15 min at 0°C with
3 mL of 1 M potassium acetate pH 4.8, and (iii) sedimentation
(centrifugation at 15,700 x g, 15 min, 4°C). The plasmidic DNA
present in the supernatants was precipitated and concentrated by
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TABLE 1 | Description of bacteria used in this work.

Strain Plasmids 3Resistance Information References
Lb. sakei MN1 (CECT 8329) PMN1 - Isolated from a fermented meat product Chenoll et al., 2007
pMN2
Lb. sakei MN1[pRCR12] PMN1 cmR Derivative of pRCR. It contains the promoter Px of malXCD Nacher-Vazquez et al., 2017
PMN2 operon of Streptococcus pneumoniae JNR7/87 fused to the
pRCR12 mrfp gene
Lb. sakei MN1[pRCR13] PMN1 cmR Derivative of pRCR by cloning of region A (GenBank This study
PMN2 MF590088 position: 38-363) upstream of mrfp
pRCR13
Lb. sakei MN1[pRCR14] PMN1 cmR Derivative of pRCR by cloning of region B (GenBank This study
PMN2 MF590088 position: 1,476-1,819) upstream of mrfp
pRCR14
Lb. sakei MN1[pRCR15] PMN1 cmR Derivative of pRCR by cloning of region C (GenBank This study
PMN2 MF590088 position: 2,392-2,749) upstream of mrfp
pRCR15
L. lactis MG1363 - - Strain derived from L. lactis 712 by plasmids curing Gasson, 1983
L. lactis MG1363[pRCR13] pRCR13 cmR Derivative of pRCR by cloning of region A upstream of mrfp This study
L. lactis MG1363[pRCR14] pRCR14 CcmR Derivative of pRCR by cloning of region B upstream of mrfp This study
L. lactis MG1363[pRCR15] pRCR15 cmR Derivative of pRCR by cloning of region C upstream of mrfp This study
E. coli DH5a[pRCR] pRCR CcmR Promoters probe vector containing the mrfo gene, which Mohedano et al., 2015

encodes the fluorescent mCherry protein

E. coliV517 Eight plasmids ND
pVA517A
through

PVA517H

Source of plasmids used as references in agarose gel analysis

Macrina et al., 1978

aND, No determined; CmP, resistance to chloramphenicol.

addition of 42% (final concentration) isopropanol, centrifugation
as above and dissolution in 3.2 mL of ultrapure water. The DNA
preparation was purified and deproteinated by treatment with
2 mL of a solution containing 7.5 M ammonium acetate and
ethidium bromide at 0.5 mg mL~!, addition of 1:1 (v/v) of a
mixture of phenol, chloroform, and isoamyl alcohol (50:48:2,
vol/vol/vol) and centrifugation (15,700 x g, 10 min, 21°C).
Plasmidic DNA was precipitated from the aqueous phase with
69.5% (final concentration) ethanol for 12 h at —20°C and
recovered by centrifugation (11,269 x g, 45 min, —10°C). The
precipitated DNA was washed with 1 mL of 70% ethanol,
sedimented by centrifugation (11,269 x g, 30 min, —10°C), and
dissolved in 10 mM Tris buffer pH 8.0 (100 wL).

For the isolation of genomic DNA, bacterial cultures were
grown to an Aggp = 2 at 30°C in MRSG and 1 mL of each culture
were sedimented by centrifugation (15,700 x g; 10 min, 4°C).
For cellular lysis, cells were washed with phosphate buffer saline
(PBS, pH 7.4), resuspended in a solution (100 pL) containing
25% sucrose, 50 mM Tris pH 8.0, 0.1 M NaCl, 30 mg mL~!
lysozyme, 240 U mL~! mutanolysin, and 80 jLg mL~! RNase
A, and incubated for 15 min at 37°C. Then, lysed cells were

treated with 1% (final concentration) SDS for 2 min at 21°C and
passed through a 25 GA needle (0.5 x 16 mm) three times. The
extracts were deproteinated by treatment with an equal volume
of a mixture of phenol, chloroform, and isoamyl alcohol (50:48:2,
vol/vol/vol) for 5 min at 21°C and centrifugation (15,700 x g,
10 min, 21°C). The DNA contained in the aqueous phase was
precipitated with 69.5% (final concentration) ethanol and 83 mM
(final concentration) sodium acetate pH 7.0 for 12 h at —20°C
and recovered by centrifugation (11,269 x g, 45 min, —10°C).
The precipitated DNA was washed with 1 mL of 70% ethanol,
sedimented by centrifugation (11,269 x g, 30 min, —10°C), and
dissolved in 10 mM Tris buffer pH 8.0 (100 L).

Total RNA Preparations

For the isolation of total RNA, bacterial cultures were grown to
Agoo = 2 at 30°C in CDMG or CDMS for RT-PCR. Total RNAs
were isolated using the kit “FastRNA Pro Blue” (QBIOgene) and
subjected to electrophoresis in 0.8% agarose gels at a constant
voltage of 135 V for 20 min to check