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Abstract

The aim of this project is to structurally characterize proteins involved in

bacterial signal transduction systems by applying X-ray crystallography.

Bacteria use signal transduction systems to react in response to any
environmental changes detected. Bacterial signal transduction is divided into
two categories, one-component systems and two-component systems. Two-
component systems are composed by a Response Regulator (RR) and a
Histidine Kinase (HK); the Histidine Kinase auto phosphorylates an inner
domain, and soon after, it phosphorylates the receiver domain on the
Response Regulator, activating the output domain; usually producing a
physiological effect in the cell by activating a specific gene. While in one-
component systems, one protein has both, a sensory and an output domain.
An example of the one-component systems would be ToxR, and an example

of the two-component systems would be ComD-ComE.

Bacterial transformation is a type of Horizontal Gene Transfer (HGT), which
iIs a rapid evolutive mechanism in which entire genes can be transferred
among bacterial cells. HGT is commonly deemed responsible for the

appearance of antibiotic resistance, virulence factors and serotype switching.

Competence for genetic transformation in Streptococcus pneumoniae is a
transient physiological state whose development is coordinated by a peptide
pheromone (Competence Simulating Peptide or CSP) and its receptor, which
activates transcription of two downstream genes, comX and comW, and 15
other “early” genes. ComD (HK) and ComE (RR) are involved in the quorum-
signaling pathway that synthesizes the CSP. They help modulate the
mechanism in which bacterial transformation occurs, by allowing the
inclusion of naked DNA from the environment. We have successfully formed

the binary (ComE+DNA) and ternary (ComD+ComE+DNA) complexes and
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characterized them in the attempt of obtaining crystals to solve their 3-D

structure.

On the other hand, to elaborate on one-component systems, like ToxR we
can discuss cholera. Cholera is caused by the causative agent Vibrio cholerae.
It is estimated that there are from 1.3 to 4.0 million cases out of which up to
143,000 result in cholera deaths annually. After ingesting the V. cholerae, it
travels to the small intestine colonizing it and producing the cholera toxin.
ToxR is a membrane-localized transcription factor that regulates the toxT
promoter. The activation of the toxT promoter triggers the virulence cascade
that leads to the secretion of toxin-coregulated pilus (TCP) and the

expression of cholera toxin (CTX).

In recent years, our lab solved the crystal structure of the cytoplasmic
domain of ToxR+20DNA, proposing molecular interactions between ToxR and
the toxT promoter (Simone Pieretti’s PhD Thesis). In this study, we want to
determine the crystallographic structure of three mutants of the cytoplasmic
domain of ToxR bound to the toxT promoter. According to biochemical data
from our collaborator (Professor Eric Krukonis, from the university of
Detroit), these mutations down regulate the activation of ToxR and we aim
to analyze the structural changes that these mutants suppose. Using X-ray
crystallography we solved the structure of three complexes;
ToxR?"®A+20DNA, ToxR>**+20DNA and ToxR"****+20DNA at 2.55, 2.95 and

2.95 A resolution, respectively.

We have compared the final mutant structures with the wildtype, unveiling
how the structural changes result in the decrease in activation of the toxT

promoter.
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Project 1 ComD-ComE

This PhD thesis is divided in two projects and organized in the different
sections, the first project will focus on the ComD-ComE and their

involvement in a mechanism for HGT.

. The Introduction summarizes previous knowledge about Bacterial Signal
Transduction and establishes two case samples of the existing known

types, while focusing on a two-component signaling system.

. The Objectives section lists the goals of this part of the project, which

include the formation and characterization of complexes.

. The Materials and methods section describes techniques, materials and
instruments used throughout the realization of the thesis. It is divided
in 6 parts, the first half describe the sample preparation and the
analysis before attempting to do structural studies, the next two deal
with the creation of new mutants and the addition of DNA into the
complexes and the last one is the attempt of structurally

characterizing the proteins and complexes obtained.

. The Results and discussion chapter illustrates the generation of the
experimental data and as well as an analysis of why we were not able

to crystallize the proteins and protein complexes

. Lastly, the Conclusions section summarizes the main findings of this

segment of the PhD thesis
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1. Introduction ComD-ComE

Microbiota colonize the human body by digesting unprocessed dietary
nutrients, producing vitamins, stimulating the immune system, inhibiting
pathogen colonization amongst other functions in the body's physiology and
health (Koropatkin et al., 2012). There is a mutualistic relationship between
mammals and their microbiota that allows both to survive. Host's
physiological processes are shaped and modulated by the commensal
bacteria from which the immune system and the intestinal barrier depend
greatly on. The aggravation of this equilibrium could result in disease for
either party of this mutualistic relationship (Natividad et al., 2013).
Sometimes it is necessary to fight bacterial infections such as cholera or
Streptococcus. Both use bacterial signal transduction as means to either
colonize the intestine or as a tool to obtain antibiotic resistance. It is of the
most importance to be able to understand how these processes work and
how to intervene.

1.1. Microwho?

Between 1665 and 1683, two fellows of the Royal Society, Antoni Van
Leeuwenhoek and Robert Hooke discovered the existence of microscopic
organisms (Gest, 2004). Van Leeuwenhoek was a Dutch merchant that in
the late 1670's observed water under an early version of modern
microscopes. His depictions were received as irrelevant yet interesting by
the scientific community (Porter, 1976). It was not until after 200 years that
the scientific community realized that microorganisms could be transmitted
amongst people and cause disease.

1.1.1. Probiotics vs. pathogens

Microorganisms that benefit the host when they are introduced to internal
ecosystem are called probiotics (Natividad et al., 2013). Many probiotics
have shown to provide an improvement in Inflammatory Bowel Disease, can
reduce cholesterol, benefit the gut or even stimulate the immune system, as
well as provide antimutagenic and anti-carcinogenic properties (Rivera-
Espinoza et al., 2010). The human body contains approximately 10** human
cells and also about 10 bacterial, fungal and protozoan cells; making it a
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complex and thriving ecosystem, and without them we would cease to be as
this symbiotic life-long relationship between our cells and our resident
bacteria create a balance that starts at the moment of birth (Natividad et al.,
2013; Brown et al., 2004). Whenever this ecosystem is altered, it is called
dysbiosis, and can lead to autoimmune disorders, increase in allergies and
obesity amongst other (Koropatkin et al., 2012; Natividad et al., 2013;
Ouwerkerk et al., 2013; Zhang et al., 2009).

Pathogens differ from our normal microbial inhabitants because our normal
flora only cause trouble if our immune systems are weakened or they access
a place where they should not be. Opposite to pathogens that do not need
the host to be Iimmunocompromised, as they possess specialized
mechanisms designed to cross biochemical and cellular barriers and to
provoke specific reactions from the host that will aid with their survival and
colonization (Johnson et al., 2002).

1.1.2. Bacterium of interest

In this section, we will describe briefly the organism that naturally produces
the proteins that are the focus of this part of the thesis.

1.1.2.1. Streptococcus pneumoniae (S. pneumoniae)

Albert Theodore Billroth used the word Streptococcus to refer to the
organisms that had chain-like structures that formed in pus within human
wounds. Etymologically speaking, Streptococcus comes from combining the
words streptés (easily twisted) and the word kokkos (berry or grain) (Wilson,
1987). The genus Streptococcus includes pathogens such as S. pyogenes, S.
agalactie, S. pneumoniae, S. viridians, and S. mutans as well as commensal
species of human mouth, intestine, skin, and respiratory tract, which are
commonly used in the production of milk derivatives, and streptococcal
infections are commonly treated with penicillin derivatives (Patterson, 1996).

S. pneumoniae are lancet-shaped gram-positive anaerobic bacteria with over
90 known serotypes. They commonly inhabit the respiratory tract and could
be isolated from 5-90% of the healthy population, depending on the
population and setting. They are part of the flora in our upper respiratory
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tract, yet if the host's immune system is suppressed, they can become
pathogenic and cause disease (CDC, 2019). They are usually found in pairs,
but sometimes can form short chains as shown in Figure 1.1 (Tettelin et al.,
2001).

Figure 1.1 lllustration of S. pneumoniae
(Image retrieved from CDC, 2019).

1.2. Rise of antibiotics

Germ theory was structured and postulated by Koch in the second half of the
nineteenth century, it was developed mainly for living agents (specially
bacteria), as it has not been applicable to inanimate pathogens like
infectious proteins or viruses (Walker et al., 2006). This theory was the
stepping of modern microbiology and the study of infectious diseases.

Initially, science had no mechanisms to fight off diseases, this was until
Ehrlich, a German researcher that won the Nobel Prize of Medicine in 1908,
discovered Arsenic compounds that had antimicrobial traits (Bosch et al.,
2008). In 1928 Alexander Fleming, a Scottish physician working with
Staphylococcus saw the antibacterial properties of mold in his cultures, this
was Penicillum notatum, he then isolated the compound responsible and
called it penicillin (Bauman et al., 2011). Pennicillin was not utilized
commonly until the 1940's until Florey and Chain were able to produce it on
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a larger scale. The methods used for this, and the discovery of penicillin
earned the three of them the 1945 Nobel Prize of Medicine (Ligon, 2004).

Waksman was the first to use the term antibiotic to refer to a compound
that antagonizes the growth of microorganisms (Clardy et al., 2009). The
discovery of penicillin was the start of a new era of medicine as it motivated
research in search of more compounds that had bacteriostatic and
bactericidal qualities (Waksman & Woodruf, 1942).

Many antibiotics were discovered between 1945 and 1955, such as
streptomycin or chloramphenicol, and the list grew exponentially (Aminov,
2010). An organism, like fungi, first produced them but techniques were
developed to produce them synthetically (Borders, 2007). At this moment in
time, the biochemical details of antibiotics were largely unknown, yet it was
cleared that they had different chemical structures, mechanism of actions
and that dosage (Waksman & Woodruf, 1942).

1.2.1. Antibiotic mechanisms

The direct effects and drug-targets interactions of antibiotics are well
characterized, whilst bacterial responses to antibiotic treatments that
provoke cell death have proven to be quite complex, as they involve
different genetic and biochemical pathways and in some cases remain
uncharacterized (Kohanski et al., 2010).

Antibiotics are classified according to the system or cellular component they
interact with, as well as if they have bactericidal properties (induce cell
death) or bacteriostatic properties (inhibit cell growth). Nowadays antibiotics
inhibit cell wall synthesis, protein synthesis, DNA synthesis, or RNA
synthesis (Walsh, 2003). Table 1.1 lists some antibiotic classes, their
chemical structure and other characteristics and examples of antibiotics
(Borders, 2007; Peterson & Packer, 2013).
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Table 1.1 Examples of antibiotic classes and their antibiotic mechanism
(Borders, 2007; Peterson & Packer, 2013).

Antibiotic type

Aminoglycosides

Mechanism

Inhibit protein biosynthesis by binding
to the ribosome

Examples

Streptomyecin,
neomycin, kanamyecin,
gentamicin, tobramycin,
and amikacin

Ansamacrolides
or ansamycins

Inhibit RNA polymerase

Rifampin

B-lactams

B-lactams inhibit bacterial cell wall
synthesis, by binding to penicillin
binding proteins and some induce the
activity of autolysins

It includes penicillins,
cephalosporins,
carbapenems, mono-
bactams, nocardicins,
and clavulanic acid

Chloramphenicol

Inhibits protein synthesis by binding to
the 50s ribosomal subunit and blocks
the peptidyltransferase reaction

Glycoconjugated
molecules

Can completely inhibit the adhesion of
pathogenic bacteria to membrane
proteins

Fucoidan, KappaZinc

Glycopeptides

Inhibit cellular wall biosynthesis by
binding to alanyl-D-alanine units of the
lipid-boud precursor found in the cell
walls

Vancomycin, avoparcin,
and teicoplanin

Licosamides

They interfere with protein biosynthesis
through binding to the 50s ribosomal
unit

Lincomycin and
celesticetins

Lipopeptides

Disrupts bacterial cell wall membrane

Daptomycin

Macrolides

Inhibit protein synthesis by binding to
the 50s ribosomal unit

Azithromycin,
erythromycin

Polyethers

Interact with bacterial cell membranes
and cause cell death by passing cations
through

Tetracyclines

Inhibit protein synthesis by binding to
the 30s ribosomal unit

Synthetic Inhibit DNA gyrase and oxazolidinones  Amprolium ethopabate
antibacterial and interfere with mRNA translation , morantel citrate.
agents

1.2.2. Life finds a way

At first, society thought that antibiotics would be the answer to control
infections, but many bacterial strains found a way to become resistant to
antibiotics (Appelbaum, 1992). Many bacterial strains became resistant to
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antibiotics, this, partially due to the misuse of antibiotics, and in 2010, it
translated into a cost of approximately 1,500 million euros a year in sanitary
costs (Aminov, 2010). For the World Health Organization, antibiotic
resistance is one of the biggest three health threats of the 21°' century
(WHO, 2014); nowadays, this represents a challenge for society, as it is
estimated that in 2015, within the EU and the European Economic Area
671,689 infections with antibiotic-resistant bacteria occurred, accounting for
an estimated 33,110 deaths. What this represented in 2015 to the EU and
the European Economic Area is illustrated in Figure 1.2 (Cassini et al., 2011).
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Figure 1.2 Burden of infections with antibiotic-resistant bacteria in DALYs, EU and
European Economic Area, 2015
DALYs stands for Dissability Adjusted Life Years (Image retrieved from Cassini et al., 2011).

It has been proven that the repercussion of antibiotics remains in the
environment for extended periods of time, even if they have a short-term
impact on the human micro biome. Antibiotic resistant strains can endure in
the human host environment in dearth of selective pressure (Jernberg et al.,
2010).
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This is the consequence of the enormous genetic flexibility of bacterial
pathogens that produce changes in gene expression, the procurement of
foreign genetic material or adaptational mutations, survival of the fittest at
its best. This has generated antibiotic resistance, and this is why it is
important to understand the genetic and biochemical mechanisms to be able
to create novel therapeutic solutions for drug resistant pathogens (Munita &
Arias, 2016). Today, the threat that arises from antibiotic resistant
pathogens joint with the reduced number of new antibiotics discovered
recently needs to be solved. This can be done by utilizing the knowledge that
comes from studying the mechanisms in which bacteria respond to drug-
stress, as well as the newfound information acquired from new clinical
treatments and approaches (Kohanski et al., 2010).

Antibiotic resistance can be acquired through any of the following
mechanisms: i) by mutating the gene or genes associated with the
mechanism of action of the compound or ii) through new mutations in their
genome or through Horizontal Gene Transfer (HGT) (Madigan et al., 2019;
Munita & Arias, 2016).

1.2.3. Mutational resistance

With this mechanism, susceptible bacterial cells develop mutations in genes
where that interact with the compound, which translates into the survival in
presence of said compound. Once a resistant mutant appears, the antibiotic
kills all sensitive bacteria and the resistant mutant prevails (Munita & Arias,
2016). Mutations that arise from these mechanism usually affect the
antibiotic compound in the following manners: a) Producing new enzymes
that deactivate or destroy the compound; b) Diminishing or eliminating the
entrance of said compound; c) By modifying the compound's target and
decreasing or eliminating the binding with the compound; d) Altering the
metabolic chemistry in which it is sensitive to the compound; and finally e)
By expulsing the compound from the cell before it is active (Bauman et al.,
2011).
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1.2.4. Horizontal Gene Transfer (HGT)

HGT is a rapid evolutive mechanism by which entire genes are transferred
among bacterial cells, thus enabling an almost immediate adaptation to new
environmental conditions (Ochman et al., 2000). It happens so often that it
iIs considered the potential precursor in pathogenic and non-pathogenic
bacteria as a potential threat (Wright, 2007).

Acquiring foreign DNA material through HGT is one of the paramount drivers
of bacterial evolution and often terminates in the development of
antimicrobial resistance. Antimicrobial agents commonly derive from
products found naturally in the environment. There is evidence the bacteria
that coexist with these molecules nurse inherent genetic determinants of
resistance, giving birth to an “environmental resistome” (Munita & Arias,
2016).

1.2.4.1. Models of Horizontal Gene Transfer (HGT)

There are three ways in which prokaryotes can obtain DNA from unfamiliar
organisms: transduction, conjugation and transformation.

1.2.4.1.1. Conjugation

First discovered in 1946, by Lederberg and Tatum while studying two strains
of E. coli with distinct nutritional requirements (Lederberg & Tatum, 1946).
Conjugation is a process where DNA is transferred from one organism to
another through direct contact, pores or through the creation of a
conjugation bridge (Griffiths et al., 2015). This process is illustrated in
Figure 1.3.
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Figure 1.3 Mechanism of conjugation
1) The pilus pulls two bacteria together. 2) A bridge forms between the two cells, then one

strand of plasmid DNA enters the recipient cell and each strand becomes double stranded

again (Image retrieved from Griffiths et al., 2015).

1.2.4.1.2. Transduction

First discovered by Norton Zinder and Joshua Ledererg in 1952 in Salmonella
(Zinder & Ledereg, 1952). It is a process in which a virus or a viral vector
introduces foreign DNA into an organism. This mechanism is consequence of
an error; while the bacteriophage was trying to integrate its own DNA into
the bacterial chromosome and create new viral particles, it included part of
the bacterial DNA; which also gets transported into another bacteria and
integrated into the new viral envelope. (Kokjohn et al., 1989). This only
happens in a small minority of the phage progeny, only 1 in 10,000 carry
donor genes (Griffiths et al., 2015). Bacterial transduction is illustrated in
Figure 1.4.
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Figure 1.4 Mechanism of generalized transduction
1)Virus infects donor cell. 2) Donor cell integrates viral DNA into its own genome and

creates new viral envelopes and viral DNA. 3) Viral DNA is packaged into the viral envelopes
but some contain bacterial DNA as well. 4) Recipient cell is infected by virus carrying
bacterial DNA. 5) Recipient cell integrates viral DNA and the bacterial DNA attached into its

own genome (extracted from Griffiths et al., 2015).

1.2.4.1.3. Transformation

Frederick Griffith first described this mechanism in 1928, using S.
pneumoniae as a model organism (Lorenz & Wackernagel, 1994). Bacterial
transformation is the process by which bacteria take up naked DNA from
their environment and integrate it to their chromosome (Chen & Dubnau,
2004; Kruger & Stingl, 2011). Transformation does not require proximity
between cells or between cells and viruses (Chen et al., 2005). Figure 1.5
describes this mechanism.
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Figure 1.5 Mechanism of Transformation
1) Bacterium undergoing transformation picks up the foreign DNA from the environment. 2)

While DNA binding complexes on the bacterial surface take up the DNA, one of the strands
of it is broken down into nucleotides, and then a derivative of the other strand integrates

into the now transformed bacterium (extracted from Griffiths et al., 2015).

1.2.4.1.3.1. Natural Transformation

Natural transformation occurs in many different species of bacteria as well
as in other organisms, to our knowledge 67 prokaryote species are capable
of undergoing natural transformation (Johnsborg et al., 2007), but they need
to become competent for transformation to happen. Competence is a special
physiological state that grants the ability of taking up DNA from the
environment, and it is tightly regulated by specific physiological and
environmental conditions (Chen & Dubnau, 2004); an example of this is B.
subtilis, as the development of competence in this bacterium requires the
activation of over 40 genes (Solomon & Grossman, 1996).

36



Natural transformation comprises five stages: (i) induction to competence;
(i) DNA binding; (ii)) DNA fragmentation; (iv) DNA entrance; and (V)
integration of the new DNA into the genome or into a plasmid (Averhoff,
2004).

The structure of most proteins involved in these five stages is still unknown,
and hence the precise molecular mechanisms in which they are involved
remain elusive. DNA uptake proteins (DUPs) are the translocating
machineries used by bacteria to incorporate naked DNA from the
environment to the cytoplasm during bacterial transformation as shown in
Figure 1.6.
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Figure 1.6 Diagram of the DUPs from six model organisms
In gram-negative bacteria (Figure 1.5 A) DNA is transported across the external membrane

through a Type IV pilus (Tfp) channel, being the dodecameric, membrane-embedded PilQ
(900 kDa) the portal protein, which is in some species assisted by ancillary proteins (PilP or
ComF). The DNA is subsequently transferred to an inner membrane associated complex
comprising a DNA-binding protein, a porine and an ATPase: the DNA-binding protein (ComE
or ComE1l) leads the DNA across the periplasm to the inner membrane channel (ComaA,
ComEC orRec2) through which one single strand of the DNA enters the cytoplasm by being
pulled by the ATPase (PriA). In gram-positive bacteria (Figure 1.5 B) external DNA binds to
a pseudopilus that spans the cell wall. Disassembly/retraction of the pseudopilus opens a
hole in the cell wall, thereby enabling DNA to diffuse from the surface to an inner-
membrane translocating complex that resembles that of the gram-negative bacteria. The
DNA receptor (ComEA, or CelA) is anchored to the membrane and the possibly-dimeric
channel protein (ComEC or CelB) is associated to a hexameric ATPase (ComFA).
Thermophiles (Figure. 1.5 C) use a system similar to that of gram-negative bacteria
(Averhoff, 2004).
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1.3. Bacterial Signal Transduction

Bacterial use signal transduction systems to receive signals from
environmental changes and create a response. These signal transduction
systems can be divided into two groups: Two-component systems and one-
component systems (Laub et al., 2007).

One-Component Systems are composed by one protein that contains a

sensory domain and an output domain (Ulrich et al., 2005).

Two-Component Systems (TCS) are comprised by a sensor Histidine Kinase
(HK) and a Response Regulator (RR) (Stock et al., 2000). The HK auto-
phosphorylates its inner domain, after this, the receiver domain of the RR is
phosphorylated and this in turn, activates the outer domain, triggering the
expression of a certain gene or a cellular physiological process through
protein-protein or protein-DNA interactions. This is why this is such a
paramount system for bacteria to adapt to changes in the environment.
Figure 1.7 illustrates a two-component system (Hoch et al., 2005).

Histidine Kinase Response Regulator
Asp
Input Phospho-transfer ~ ATP-binding Receiver Output
domain domain domain domain domain

Figure 1.7 Two-component System schematic
After sensing the environmental signal, the input domain of the HK activates the

autophosphorylation of the phospho-transfer subdomain of the autokinase; then the high-
energy phosphoryl group is transferred to the aspartate residue in the receiver domain of

the RR resulting in the activation of a specific gene.

There are three known architectures that extend beyond linear pathways for
TCS systems that elaborate on the complexity of these systems in the
mechanisms of survival in bacteria as illustrated in Figure 1.8 (Goulian,
2010).
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Figure 1.8 Two-component System non-linear architecture
A) One-to-many pathway. One HK can phosphorylate two RR. B) Many-to-one pathway.

Two HK phosphorylate the same RR. C) Connector-mediated pathway. The HK1/RR1 TCS
activates a connector protein X, which modulates the activity of the HK2/RR2 system. X can

act either on the HK or RR by decreasing or increasing phosphorylation.

1.3.1. Elements of a Two-Component System (TCS)

As mentioned before, a TCS is conformed by a Histidine Kinase and a
Response Regulator. In this section we will describe them.

1.3.1.1. Histidine Kinases (HK)

HK are a large family of signal transduction enzymes that have the capacity
of autophosphorylating a conserved histidine residue that is used to
phosphorylate the conserved aspartate domain of the RR they form a TCS
with. They are consistently formed by a C-terminal cytoplasmic signaling
domain and a N-terminal extracellular sensing domain with a
transmembrane receptor (Wolanin et al., 2002).

Generally speaking, there are two classes of HKs, orthodox and hybrid
kinases. Orthodox HKs usually function as periplasmic membrane receptors,
a signal peptide and possess transmembrane segments that separate the
protein into a highly conserved C-kinase core and a periplasmic N-terminal
sensing domain. While Hibrid kinases have multiple phosphoacceptor and
phosphodonor sites and instead of using a single phosphoryl transfer, they
use a multi-step phosphorelay system. A sensor domain, a kinase core, a

39



receiver domain and a His-containing phosphotransfer domain compose
them (Parkinson & Kofoid, 1992; Wolanin et al., 2002).

1.3.1.2. Response Regulator (RR)

Response regulators usually have a receiver domain and one or more output
domains. After being phosphorylated by the HK, they suffer a conformational
change that alters the function of the output domains, which can be
translated into an increase in the activation of target genes (Stock et al.,
2000; West et al., 2001). There are over 80,000 RR proteins annotated in
the databases, they display a great diversity in type and structure of their
output domains. The RR superfamily can be classified according to the
nature of how their output domain exerts its response in: 1) DNA-binding, 2)
RNA-binding, 3) enzymatically active, 4) single domain RR proteins and
finally 5) protein-binding. The percentage distribution of the subclasses
within the RR superfamily is illustrated in Figure 1.9 (Zschiedrich et al.,
2016).

enzymatic, protein
8.1% binding, 1.7%

RNA-binding, _\
10% “

single-domain,
19.8%

DNA-binding,
69.4%

Figure 1.9 Percentage distribution of subclasses within the RR superfamily
(Adapted from Zschiedrich et al., 2016).

40



1.4. Transformation in S. pneumoniae

Competence is developed in S. pneumoniae under the control of a quorum-
sensing signaling pathways that involves the ComD-ComE two component
signal transduction system formed by a ComD. which is a Histidine Kynase
(HK) and ComE, that in turn is a Response Regulator (RR) and the auto
synthesized competence-stimulating peptide (CSP) pheromone (Boudes et
al., 2014). ComE belongs to the LytTR subfamily of the RRs (Nikolskaya and
Galperin, 2002). Competence is also the moment in which the
transformasome is created, this dynamic engine implicates cytosolic and
membrane proteins, while incorporating, protect and process transforming
DNA (Claverys et al., 2009). This thesis will extend on the implications of
this molecular engine and its mechanism for bacterial transformation.

According to current understanding, ComD senses the CSP leading to ComD
being activated, and autophosphorylating residue H248, and then ComE is
phosphorylated in residue D58; after, ComE —P then binds to two imperfect
direct repeats DR1 and DR2 (9 bp each, separated by a 12-mer link) in the
promoter regions and induces the expression of the comAB, comCDE and
comX operons (Claverys & Havarstein, 2002). These operons and their
sequence are shown in Figure 1.10.

DR1 DR2
comx GCAGT; TAGGAGCTAAAGGGAACAGAATGG

comab GCAGTTGGGAGGGAGATAGGCTCATTTGGG
comcde GTACACTTTGGGAGAAAAAAATGACAGTTGAGAG

Figure 1.10 Sequence alignment of the three double site DR1-DR2 promoters of
ComE
Conserved bases are shown in red (adapted from Claverys & Havarstein, 2002).

These promoter regions also share a great homology amonst different
species of streptococci as shown in Figure 1.11 (Ween et al., 1999).
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S.preurnoniae GTACACUTTTEGGAGAAARAAAT G ACAGTTGAGAGAA
S, mirtis GTACAUCTTGCEGGAGAAAAAAATGACAGTTGAG|AGAA
S.oralis GTICCGTTTCAGIGITGCAALAAATCGTACAGTTGGOGGIAACA
S.crista CGACATTTCAGIGAATAALARATCIACATTTCAG|IGGAR
S.gordonii TGACATTTCAG . TANTATTTACTNSCATATGARAGC "5
S.sunguis TGIICATTTCEGIECATAAAAAATGACATTTCAGI(GGAR
consensus aCAtPTc?@------ 12----acAa‘Trgac
g g

Figure 1.11 Sequence alignment of six different species of streptococci DR1-DR2
promoters of ComE
Alignment of imperfect direct repeat motifs present in the comCDE promoter regions of six

different species of streptococci (extracted from Ween et al., 1999).

Two mutants have been designed to mimic phosphorylated and
nonphosphorylatable versions of ComE (ComEP*®*® and ComEP°®4,
respectively), this has shown that the D58A mutant abolishes basal comCDE
expression, whilst the D58E mutant display a full competence state (Sanchez
et al., 2015). In addition to this, the supplement of CSP does not stimulate
comCDE in these mutants, indicating that the transcription of the comCDE
operon is regulated by ComE (Ween et al., 1999).

1.5. Bacterial Signal Transduction: A target for antimicrobial therapy

The world is facing a post-antibiotic era and the number of
chemotherapeutic agents and vaccines available to battle infectious disease
is limited (Worthington et al., 2013). TCSs are exceptional targets for the
creation of therapeutics against bacterial infections; this is because bacterial
TCS are very important signaling mechanisms for the diffusion, survival and
colonization of pathogenic bacteria. Some compounds that target TCSs that
have been predicted and experimentally validated are listed in Table 1.2
(Tiwari et al., 2017).
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Table 1.2 Two-Componen Systems targeted y molecular compounds

Bacteria Inhibitor Component Mechanism of action Reference
of TCS
Pseudomonas Thiazole Algrl/ Sensor Inhibition of Roychoundhury
aeruginosa derivatives Algr2 protein phosphorylation/depho et al., 1993
sphorylation of Algr2
Enterococcus Thiazole VanR/ Sensor Inhibition of Ulijasz &
faecium derivatives VanS protein autophosphorylation Weisblum, 1999
Bacilus subtilis  Walkmycin WalK/ Sensor Binds to the HK Okada et al.,
B and WalR protein cytoplasmic domain or 2010
Waldiomyeci the inhibition of the
n autophosphorylation
Staphylococcus Walkmycin WalK/ Sensor Binds to the HK Okada et al.,
aureus B and WalR protein cytoplasmic domain or 2010
Waldiomyeci the inhibition of the
n autophosphorylation
Staphylococcus Salicyanilide KinA/ Sensor Affects membrane Hilliard et al.,
aureus SPOOF protein fluidity, disturbing 1999
signal transduction
Bacilus subtilis Unsaturated KinA Sensor Causes non- Barrett & Hoch,
fatty acids protein competitive inhibition 1998
of ATP-dependent
autophosphorylation
Pseudomonas Thiazole Algrl/ RR Inhibition of DNA- Roychoundhury
aeruginosa derivatives Algr2 binding activity of Algrl et al., 1993
Coryneacteriu Rhein PhoP/P RR Inhibition of conserved Tiwari et al.,
m hoR receiver domain of 2014
pseudotubercul PhoP
osis
Methicillin- Bis-phenol VanR/ RR - Barrett & Hoch,
resistant Van$S 1998
Staphylococcus
aureus
Salmonella NSC9608 (8 PhoP/ RR Inhibition of formation Tang et al., 2012
enterica compounds PhoR of the PhoP-DNA
NCI library) complex

Cross-talk is when cross-phosphorylation occurs between two distinct signal
transduction pathways, and it can be another approach on modulating the
regulation of TCSs (Goulian, 2010). Therefore, it is also possible to
speculate that another TCS can be used as a “control system” to regulate a
target TCS.

Although it might be easy to predict inhibitors, because of the conservation

of domains present in HK and sensor proteins, there is significant similarity
between eukaryotic related proteins and bacterial TCSs. This generates
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concerns regarding the effectiveness of TCS-targeting drugs and their effects
over the host's well-being. This is why, understanding the nature of the
interactions between a TCS, promoters, and its targeting compounds would
benefit from the improved molecular structure awareness by creating a
ligand with an increased specificity (Tiwari et al., 2017).
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2. Objectives ComD-ComE project

The objectives of this section were:

2. The production and preliminary biochemical characterization of the
proteins and protein complexes composed by ComD and ComE with and
without DNA.

3. To lay the ground work for the structural characterization of these
proteins and complexes for bacterial transformation in the gram-positive
bacterium Streptococcus pneumoniae, as a model species with proteins

likely to be amenable for their structural characterization.
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3. General Methods for CombD-ComE

Methods that are commonly used in molecular biology were used throughout
this thesis. They will be explained in this section.

3.1. Culture media, bacterial strains and vectors

In this section we will present the culture media, bacterial strains and
vectors used to perform the experiments for this part of the thesis.

3.1.1. Culture media

Composition of the culture media and additives used as shown:

* Luria-Bertani Broth Culture media (LB): Triptone 1%, NacCl
1%, Yeast extract 0,5%. (Autoclave sterilization)

* Double Luria-Bertani Broth Culture media (2% LB): Triptone
2%, NaCl 2%, Yeast extract 1%. (Autoclave sterilization)

« LB plates: Triptone 1%, NaCl 1%, Yeast extract 0,5%,
bacterial-agar 1,5%. (Sterile conditions)

* |IPTG Stock Solution 1M. (Sterilizing filtration)
» Antibiotics (Sterilizing filtration):

= Kanamycin (Stock solution 50 mg/ml in ddH.O, final
concentration: 50 ug/ml)

=  Ampicillin (Stock solution 100 mg/ml in ddH2O, final
concentration: 100 ug/ml)

= Chloramphenicol (Stock solution 35 mg/ml in ddH2O,
final concentration: 35 pg/ml)
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e Autoinduction broth (Studier, F.W.; 2005)

= 1M MgSO, (Filtered)

= 1000x Trace Metals (1 1) (Filtered)
5M HCI
FeCl,-4H>0
CaCly-2H,0
H3BO3
CoCl,-6H,0
CuCl,-2H20
ZnCl,
Na;Mo0O4-2H,0
MnNClz-4H,0

= 50x 5052 (200 ml) (Heat sterilized)

25% (v/v) glycerol

2.5% (w/v) glucose

10% (w/v) lactose

= 50x M (250 ml) (Filtered)
1.25 M NaxHPO4
1.25 M KH2PO4
2.5 M NH4CI

0.25 M Na,S0O,4

8 ml
59
184 mg
64 mg
18 mg
4 mg
340 mg
605 mg

40 mg

54.47 ml
(stock 87%)

59

209

44.36 g
42.52 g
33.43 g

8.87¢g
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3.1.2.

Bacterial strains

Different E. coli strains were used for cloning and expression (Table 3.1).

Table 3.1 Bacterial cell strains
Bacterial cell strains used during cloning and protein expression.

Cell strain

BL21(DE3)

BL21(DE3) T1R

BL21(DE3)pLysS

DH5a«a

XL1-Blue
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Genotype

B FFdcm ompT hsdS(rg-
mg) gal A(DE3)

B F'dem ompT hsdS(rg-
mg) gal A(DE3) tonA

B FFdecm ompT hsdS(rg-
mg) gal A(DE3)
[ pLysS Cam' ]

F $80dlacZzAM15
A(lacZYA-argF)U169
endAl recAl
hsdR17(rg-mg+)
deoRthi-1 supE441”
gyrA9e6 relAl

endAl gyrA96(nal®) thi-
1 recAl relAl lac
glnv44 F'[ ::Tn10
proAB™ lacl? A(lacz)M1
5] hsdR17(rg- mg+)

Remarks

Used for protein
expression.
BL21-derived with a
chromosomal copy of
the gene for laclq and
for the T7 RNA
polymerase

Strain for protein
expression.
BL21-derived with a
chromosomal copy of
the gene for laclq and
for the T7 RNA
polymerase.
Resistant to
bacteriophages T1 and
T5

Strain for protein
expression. It
expresses low levels
of T7 lysozyme and
inhibits basal leves
of T7 RNA
polymerase.

Used for general
cloning

Supercompetent cells.
Used for cloning

Reference

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Agilent



3.1.2.1. Preparing competent cells

Buffers were prepared and sterilized as follows:

* Transformation buffer 1 (Tfbl): 30 mM KOAc, 100 mM RbCI, 10
mM CaCly, 50 mM MnCl,, 3 mM [Co(NH53)s]Cls, 15% glycerol.

* Transformation buffer 2 (Tfb2): 10 mM 3-(N-morpholino)
propanesulfonic acid (MOPS), 75 mM CaCl,, 10 mM RbCI, 15% glycerol.

E.coli cells were grown in LB at 37 ©C at 220 rpm overnight (o/n). Resulting
culture was diluted by a factor of 10° and re-grown until optical density
(0.D.) reached between 0.25 and 0.3. Cultures were then left on ice for 5
minutes, then the sample was centrifuged for 5 mins at 4,000 x g and 4 °C.
Pellet was resuspended in 1/5 of the initial volume of Tfbl and supernatant
was discarded. Once again, cells were placed on ice for 5 minutes and
centrifuged again for 5 mins at 4,000 x g and 4 ©C. Pellet was gently
resuspended in Tfb2 (1/10 of the volume of Tfb1l) and incubated on ice for
15 minutes. Cells are now ready to be aliquoted and flash frozen in liquid
nitrogen, before being stored at -80 °C.

3.1.2.2. Bacterial transformation

Around 50 ng of vector DNA were added to 50 ul of competent cells in a
small 1.5 ml eppendorf tube, gently mixed with a pippette and then placed
on ice for 30 minutes. The tube was then heat shocked for 45 seconds at 42
©°C by using a thermoblock. Then sample was placed on ice for 5 minutes,
then 1 ml of LB was added and the tube was incubated at 37 ©C and 220
rpm for 60 minutes. Sample was centrifuged and resuspended in 100 pl of
LB and plated on LB-agar + antibiotic (depending on the resistance of the
vector) for positive clone selection and kept at 37 ©C o/n.

3.1.3. Vectors

Each gene was inserted into a pOPIN vector using the In-fusion technique
with a N-terminal-tag (Table 3.2). The protein was expressed fused to the
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seguence contained in the vector. Vectors were obtained from the Protein
Expression Core Facility at IRB.

Table 3.2 Expression vectors
Vectors used for protein overexpression (Berrow NS et al., 2007).

POPINF POPINJ pOPINM POPINS
Used for ComE, ComX ComE ComE ComD, ComW
Length 5457 5457 5457 5906
(bp)
Promoter T7 promoter T7 promoter T7 promoter T7 promoter
Terminato T7 T7 terminator T7 terminator T7 terminator
r terminator
Protein N-terminal N-terminal His- N-terminal His-MBP-3C-  N-terminal His-
tags His-3C-lacz GST-3C-lacz lacz SUMO-POI
Fused N.terminal : N.terminal :MAHH N.terminal :MAHHHHHH  N.terminal :
sequence MAHHHHHH HHHH_GST_LEVLF SSG_MBP_LEVLFQGP :MAHHHHHH_SUMO_
SSGLEVL QGT LEVLFQG
57 cloning Ncol Ncol restriction Ncol restriction site Ncol restriction site
site restriction site
site
37 cloning Mscl Kpnl restriction Hindlll restriction site Kpnl restriction site
site restriction site
site
Antibiotic  Ampicillin Ampicillin Ampicillin Kanamycin
resistance
Reference Addgene Addgene Addgene Addgene

Expected protein parameters were computed with ProtParam (Gasteiger et
al., 2005). Protein secondary structure prediction based on position-specific
scoring matrices was carried out using the Psipred server (Buchan et al.,
2019).

3.2. Protein expression

Initially, protein expression was performed using BL21(DE3) E. coli cells, this
was changed for BL21(DE3) T1 to avoid bacteriophage contamination for all
the target proteins except for ComW for which BL21(DE3) pLysS was used
because it increased yield. Pre cultures were grown with 100 ml of LB in 500
ml Erlenmeyer flasks. One bacterial colony was added to the flask with 100
il of the corresponding antibiotic (depending on the vector's resistance).
This flask was incubated o/n at 220 rpm and 37 ©C. The next day, this was
added to 1.5 1 of LB in 5 | Erlenmeyer flasks and 1.5 ml of the corresponding
antibiotic and placed in an Innova 44 (New Brunswick Scientific) incubator at
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220 rpm and 37 ©C. When an O.D. of 0.6 was reached, 0.4 mM of isopropyl
p-D-1-thiogalactopyranoside (IPTG) was added to induce protein expression.
Then temperature was lowered to 16 ©C and kept incubating for 20 h.

If using auto-induction the media was prepared as follows:

For 500 ml of media:

o Tryptone 59
0 Yeast extract 25¢g
o] MiliQ Water 475 ml
o] 1M MgSOQOq4 1 ml
o] 1000x Trace metals 1 ml
o 50x 5052 10 ml
o 50x M 10 ml
o] Antibiotics 0.5 ml
o] Pre-culture 20 ml

Pre culture and antibiotics would be added to the previously described media,
and grown for 3 hours at 220 rpm and 37 ©C. Then temperature was slowly
lowered from 37 ©C to 16 ©C and the cells were incubated for 36 hours.

In both cases, to retrieve the bacterial pellet with the expressed proteins,
the cells were centrifuged at 5,000 x g for 20 mins at 4 °©C using a Beckman
Coulter Avanti J-26 XPI centrifuge. Supernatant was discarded and pellet
kept at -20 ©C.

3.3. Protein purification

The process in which we obtained a pure sample to use for protein
characterization and crystallization is described in this section.
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3.3.1. Cellular lysate extraction

Pellets frozen at -20 ©C, obtained from the protein expression cultures, were
resuspended in buffer A (500 mM NaCl, 30 mM imidazole, 5% v/v Glycerol,
5 mM B-mercaptoethanol, 20 mM Tris-HCI (pH 7.5) and 0.1 mM EDTA). Then,
50 ul of DNase | and One Complete protease inhibitor cocktail tablet (Roche)
were added to the resuspended sample. Cells were lysed by operating a cell
disruptor (Constant Systems Ltd.) at 25 kpsi. Sample was run through the
cell disruptor twice, and then centrifuged at 25,000 x g for 30 minutes.
Subsequently, supernatant obtained was filtered with 0,22 um filters (Millex)
and pellet was discarded. Sample was kept on ice to avoid denaturation.

3.3.2. Chromatography steps

Protein purification was achieved through a multi-step chromatographic
protocol using AKTA Purifier systems (GE Healthcare) or NGC
Chromatography Systems (Bio-Rad) using the columns below, following
manufacturer instructions (GE Healthcare) at 4 °C:

e HisTrap HP (5 ml) (Immobilized metal ion affinity
chromatography (IMAC)):

Column was washed with 5 Column Volumes (CV) of H,O, then washed with
5 CVs of buffer A, another 5 of buffer B (500 mM NaCl, 500 mM imidazole,
5% v/v glycerol, 5 mM g-mercaptoethanol, 20 mM Tris-HCI (pH 7.5) and 0.1
mM EDTA), and finally 10 CVs of buffer A. Protein sample was loaded into
the system and then column was washed with 10 CVs of buffer A, after this,
protein was eluted using a linear gradient of 15 CV of buffer B. A5 CV wash
of buffer B was performed to ensure that all protein was released from the
column.

* Protease treatment
Protease treatment for ComD and ComW was performed by measuring the
total yield of protein after the first step of purification (Histrap) and then
adding 1:100 SUMO protease (IRB Protein Expression facility). Temperature,
time and shaking conditions were optimized for each protein. Sample was
left o/n at 20 °C divided in 10 ml falcon tubes and then centrifuged to
remove any precipitate. Then the sample was loaded again into the column
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to do a reverse Histrap and the flowthrough concentrated and injected into
the Size Exclusion Chromatography column.

* Histrap Heparin (5 ml)

Column was washed with 5 Column Volumes (CV) of H,O, then washed with
5 CVs of buffer AH (200 mM NacCl, 5% v/v glycerol, 5 mM g-mercaptoethanol,
20 mM Tris-HCI (pH 7.5) and 0.1 mM EDTA), another 5 CVs of buffer H
(1000 mM NacCl, 5% v/v Glycerol, 5 mM g-mercaptoethanol, 20 mM Tris-HCI
(pH 7.5) and 0.1 mM EDTA), and finally 10 CVs of buffer AH. Protein sample
was loaded into the system and then column was washed with 10 CVs of
buffer AH. After this, protein was eluted using a linear gradient of 15 CV of
buffer H. A 5 CV wash of buffer H was performed to ensure that all protein
was released from the column.

» Superdex 200 gl (10/300) increase (Gel filtration)
Sample was filtered or centrifuged at 16,000 x g for 15 minutes at 4 °C.
Sample was introduced and eluted using 1.2 CV of buffer AH. Molecular
weight (MW) standards were used to analyze the eluted peak according to
manufacturer instructions (GE Healthcare).

Protein purity was checked by the SDS-PAGE gel of each chromatography
and by analyzing the gel filtration chromatogram.

3.3.3. Protein visualization and verification

The steps followed verify the presence of the target proteins are described in
this section.

3.3.4. Protein electrophoresis

A denaturating protein acrylamide gel electrophoresis was performed in the
presence of Sodium Dodecyl Sulphate Polyacrylamide Gel (SDS-PAGE) to
visually analyze protein fractions obtained from the chromatography steps.
Gels were prepared as follows:

Stacking gel: 5% [w/v] acrylamide, 0.13% [w/Vv] bis-acrylamide, 0.1%
[w/v] SDS in 0.13 M Tris-HCI (pH 6.8). Polymerization in presence of 0.75%
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[w/v] initiator ammonium persulfate (APS) and 0.125% [v/v] crosslinking
reagent N, N, N’, N’-tetramethylethylene-diamine (TEMED).

Separative gel: 10% [w/v] acrylamide, 0.27% [w/v] bis-acrylamide, 0.1%
[w/v] SDS in 0.38 M Tris-HCI (pH 8.8). Polymerization in presence of 0.5%
[w/v] APS and 0.05% [v/v] TEMED.

Protein samples were diluted with loading buffer (bromophenol blue in 25
mM Tris-HCI (pH 6.8), 5% [w/v] SDS, 10% [v/v] glycerol and 5% [v/Vv] B-
mercaptoethanol) and heated at 95 ©C for 5 minutes.

SDS-PAGE was performed using electrophoresis tanks and a power source
(Bio-Rad) with running buffer (25 mM Tris-HCI, 0.2M glycine and 0.1% [w/V]
SDS) at 200 V. PageRuler Prestained Protein Ladder (Thermofisher) was
used as a protein MW marker.

Gels were removed from the tanks and stained with “one step blue”
(Biotium) for 60 mins, and then transferred to water and kept until scanning.

3.3.5. Protein concentration and quantification

Protein samples were concentrated using Vivaspin concentrators (GE
Healthcare) of 0.5 ml, 4 ml and 15 ml with 10,000 Da MW cut-off. Protein
concentration was measured using the Bradford quantification method
(Bradford, 1976), using the Bradford reagent (Bio-Rad); or using a
NanoDrop 1000 spectrometer and following manufacturer’s instructions
(ThermoFisher Scientifics).

3.3.6. Western blots

Western Dblots were performed using the Trans-Blot SDSemi-Dry
Electrophoretic  Transfer  Cell (Bio-Rad) following manufacturer's
recommendations. Transfer was performed using the following materials:
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* Western blots with the Semi-Dry Electrophoretic Transfer
Cell.
*  Whatmann 3MM paper (GE Healthcare).
* Nitrocellulose or PVDF membranes (GEHealthcare).
 iBlot Dry Blotting System (Invitrogen): Nitrocellulose
transfer stacks and blotting pads.
* Buffers
o Transfer buffer (200 ml Methanol, 3 g TRIS, 3 g
glycine, 3 ml 10% SDS, up to 1l H20).
o0 TBS-Tween buffer (50 mM Tris, 150 mM NaCl and
0.05% Tween 20).
* Protein markers
o Benchmark protein ladder (Invitrogen)
o0 MW markers: PageRuler prestained protein ladder
(Thermofisher)
* Anti-His primary antibody (1:1000 dilution in Tween/PBS)
* Anti-rabbit secondary antibody (1:10000 dilution in
Tween/PBS)

After protein transfer (o/n at 0.4 V at 4 °C), membrane was blocked by
incubating with TBS-Tween buffer with 10% skim milk for an hour at room
temperature, and washed thrice with TBS-Tween buffer for 10 minutes. Then
it was incubated with TBS-Tween buffer with 5% skim milk, supplemented
with 1 ul (1:1000 dilution) of the primary antibody for another hour. Once
again membrane was washed thrice with TBS-Tween buffer, and then
incubated the TBS-Tween buffer with 5% skim milk, supplemented with 0.5
ul of the secondary antibody (1:1000 dilution) for an extra hour and washed
again thrice with the TBS-Tween buffer. Membrane was then imaged
through quimioluminiscence using the ECL plus substrate (GE Healthcare)
and developed using Kodak photographic paper using a Hyper processor
revealing machine (Amersham Pharma Biotech). Membrane could also be
imaged by scanning the membrane using the Odissey Infrared Imager (Li-
Cor) by following the manufacturer's recommendations.
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3.4. Protein co-expression

We tested to see if by co-expressing both proteins yield would increase and
purification would be easier, the process is described in this section.

3.4.1. Construct design

To increase yield and facilitate purification, the co-expression of both
coupled proteins (ComDE and ComWX) was attempted by using the
pETDuet-1 (Table 3.3) as it is designed to co-express two target genes, and
has Ampicillin resistance as well as the pBR322-derived ColE1l replicon and
the lacl gene.

Table 3.3 Expression vector used for protein co-expression

Vector name PETDuet-1
Promoter T7 promoter X 2
Terminator T7 terminator x 2
Protein tags N-terminal HiseTag, C-terminal SeTag
Antibiotic Ampicillin
resistance
Reference Novagen
3.4.2. PCR and cloning

ComD, comE, comW and comX genes were amplified from Streptococcus
pneumoniae R6 contained in the pOPIN vectors. Primers used to clone full-
length proteins (ComE, ComW and ComX) and the cytoplasmic domain of
ComD are shown in Table 3.4. Restriction sites were introduced according to the
vector cloning sites.
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Table 3.4 Primers used for cloning

Primers Sequence

SSumoDuet AGGAGATATACCATGGGTAGCAGCCATCACCATCAT

SHistagDuet AGGAGATATCATATGGCACACCATCACCACCATCA

SComWO080 ATGGTCTAGAAAGCTTTAACAAGAAATAAACCCCCGATT

SComD441Notl ATGGTCTAGAGCGGCCGCCTTTATTCAAATTCCCTCTTAAATCTAATG
ATTTGTCTAAATGTACTGCCT

SComE250 ATGCTCGAGAAAGCTTTACTTTTGAGATTTTTTCTCTAAAATATCTTTT
AATTTTCCTAATTTTTAATCTTG

SComxX159 ATGGTCTCGAGAGCTTTAATGGGTACGGATAGTAAACTCCTTAAA

SCOmE250NOENd  ATGCTCGAGCTTTTGAGATTTTTTCTCTAAAATATCTTTTAATTTTCCT
AATTTTTAATCTTGAAATA

SComX159NoEnd ATGGTCTAGCTCGAGATGGGTACGGATAGTAAACTCCTTA

3.4.3. Polymerase Chain Reaction and cloning

PCRs were performed in an Eppendorf Mastercycler Gradient Thermal Cycler
using the PfuUltra Il Fusion HS DNA polymerase (Agilent). Reaction mix was
composed of the reagents shown in Table 3.5.

Table 3.5 Reaction mix for PCR

Component Amount

10x PfuUltra Il reaction 5.0 pl
buffer

dNTP mix (25 mM each dNTP) 0.5 ul
DNA template (100 ng/pul) 1
Primer #1 (10 puM) 1
Primer #2 (10 puM) 1
PfuUltra Il fusion HS DNA 1
polymerase

Nuclease-free water Up to 50 pl
Total reaction volume 50 pl

PCR cycle was defined according to manufacturer's recommendations (Table
3.6).
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Table 3.6 PCR cycle conditions

CYCLE STEP TEMP TIME

Initial 95 °C 2 minutes
Denaturation

Denaturation 95 °C 20 s
Annealing 45- 20 s
72 °C
Extension 72 °C 60 s per kb
Final Extension 72 °C 3 minutes
Hold 4 °C co
3.4.4. DNA restriction digests

CYCLE

30

Restriction digests were done with New England Biolabs or Fermentas
restriction enzymes. Digestion was performed according to manufacturer's

instructions (37 ©C for 1h in the digest buffers

indicated by the

manufacturer). The restriction enzymes that were used were:

Ncol
Hindlll
Ndel
Notl
Xhol
Rsril

O O O 0O 0O o

Sample mix components were as follows (Table 3.7):

Table 3.7 Reaction mix for restriction enzyme digestion

\ COMPONENT 50 pl REACTION \
50 uM plasmid 40 pl
10x digest buffer 5 ul
Enzyme 1 1
Enzyme 2 1
ddH2>0 Up to 50 pl
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3.4.5. Ligation

The following reaction (Table 3.8) was set up on ice in a microcentrifuge
tube. This was left at 16 °C o/n and heat inactivated (65 °C) for 10 minutes.
Then 2 pl of the sample were used to transform XL-Blue competent cells.

Table 3.8 Reaction mix for ligation

\ COMPONENT 20 pl REACTION \
T4 DNA ligase buffer (10x)* 2 pl
Vector DNA (4 kb) 50 ng (0.020 pmol)
Insert DNA (1 kb) 37.5 ng (0.060 pmol)
Nuclease-free water to 20 pl
T4 DNA ligase 1
3.4.6. Cloning verification

By using Taq polymerase (Stratagene), colony PCR was performed to assess
successful cloning. Colonies were picked with a sterile pipette tip and gently
shaked inside a PCR eppendorf tube containing the sample mix detailed in the
following table (Table 3.9).

Table 3.9 Reaction mix for PCR with Taq polimerase

Component Amount

10x Taq polymerase buffer 2.0 pl

25 mM MgCl, 0.4 ul

10 mM dNTPs 0.4 ul

10 pM 3'primer 0.4 ul

10 pM 5'primer 0.4 ul

Taq polymerase 0.25 ul
Nuclease-free water Up to 20 pl
Total reaction volume 20 pl

PCR steps are listed on Table 3.10. Primers used depended on the PCR product
that was being analyzed, these are listed on Table 1.3.4.
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Table 3.10 Taqg PCR cycle conditions

CYCLE STEP TEMP TIME CYCLES
Initial 95 °C 30 s 1
Denaturation
Denaturation 95 °C 15-30 s 30
Annealing 45-68 °C 15-60 s
Extension 68 °C 60 s per kb
Final 72 °C 5 minutes 1
Extension
Hold 4 °C (o'e]
3.4.7. DNA electrophoresis

Agarose gel electrophoresis was used to analyze the size of the plasmids and
fragments resulting from restriction enzyme digestion as well as for
purification for DNA PCR fragments.

By using the Bio-Rad electrophoresis tanks and power sources (Power Pac
Basic). DNA electrophoresis was performed at 100 V. Gels were stained for
30 minutes and then imaged with an UV light/blue light source. Reagents
used are the following:

3.4.7.1. Gel preparation and running

0 Agarose gels: 0.7-1% [w/Vv] agarose (Sigma) in 1 X TAE

o Tris-acetate- EDTA (TAE) buffer (stock solution 50x): 2 M Tris, 1
M acetic acid, 50 mM EDTA, pH: 8.4

0 6Xx DNA Loading dye (Fermentas)

0 Molecular weight markers: GeneRuler 1 Kb DNA ladder
(Fermentas)

3.4.7.2. Gel staining

Staining solutions: Syber green and Syber safe (Invitrogen) (stock solution
10000x in DMSO, working concentration 1x diluted in TAE).
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3.4.8. Plasmid purification and linear DNA purification

Agarose gel electrophoresis was used to analyze the size of the plasmids and
fragments resulting from restriction enzyme digestion as well as for
purification of DNA PCR fragments.

Following the manufacturer’s guidelines (Qiagen), we purified plasmids from
individual samples using the Qiagen Miniprep kit by using an eppendorf
table-top centrifuge.

Pure linear DNA fragments from PCR products and cleaved vectors were
obtained with the PCR and Gel Purification Kit (Qiagen) or the lllustra GFX
PCR DNA and Gel Band Purification Kit (GE Healthcare) by following
manufacturer’s guidelines and using an eppendorf table-top centrifuge.

3.4.9. Determination of DNA concentration, purity and sequence

DNA concentration and purity was analyzed by using a NanoDrop 1000
spectrometer and following manufacturer’s instructions (ThermoFisher
Scientifics). DNA fragments were checked by DNA sequencing (Macrogen).

3.4.10. Site-directed mutagenesis and creation of truncated
variants

We created mutants that mimic the phosphorylated and unphosphorylatable
states of ComE, this was done by changing the amino acid 58, which
according to literature is the one that phosphorylates (Stock et al., 2016).
To mimic the phosphorylated state it was necessary to change D58E and for
the unphonsphorylatable state the change was D58A. To accomplish this, we
used the Quickchange Multi Site-Directed mutagenesis kit (Agilent) and we
followed manufacturer’s guidelines. XL-blue cells were transformed with the
resulting vectors, which were sent to Macrogen for sequencing.
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Trying to explore more of the phosphorylation qualities of ComE, we also
decided to create a vector that included only the LyTr domain of the protein,
which is the one on charge of DNA interaction. To do so, we amplified this
domain using primers (see Table 3.11) starting at the N-terminus of this
domain. To create the final vector we used the In-Fusion® Cloning system
(Nick Berrow, Protein Expression Facility IRB) following manufacturer’s
guidelines. Resulting vectors were sent to Macrogen for sequencing.

Table 3.11 Primers used for mutants

NAME SEQUENCE

ComED58A_Forward GAAGTAAATCAGCTTTATTTCCTAGCTATCGATATTCA
TGGAATTGAGAAA

ComEDS58A_Reverse TTTCTCAATTCCATGAATATCGATAGCTAGGAAATAAA
GCTGATTTACTTC

ComEDS58E_Forward GAAGTAAATCAGCTTTATTTCCTAGAGATCGATATTCA
TGGAATTGAGAAAAA

ComEDS8E_Reverse TTTTTCTCAATTCCATGAATATCGATCTCTAGGAAATA
AAGCTGATTTACTT

ComELyTr_Forward AGAAAGCTTTTAGATTTTTTCTCTAAAATATC

ComELyTr_Reverse ATACCATGGACTACAATTACAAGGGAAATG

Infussion_ ComELyTr_Forw AGGAGATATACCATGGACTACAATTACAAGGG

ard

Infussion_ComELyTr_Reve GTGATGGTGATGTTTAGATTTTTTCTCTAAAATATC

rse
Forward_NEB_GAGGLU_E ATTTCCTAGAGATCGATATTCATG

Reverse_NEB_GAGGLU_E AAAGCTGATTTACTTCATCATTTTC
Forward_NEB_GCTALA_A TATTTCCTAGCTATCGATATTCATGG
Reverse_NEB_GCTALA_A AAGCTGATTTACTTCATCATTTTC

3.5. Protein and complex characterization

In this section, we will describe the steps used to characterize the proteins
used throughout this thesis.

3.5.1. MW estimation using protein standards

A Size-Exclusion Chromatography (SEC) was performed using the MW
standards (GE Lifesciences) mixed according to manufacturer’s instructions
to be able to estimate for ComD and ComE to determine if the protein elutes
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as an oligomer. MW standards are shown in table 3.12. The Void volume was
calculated by using the Blue dextran as a marker using this equation Kav =
(Ve-Vo)/(Vt-Vo). Then, these values were graphed against the log (MW)
and the resulting line created an equation in which we substituted the
elution volume for our proteins to obtain the calculated MW.

Table 3.12 Molecular Weight approximation standards

Standard name MW (kDa) log MW Elution Kav =
volume (Ve-Vo)
(ml) /(Vt-Vo)
Blue dextran 2000 VOID 7,726 VOID
VOLUME VOLUME
Conalbumin 75 1,88 9,824 0,13
Carbonic 29 1,46 11,998 0,26
anhydrase
Ribonuclease A 13,7 1,14 13,609 0,36
Aprotinin 6,5 0,81 15,707 0,49
3.5.2. Dynamic Light Scattering (DLS)

By calculating the size and size distribution of solution samples in the
submicron region we were able to verify the aggregation state of the sample
for ComD and ComE, as well as their homogeneity (Stetefeld et al., 2016) by
performing DLS with a Zetasizer Nano ZS from the Automated
Crystallography Platform of Barcelona Science Park. Experiments were
performed according to manufacturer’s instructions (Malvern).

3.5.3. Mass Spectrometry (MS) analysis

Peptide mass fingerprinting (PMF) was performed to identify if the final pure
sample was the protein of interest. This experiment was performed through
the Proteomics and Genomics services for the Centro de Investigaciones
Bioldgicas (CIB) CSIC in Madrid.
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3.5.4. dsDNA stock preparation

Oligonucleotides designed and used for crystallization (Table 3.13) were
purchased from biomers.net.

Table 3.13 Primers used crystallization oligonucleotides

NAME SEQUENCE

DR1_16A CAGTACACTTTGGGAG

DR1_16B CTCCCAAAGTGTACTG

DR2_16A CTGACAGTTGAGAGAG

DR2_16B CTCTCTCAACTGTCAG

DR12_40A CAAGTACACTTTGGGAGAAAAAAATGACAGTTGAGAGAAG
DR12_40B CTTCTCTCAACTGTCATTTTTTTCTCCCAAAGTGTACTTG
DR12_40C CAAGTACACTTTGGGAGAAAAAAATGACAGTTGAGAGAGG
DR12_40D CTCTCTCAACTGTCATTTTTTTCTCCCAAAGTGTACTTGC
DR12_38A CAGTACACTTTGGGAGAAAAAAATGACAGTTGAGAGAG
DR12_38B CTCTCTCAACTGTCATTTTTTTCTCCCAAAGTGTACTG

DNA oligonucleotides were diluted to a concentration of 2 mM in ddH:O.
After mixing complementary primers, the sample was denatured at 80 °C for
30 min in a water bath, and annealed overnight by slowly cooling down after
shutting off the water bath. Resulting sample was then kept at 4 °C.

To calculate the final number of nmoles, the next equation was used:

Y
100 W +x pl = Total nmoles of dsDNA
3.5.5. Electrophoretic Mobility Shift Assay (EMSA)

To detect protein—nucleic acid interactions we performed an EMSA with
ComeE, its mutants and the DNA that interacts with ComE. Gels used for this
experiment were done with the following reagents, shown in Table 3.14.
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Table 3.14 EMSA reaction mix for DNA

COMPONENT 20 ml REACTION

H,O 15 ml
Acrylamide 30% 3,7 ml
TAE Buffer 10X 1 ml
PSA 10%o 200 ul
Temed 80 ul

Protein:DNA ratios were tested to observe in which one the interaction
started and which one to use for the following experiments. Samples were
incubated for 3 hours previous to performing the EMSA. Samples were
mixed with 6 X DNA loading dye (Fermentas) and the oligonucleotide without
protein was loaded as a negative control. 0.05 nM of DNA were loaded onto
the gels. EMSA was performed using a power source and electrophoresis
tanks (Bio-rad) with a running buffer (TAE 0.5%) at 200 V and 4 °C for 20
or 25 minutes, for the 20 bp oligos used and the 40 bp oligos used
respectively. Gel was then dyed with Syber safe (Invitrogen) stock solution
10000x in DMSO, working concentration 1x diluted in TAE) for 20 minutes
before being imaged with an UV light/blue light source.

3.5.6. Size Exclusion Chromatography of complexes

SEC were performed to visualize the interaction between ComD, ComE,
ComE mutants and the oligonucleotides that contain the Direct Repeats (DR)
that interact with ComE. EMSA Results were used as guidelines for the
amount of protein and DNA to include. Runs for the individual components of
the complexes were performed to visualize the differences in the elution
volume between them and the final complexes.

3.5.7. Size Exclusion Chromatography — Multi Angle Light
Scattering (SEC-MALS)

This technique allows calculating the MW and radius more accurately, also

indicating the homogeneity of the sample as well as the amount of
aggregation. This experiment was carried out with the help of Roman Bonet
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from the Automated Crystallography Platform (PAC).

3.5.8. One-dimensional Nuclear Magnetic Resonance (1D-NMR)

NMR was performed with the help of the NMR Unit of the Cientific and
Technological centers of the University of Barcelona (CCiT). This experiment
would help us visualize if the protein or protein complexes are folded
correctly.

3.6. Crystallization and X-ray diffraction analysis

X-ray crystallography is the technique that has provided the highest number
of resolved protein structures up till now as shown in Figure 3.1 as well as
contributing with the highest-resolution data available (Egli, 2016).
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Figure 3.1 Growth of the pdb over time
(extracted from Egli, 2016).

This approach is outlined ahead:
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3.6.1. Sample preparation.

A considerable amount of pure protein is required, and molecules should be
well folded.

3.6.2. Crystallization

In this thesis, crystallization via vapor diffusion was performed; it is one of
the most common crystallization protocols used. Crystallization relies on
having a closed environment in which there is a reservoir well containing a
precipitant and a drop with that same chemical at a lower concentration
mixed with the pure protein. Water diffuses into the reservoir from the drop
increasing the concentration of the precipitant and lowering protein solubility
causing protein to change into a supersaturated phase from an unsaturated
state, allowing nucleation to occur. By staying in the metastable zone,
crystals will grow (Figure 3.2). It demands a broad screening of conditions in
which crystals that diffract grow.

A
| |

| Supersaturation |

Precipitation zone

Nucleation
zone

Protein
1

Supersolubility
Metastable curve
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Undersaturation ] Solubilfty curve

| | | | | | »
Adjustable parameter

Figure 3.2 Protein crystallization phase diagram

Protein concentration is represented on the y-axis, while the adjustable parameter on the x-
axis can be for instance the precipitant concentration. (Image extracted from Khurshid et al.,
2014.)
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3.6.3. Protein crystallization screening

Crystal screening experiments were carried out at the Automated
Crystallography Platform (PAC) of the IBMB/IRB at the Barcelona Science
Park. 96-well sitting drop MRC plates (Molecular Dimensions) were used for
screenings. Drops were prepared by mixing 100 nl of protein mix and 100 nl
of the reservoir solution. Reservoirs contained 100 ul of Reservoir solution.
Reagents used as reservoirs were prepared using a Freedom EVO (TECAN)
robot. To facilitate the set up of the 96 well crystal plates a Crystal Phoenix
(Art Robbins Instruments) robot was used. The crystal screenings used are
shown in Table 3.15. Resulting plates were incubated at 4 °C and 20 °C in
the crystal farms (Bruker AXS) provided by the PAC.

Table 3.15 List of crystal screenings used
Names of the screens and commercial screens in which they are based.

PAC1 Crystal Screen | 48 Hampton
Crystal Screen 11 48 Research
PAC2 Wizard | 48 Emerald Bio
Wizard Il 48
PAC3 Index 96 Hampton
Research
PAC4 Salt RX 96 Hampton
Research
PAC9 Natrix 48 Hampton
Complex screen 40 Research
PAC Platform
IBMB
PAC10 Protein-DNA 96 PAC Platform
Screen IBMB
PAC21 PACT premier 96 Molecular
HT-96 Dimensions
PAC22 Pi-PEG Screen 96 Jena Bioscience
PAC23 Pi — minimal 96 Jena Bioscience
screen
PAC Plus JCSG-Plus 96 Jena Bioscience
PACTOP 96 TOP 96 96 Anatrace
Microlytic

When crystals or promising conditions appeared, the condition in which this
happened was then optimized, trying to obtain crystals that could diffract.
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3.6.4. Protein crystallization optimization

A condition became promising when small crystals started to appear. This
could be checked through UV using the Crystalmation (Rigaku) imager or by
visualizing it thanks to the Crystal Farm Navigator. When a promising
condition was identified, optimization was required for the appearance of
better crystals. Reagents, such as precipitant concentrations or buffer pH
could be varied to improve the shape and size of the crystal. The technique
could also be modified to try and improve the crystals, so 24-well hanging
drop plates or sitting drop plates were also used to optimize conditions.

The most promising conditions were then optimized in 24-well hanging drop
plates (Jena Biosciences). Reservoirs in these plates now contained 1 ml of
the crystallization condition, and the crystal drops initially were created by
manually mixing 1 ul of protein and 1 pl of reservoir mix but could be varied
depending on the desired size or concentration of the drop. These drops
were then observed using a SMZ 800 Nikon microscope and further
optimization plates were done as needed, until crystals that could be
collected appeared.

3.6.5. Crystal mounting and freezing

By using nylon cryo-loops (Molecular Dimensions) it was possible to fish
protein crystals that appeared in the crystal drops. Loop size varied
according to the size of the crystal. Fished crystals were cryo-protected by
soaking them in reservoir solutions that contained a cryo-protectant. The
amount of the cryo-protectant had to be optimized to adequately protect the
crystals. The crystals were flash frozen using liquid nitrogen and were now
ready to be taken to the synchrotron.

3.6.6. ComD-ComE data collection

Crystals are irradiated with a beam of X-rays, producing a diffraction pattern
(reflections) that corresponds to the sample electrons that have been
scattered by the X-rays, which are then collected. This is done at

69



synchrotrons that emit X-rays in a tangential sense relative to a closed circle
where the accelerated electron beams are travelling. Crystals are cryo-
cooled with Nitrogen to protect from radiation damage and avoid crystal
desiccation. Cryo-protectants are required to avoid the crystallization of
interference materials (solvents) with the protein diffraction.

No data-sets were obtained with the ComD-ComE project.
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4. Results and Discussion CombD-ComE

In this section of the thesis, we will analyze the results of the experiments
performed throughout the PhD project.

4.1. Construct design

We designed constructs that would express the target proteins inside E. coli
and performed the secondary structure prediction of the proteins to have an
integral analysis of ComD and ComE.

4.1.1. ComD
4.1.1.1. ComD sequence

Streptococcus pneumoniae strain R6 CombD full-length (Uniprot reference:
Q8DMW4) is composed by a transmembrane helix domain (1-206) and a
cytoplasmic domain (207-441). Figure 4.1

10 20 30 40 50 60
MDLFGFGTVI VHFLIISHSY HFICKGQINR KELFVFGAYT LLTEIVFDFP LYILYLDGLG

70 80 20 100 110 120
IERFLFPLGL YSYFRWMKQY ERDRGLFLSL LLSLLYESTH NFLSVTFSSI TGDNFVLQYH

130 140 150 160 170 180
FPFFFVVTVL TYFVTLKIIY YFHLELAYFD EDYLYPFLKK VFFALLLLHI VSFVSDMVST

190 200 210 220 230 240
IKHLNSFGSI LSSIVFISLL LTFFAMNSHK VQMEKEIALK QKKFEQKHLQ NYTDEIVGLY

250 260 270 280 290 300
NE IRGFRHDY AGMLVSMQMA IDSGNLQEID RIYNEVLVKA NHKLRSDKYT YFDLNNIEDS

310 320 330 340 350 360
ALRSLVAQSI VYARNNGVEF TLEVKDTITK LPIELLDLVR IMSVLLNNAV EGSADSYKKQ

370 380 390 400 410 420
MEVAVIKMET ETVIVIQNSC KMTMTPSGDL FALGFSTKGR NRGVGLNNVK ELLDKYNNIT

430 440
LETEMEGSTF RQIIRFKREF E

Figure 4.1 Sequence of full-length ComD

71



4.1.1.2.

S. pneumoniae strain R6 ComD full-length secondary structure was
predicted using the Psipred server. Prediction showed the existence of an
abundant number of helixes in the transmembrane helix domain as shown in

ComD secondary structure prediction

Figure 4.2.
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Figure 4.2 S. pneumoniae strain R6 ComD full-length secondary structure

prediction
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4.1.1.3.

ComD secondary extracellular-cytoplasmic schematic

Furthermore, the Psipred server was used to predict the extracellular-
cytoplasmic schematic of ComD full-length. Figure 4.3 shows the presence of
an extracellular segment of the protein as well as the distribution of the
helixes in the transmembrane helix domain.
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Figure 4.3 S. pneumoniae strain R6 ComD transmembrane domain schematic

4.1.1.4. Sumo-ComD construct

ggée

88888

£

A construct that includes the segment of the cytoplasmic domain of ComD
joint with the SUMO-Histag on the N-terminal to increase solubility and
facilitate expression was designed and the sequence is shown in Figure 4.4.
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10 20 30 40 50 60
MGSSHHHHHH GSDSEVNQEA KPEVKPEVKP ETHINLKVSD GSSEIFFKIK KTTPLRRLME

70 80 90 100 110 120
AFAKRQGKEM DSLRFLYDGI RIQADQTPED LDMEDNDIIE AHREQIGGNS HKVQMEKEIA

130 140 150 160 170 180
LKQKKFEQKH LONYTDEIVG LYNEIRGFRH DYAGMLVSMQ MAIDSGNLQE IDRIYNEVLV

190 200 210 220 230 240
KANHKLRSDK YTYFDLNNIE DSALRSLVAQ SIVYARNNGV EFTLEVKDTI TKLPIELLDL

250 260 270 280 290 300
VRIMSVLLNN AVEGSADSYK KQMEVAVIKM ETETVIVIQN SCKMTMTPSG DLFALGFSTK

310 320 330 340
GRNRGVGLNN VKELLDKYNN IILETEMEGS TFRQINIRFKR EFE

Figure 4.4 Sequence of SUMO-His-ComD cytoplasmic domain construct (207-441)

4.1.2. ComE
4.1.2.1. ComE sequence

Streptococcus pneumoniae strain R6 ComE full-length (Uniprot reference:
Q8DMWS5) is composed by a Response Regulator domain (RR) (1-125) and a
DNA binding domain (LyTr) (142-246). Figure 4.5

10 20 30 40 50 60
MKVLILEDVI EHQVRLERIL DEISKESNIP 1SYKTTGKVR EFEEYIENDE VNQLYFLDID
70 80 90 100 110 120
IHGIEKKGFE VAQLIRHYNP YALIVFITSR SEFATLTYKY QVSALDFVDK DINDEMFKKR
130 140 150 160 170 180
IEQNIFYTKS MLLENEDVVD YFDYNYKGND LKIPYHDILY IETTGVSHKL RII1GKNFAKE
190 200 210 220 230 240
FYGTMTDIQE KDKHTQRFYS PHKSFLVNIG NIREIDRKNL EIVFYEDHRC PISRLKIRKL

250

KD I LEKKSQK

Figure 4.5 Sequence of full-length ComE
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4.1.2.2. His-ComE secondary structure prediction

S. pneumoniae strain R6 ComE full-length secondary structure was predicted
using Psipred, shown in Figure 4.6.

Cat == e e

ped CEEEEECCCHHHHHHHHHHHHHHHHHCCCCCEEEEECCHHHHHHHHHHCC

AMMMKVLILEDVI EHQVRLERI LDEI SKESNIPI SYKTTGKVREFEEYI! ENDE

10 20 30 0 50
Cort mem— e -
ped CCCEEEEEEECCCCCCCHHHHHHHHHCCCCCEEEEEEECCHHHHHHHHHC
MMVNQLYFLDI DI HGI EKKGFEVAQLI RHYNPYAI I VFI TSRSEFATLTYKY
=z 60 70 80 0 100
Car - —

ped CCCCCCCCCCCCCHHHHHHHHHHHHHHHHHCCCCCCCCCCEEEEEECCCE

MM QVSALDFVDKDI NDEMFKKRI EQNI FYTKSMLLENEDVVDYFDYNYKGND

110 120 130 140 150
con [ — — -_— —
ped EEECHHHEEEEEECCCEEEEEEECCEEEEEEECCHHHHHHHHCCCCCCEE
MMLKIPYHDI LYI ETTGVSHKLRI I GKNFAKEFYGTMTDI QEKDKHTQRFYS

160 170 180 190 200
cw = —ee—

ped ECCCEEECHHHEEEEECCCCEEECCCCCEEECCHHHHHHHHHHHHHHCCC

M PHKSFLVNIGNI REI DRKNLEI VFYEDHRCPI SRLKI RKLKDI LEKKSQOQK

210 220 230 240 250
Legend:
Strand Cart:  3-state assignment cartoon
B Helix Pred: 3-state prediction
s OO AA: Target Sequence

Figure 4.6 S. pneumoniae strain R6 ComE full-length secondary structure

4.1.2.3. His-ComE construct
A construct that includes ComE full-length joint with a Histag on the N-

terminal to increase solubility and facilitate expression was designed and the
sequence is shown in Figure 4.7.
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10 20 30 40 50 60
MAHHHHHHSS GLEVLFQGTV DPTGKRAMKV LILEDVIEHQ VRLERILDEl SKESNIPISY

70 80 90 100 110 120
KTTGKVREFE EYIENDEVNQ LYFLDIDIHG 1EKKGFEVAQ LIRHYNPYAl I1VFITSRSEF

130 140 150 160 170 180
ATLTYKYQVS ALDFVDKDIN DEMFKKRIEQ NIFYTKSMLL ENEDVVDYFD YNYKGNDLKI

190 200 210 220 230 240
PYHDILYIET TGVSHKLRI1 GKNFAKEFYG TMTDIQEKDK HTQRFYSPHK SFLVNIGNIR

250 260 270
EIDRKNLEIV FYEDHRCPIS RLKIRKLKDI LEKKSQK

Figure 4.7 Sequence of His-ComE construct

4.2. Protein purification

Purification protocols used to obtain a pure sample to be used for the
analysis and crystallization trials performed for this thesis are shortly
described ahead.

4.3. ComD purification

ComD was purified through a nickel-affinity chromatography followed by an
inverse nickel-affinity chromatography after removing the His-SUMO tag,
and finally a Size Exclusion Chromatography (SEC) was performed. ComD
purification scheme is shown in Figure 4.8.

Size Exclusion

ComD |BE2H(DES)=h, Niquel Affinity o Niquel Affinity  Ghromatoaranh
lysate Chromatography Mo jgection Chromatography (SECg) s

Figure 4.8 ComD purification scheme
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ComD SUMO tag removal had to be optimized to obtain the highest yield
after purification. Removal conditions effects are shown as an SDS-PAGE of
the samples in Figure 4.9.

Sumo + @ @ @
kDa M comp 4°C 20°C 37°C

100
70

55 -
40

35 -

25

15

Figure 4.9 ComD SUMO-tag removal optimization SDS-PAGE

The temperature that was chosen was 20 ° C, because of the low quantity of
precipitation and the reproducibility (20 °© C room availability), even though
the tag was cut at different temperatures; 4° C, 20° C and 37° C.

Verification of the expression and purification of our target protein CombD
was performed first via a western blot shown in Figure 4.10. As expected,
there is signal throughout the gel, except in the last lane because the tag
has been removed.
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Benchmark CombD ComD Pure

Protein o Cell  digestion digestion . o
ladder extract pellet  soluble

kDa
100

70

15

Figure 4.10 ComD western blot

4.4. ComE purification

ComE was purified through a nickel-affinity chromatography followed by a
heparin-affinity chromatography and finally a Size Exclusion
Chromatography (SEC) was performed. ComE purification scheme is shown
in Figure 4.11.

Size Exclusion
Chromatography
(SEC)

ComE BL21 (DE3) Niquel Affinity Heparin Affinity
lysate Chromatography Chromatography

Figure 4.11 ComeE purification scheme
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Verification of ComE was done via western blot as shown in Figure 4.12.

Benchmark Pure
Protein
ladder

ComE

kDa
100

70

55

40

35

25

Figure 4.12 ComE western blot

Purification was performed individually to be able to remove the SUMO tag
from ComD by performing a reverse Histrap after protease treatment. Final
chromatographs and SDS-PAGE (Figure 4.13) show that the sample was
pure. To be certain that we were working with our target proteins, peptide
mass fingerprinting was performed by the Proteomics and Genomics services
for the CIB CSIC in Madrid. Results confirmed that samples were ComD and
ComeE respectively.
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4.5. ComD and ComE characterization

A) ‘
mAU
M A 260 nm
M A 280 nm
<)
Pure Pure Pure Pure
M ComE ComE ComD ComD
kDa
100 |
70 |
B) 0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0ml 55 -

mAU 40

25

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0ml

Figure 4.13 Pure ComE (Top) and pure ComD (Bottom) chromatogram and SDS-
PAGE

A) Chromatograph of final purification step of ComD, B) Chromatograph of final purification
step of ComE, C) SDS-PAGE of the peak fractions obtained from A and B.

After optimizing production, it was possible to obtain a protein yield of 1.7
mg/| of culture of ComD and 2 mg/| of culture of ComE.

Pure ComD was comprised of 235 residues, a MW of 27,029.04 Da and a
theoretical pl of 6.17, while pure ComE was comprised of 277 residues, a
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MW of 32,927.60 Da and a theoretical pl of 6.4. Using MW standards, an
approximation of the MW of both was performed, reaching an experimental
value of 55.3 kDa for ComD and 31.96 kDa for ComE. With this information,
(Figure 4.14) it is possible to hypothesize that ComD behaves as a dimer
and ComE as a monomer. Monodispersity of both protein samples was

verified using DLS.

Blue dextran VOID VOID
VOLUME VOLUME
Conalbumin 75 1.88 9.824 0.13 1.88
Carbonicanhydrase 29 1.46 11.998 0.26 1.46
Ribonuclease A 13.7 1.14 13.609 0.36 1.14
Aprotinin 6.5 0.81 15.707 0.49 0.81
mAU
2 M 1260 nm
1.6 H M A 280 nm
1.2
0.8
y =-2.9802x + 2.2488
0.4 R?=0.99715
0
0 01 02 03 04 05
| 0.0 5.0 10.0 15.0 20.0 ml

logMW=
-2.980x
+ 2.248

Theoretical

MW (kDa)

1.50 31.96

32.92760 Monomer

Elution Kav =
SAMPLE volume (ve-Vo)
(m) (Vt-Vo)
His+ComE 11.78 0.25
ComD 10.48 0.17

1.74 55.3

27.02904 Dimer

Figure 4.14 MW approximation calculations using a Size Exclusion

Chromatography
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4.6. Protein-protein complexes

4.7. Protein-protein complex formation and analysis

Complex formation was achieved by mixing ComD and ComE to obtain a 1:1
molarity ratio and incubating for 3 hours at 4°C.

The binary protein-protein complex was analyzed and studied in the attempt
of obtaining a sample that could be used for crystallization trials.

4.8. ComD-ComE complex SEC

Sample was injected into a SEC 200 10/300 and the chromatogram shows
the formation of a protein-protein complex as shown in Figure 4.15, yet
there is part of the protein that elutes very close to the exclusion limit,
indicating a possible bigger complex or the formation of aggregates. It is
possible to see that both ComD and ComE are present throughout the
eluting peaks as shown in Figure 4.16.

A 260 nm

M A280 nm

Figure 4.15 ComD-ComE complex SEC chromatogram
Fractions were loaded in the SDS PAGE and are marked with the colored bars.
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Sample

M Lloaded BN
kDa ~ »

100 .

70 W
55
40

35

25

15 |

N

Figure 4.16 ComD-ComE complex SEC SDS-PAGE
Lanes are marked using the color bars as in Figure 4.15

4.9. ComD-ComE complex double SEC

We decided to perform two tandem SEC 200 10/300 to attempt and
separate the complex better, but when we did this, maybe because it took a
long time due to the pressure limits, it seems that the complex is so weak
that the proteins eluted separately as shown in Figure 4.17. Color bars are
used to identify fractions both in the Chromatogram and the SDS-PAGE.

1 A260 nm

M A 280 nm

Figure 4.17 ComD-ComE complex double SEC chromatogram
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The first peak is symmetrical and contains ComD predominantly, while the
second peak has a higher presence of ComE (Figure 4.18). This could
suggest that the complex does not have the strength to amalgamate
through the double SEC. Therefore, we opted to pursue crystallization trials
by adding pure ComD and pure ComE.

Pure Pure Sample First Peak Second Peak
M ComD ComE M |

kDa
100
70
55

40
35
25

Figure 4.18 ComD-ComE complex double SEC SDS-PAGE

4.10.Protein Crystallization screenings

General crystallization screenings were set up with the intention of obtaining
promising hits that would result in the optimization and appearance of
diffraction-quality crystals to be used to solve the structure of the protein or
complex.

4.11.CombD Crystallization screenings

There is no available solved structure of ComD, this is why we attempted to
crystallize it by itself. Several general crystallization screening plates were
set up at different conditions, we had some possible hits but even after
many rounds of phase diagrams and modification of variables, no crystals
appeared.
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4.12. ComD-ComE crystallization screenings

Many general crystallization screening plates were set up at different
conditions; we observed promising conditions in PAC 96 H10 well (0.2 M
Ammonium sulfide, 0.1 M TRIS at pH 8.5 and 10 %w/v PEG 3350), and PAC
2 H7 (0.2 M Magnesium chloride, 0.1 M TRIS at pH 8.5 and 25 %w/v PEG
8000). Phase diagrams, optimizations and additive screens were set
attempting to improve these crystals as shown in Figure 4.19. In some
conditions, some needles or crystal nucleus did appear with the additives
(BO2 is Praseodymium(lll) acetate hydrate and DO7 is Guanidine
hydrochloride) but they could not be optimized nor scaled up.

PAC 2 H7 B02

PAC 96 H10 B02 PAC 96 H10 D07

Figure 4.19 ComD-ComE + additive crystal plates with small crystals
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4.13. ComD-ComE crystal diffraction

Many crystals were tested at ALBA synchrotron in the BL13-XALOC beamline
and a couple did diffract but they were not usable because they were
clusters of crystals and the resolution was very low. One of these clusters
diffraction pattern suggests it was a protein crystal, but bigger crystals did
not appear even after many rounds of optimization (Figure 4.20).

Figure 4.20 ComD-ComE crystal cluster and its diffraction pattern

We obtained crystals with the additive screens (Figure 4.21), but when
tested they diffracted like a small molecule, suggesting that what crystallized
was the additive itself.
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Figure 4.21 Small molecule crystal

4.14.Protein-DNA complex formation

We utilized different oligonucleotides based on the promoter region of S.
pneumoniae, which is conserved amongst six different species of
streptococci. These oligonucleotides shown in Figure 4.22, were designed to
test the affinity of ComE and the comCDE promoter and to attempt complex
crystallization. Oligonucleotides conserve the Direct Repeats found in the
comCDE promoter in the S. pneumoniae genome but in some cases to
increase stickiness and for design purposes the last base was changed to a
cysteine. Oligonucleotides were also extended on the one end to allow a
better binding to the protein.
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comCDE promoter

DR1 DR2
S GT%VAVW1luuGAGAAAAAAATGAuAuIIUAGAGAA
| H I | : 3 | 3 | rulll |
I ' v LI T T i T L |
3¢ CATGTGAAACCCTCTTTTTTTACIGTCAACTCTCTT
DNA_DR1 ; '
5°* CAGTACACTTTGGGAG
3 GTCATGTGAAACCCTC
DNA_DR2 ‘ : . .
5° | g CTGACAGTTGAGAGAG
3! § j GACTGTCAACTCTCTC
DNA_DR12_40A | ;
* H : *
D - CAAGTACACTTTGGGAGAAAAAAATGACAGTTGAGAGAAG
| —_ | 4 | 4 | i |
| Vi ! e T v T T =
3° GTTCAﬂthAAA(UCTCTTTTTTTACTHICAACIpTCTTC

Figure 4.22 DNA sequence of the comCDE promoter and the oligonucleotides that

were designed for this thesis

DR1 binding site is shown in green, DR2 binding site is shown in blue, modified ends are

marked with a red asterisk.

4.15. Mimicking phosphorylated and unphosphorylatable ComE
states

We decided to create mutants that mimic the phosphorylated and
unphosphorylatable states of ComE. This was achieved by changing the
aspartic acid in position 58 into a glutamic acid to mimic the phosphorylated
state, and by changing the same amino acid into an alanine to mimic the
unphosphorylatable state of the protein. Additionally, we decided to create
another construct that included only the DNA binding domain (the LyTr
domain) of ComE, to pursue a deeper exploration of how this mechanism

works.
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After receiving confirmation that the mutations were successful,

we

expressed and purified both mutants and attempted to do so with the new
construct as well. Purification pathway was the same as used for the
wildtype. ComEP>®® behaved quite similar to the wildtype, while ComEP>%*
appeared to run faster in the SDS page as shown in Figure 4.23. They were
both tested via Peptide mass fingerprinting by the Proteomics and Genomics

services for the CIB CSIC in Madrid.

Pure Pure i
M come™* ComE’

kDa = _]

100 pu—

70

-

55

40

35 -
3 Pure D58E

25 ComE
32.883 kDa

'—‘_

Pure .., Pure ..,

kDa ComE ComE

100 | SN

o |-

= .

40 .

35 Pure D58A

ComE

25 32.941 kDa

Figure 4.23 Pure ComEP*®¢ and ComEP*®* SDS-PAGE

The LyTr domain protein, which functions as the DNA-binding domain
(residues 142 — 246) with a MW of 12,933 kDa shown in Figure 4.24
was also tested via peptide mass fingerprinting by the Proteomics and
Genomics services at the CIB CSIC in Madrid, yet it could not be purified
as most of it degraded and the

rest precipitated very quickly
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Histrap Peak
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100
70

55
40

35

25

|

15

Figure 4.24 ComE LyTr Histrap SDS-PAGE
ComE LyTr histidine affinity chromatography peak is shown inside the turquoise
rectangle.

4.16. Electrophoretic Mobility Shift Essay (EMSA)

Purified protein was incubated with the different oligonucleotides for
three hours at different protein:DNA ratios to visualize at what
concentration did the DNA shift. It was also done to visualize the
differences between ComEe""%P® ComE P°*F and ComeE P°®* and their
affinity to the DNA_DR1 (Figure 4.25), DNA_DR2 (Figure 4.26) and the
DNA_DR12_40A (Figure 4.27) oligonucleotides.

4.17.EMSA for DNA_DR1
The EMSA experiment performed using the short oligonucleotide that

contained the first Direct Repeat (DNA_DR1) and different ratios of
ComEW!a¥Pe - comEP%8F and ComEP*®* is shown in Figure 4.25.



DR1

DNA_DR1

5 CAGTACACTTTGGGAG 3
}—0—0—0—0——4——0—0—0—{-—0—0—0—0—0—{

37" GTCATGTGAAACCCTC 57

ComE Wildtype 1. ComE D58E

o NN
OO0 0O O0O0OO0O0O=- AN MT LN 8

ComE D58A

- S eiting

N 0
o O

=, ~
o o o -« N o

Figure 4.25 EMSA of the “DNA_DR1” oligo with Comg""¥%P¢ comEP*®F and
ComEDSSA

There was no binding with the unphosphorylatable mutant (ComEP>%%).

Unexpectedly, binding was slightly greater with the wildtype in
comparison to the phosphorylated mimicking mutant. This suggests
that the binding of the LyTr domain with DR1 is independent by the
phosphorylation mimicking done by the mutation of this residue in the
RR domain. By analyzing the DNA-shift in the gels can propose that
the protein:DNA ratio for successful binding would be 3:1 for the
ComE""%Pe and 4:1 for ComEP8E,
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4.18. EMSA for DNA_DR2

The EMSA experiments performed with ComEg"“"%P¢ ComEP**® and

ComEP>®** and the short oligo that contained the second Direct Repeat
(DNA_DR?2) is shown in Figure 4.26.

DR2
DNA_DR2
5 CTGACAGTTGAGAGAG 3
s I P— | PRI i |
| 2 ! K |
3 GACTGTCAACTCTCTC S’

ComE Wildtype ComE D58E

"‘-d-o--..b--_.L.

“Nwn N - NN

ComE D58A

i - R
OCocC Oo-HANMm

Figure 4.26 EMSA of “DNA_DR2” oligo mixed with ComE""4%"¢ comEP*®F and
ComEPs8A

Once again, there was no binding with the ComE">®* mutant and it was
greater with the wildtype in comparison to the ComEP°®*® mutant.



Binding with DNA_DR2 was weaker than the one with DNA_DR1;
therefore, we can theorize that DNA_DR1 has more affinity with ComE

in both cases, ComEW!%P® and ComEgP®eE,

4.19.EMSA for DNA_DR12_40A

An EMSA performed with a longer oligonucleotide (40 bp) that
contained both direct repeats (DNA _DR12_40A) and Comg"!'dwre
ComEP>®t and ComEP*®" is shown in Figure 4.27.

DR1 DR2
DNA_DR12_40A
57 CAAGTACACTTTGGGAGAAAAAAATGACAGTTGAGAGAAG 3
| I 1 I 1 I 1 I |
I T T T T T T T 1
37 GTTCATGTGAAACCCTCTTTTTTTACTGTCAACTCTCTTC o

ComE Wildtype ComE D58E

NN o NN
ComE D58A

s Bt
OO0 © OO = N ™ < 0

Figure 4.27 EMSA of “DNA_DR12_40A” with ComgE""%Pe comEP*®F and
ComEP%8A
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The DNA_DR12_40A oligonucleotide was able to bind with all three
versions of ComE. It is clear that its binding was best with ComEg""dvre
followed by ComEP®F, but in contrast with the shorter oligos we can
see some displacement as the protein increases with the ComEgP>%*
mutant. This suggests that this oligonucleotide is the best candidate
for crystallization trials. In comparison with DNA_DR1, the amount of
protein needed for a good binding was lower for the longer nucleotide
indicating a higher affinity of the protein.

4.20. Protein-DNA complex preparation for structural studies

Protein-DNA complex was prepared and characterized to produce a
sample that could be used to set up crystallization screening plates.

4.21.Protein-DNA complex with ComEW!dvre

After analyzing the EMSA results, we decided to focus on Comg"V!dvre
and ComEP>®*® as well as DR1 and DR12_40A. We incubated the
protein-DNA complex using a 3:1 ratio (protein:DNA) for DR1 and a
2:1 ratio (protein:DNA) for DR12 for three hours. To verify the
formation of the complex, we ran a SEC analysis as shown in Figure
4.28 for ComEgWildtyre,

We can observe the elution volume for all the individual components
and compare them with both complex peaks, which as predicted elute
before. We can observe that as predicted, the complex forms with both
oligonucleotides, yet it seems more stable and the resulting peak more
homogenous for the DR12_40A oligonucleotide. The ComEP?%-
DNA_ DR12 40A complex shows that although it is formed, there is still
a peak of unbound protein which is not homogenous suggesting that
there is also unbound DNA; this is confirmed because of the shift in
the elution profile at 260 nm, in the beginning of the second peak. The
homogeneity of the ComEY'YYP°_.DNA DR12_40A complex peak was
promising, so crystal screenings were set.



Wildtype

Com DNA_DR12_40A ComE DNA_DR1
1 A 260 nm N N,

Wildtype

M A 280 nm

e

Wildtype

ComE + DNA_DR1

65| 171

Wildtype

Come" ™™ + DNA_DR12_40A

18| 126

Figure 4.28 ComE""%P¢ protein-DNA complex trials with DNA_DR1 and
DNA_DR12_ 40A chromatogram
Signal was normalized to the highest peak of the samples.
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To confirm the presence of the protein and the oligonucleotide in the
sample, a SDS-PAGE was performed, stained and imaged as shown in
Figure 4.29.

comEWildtype

Wildtype
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ComE
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kDa m26 25 24 21 20 1918 26252421 201918
100 '
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35
25

15

Figure 4.29 ComEV"I%P® protein-DNA complex trials with DNA_DR1 and
DNA_DR12_40A SDS-PAGE

SDS PAGE on the left dyed with “one step blue” protein dye and on the right dyed
with Syber safe dye to visualize DNA.

4.22.Protein-DNA complex with ComEP®%F

After forming the ComEP°®*-DNA complexes, these were loaded into a
SEC performed to analyze the samples as shown in Figure 4.30.



DS8E
ComE
B A 260 nm DNA_DR12_40A ComE ~  DNA_DR1
NN P

B A 280 nm A

o 'W-Dssvzj- - o
ComE + DNA_DR1

- —66';“ 173
s e R o ;
ComE™™ + DNA_DR12_40A

Figure 4.30 ComEP>®F protein-DNA complex trials with DNA_DR1 and
DNA_DR12_40A

First chromatogram corresponds to the individual samples analysis. Signal was

normalized to the highest peak of the samples.
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Once again, presence of the protein and the oligonucleotide in the
SDS-PAGE was verified by staining and imaging as shown in Figure
4.31.

D58E

ComE
DS8E
ComE + DNA_DR1

kDa M 66 68 70 71 72 73 66 68 70 71 72 73

ComE™ + DNA_DR12_40A

kDa M 22 21 20 19 18
100
70
55
40
35
25

22 21 20 19 18

15

Figure 4.31 ComEP®®® protein-DNA complex trials with DNA_DR1 and
DNA_DR12_40A

SDS PAGE on the left dyed with “one step blue” protein dye and on the right dyed
with Syber safe DNA dye.
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4.23. Size Exclusion Chromatography with Multi-Angle Light
Scattering (SEC-MALYS)

First, the samples were run and analyzed separately as shown in
Figure 4.32. Signal was normalized to the highest peak of the samples.

Intriguingly, MALS and RI signals do not overlap perfectly, indicating
that MW is not stable, this also shows that there is more than one
species present as shown in Figure 4.32; but the fact that the MW
range between values obtained from this experiment and the
theoretical values for both proteins (shown in Table 4.1) is under 10
kDa suggests that the equilibrium is shifted towards monomers (ComE
39 kDa vs. 33 kDa and ComD 31.5 kDa vs. 27 kDa).

Table 4.1 Individual MALS-RI SEC calculations for ComD, ComE and
DNA_DR12 40A

Mp (kba) MW Theoretical Calc mass Mass
(kDa) MW (kDa) (H9) fraction (20)

ComE 41.55 *+ 39.25 * 32.93 1620.50 95.73

0.02 0.03
ComD 33.12 + 31.45 + 27.03 63.39 92.48

0.02 0.04
DNA_ 26.20 * 27.07 = 24.6 9.02 100.00
DR12 40A 0.10 0.16

20a0" 4 . T h —

10 140 150 140 170
velume pwi)

Figure 4.32 Individual MALS-RI SEC profiles for ComD, ComE and
DNA_DR12_40A

CombD is shown in magenta, ComE in turquoise and DNA_DR12_ 40A in lime green.

Signal was normalized to the highest peak of the samples.
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To elaborate more on the monomer equilibrium, we performed a test
to see if the amount of protein injected had an influence on the
equilibrium. After performing the ComE injection, an initial fraction was
injected, followed by a peak fraction and a final fraction to observe
peak profiles for each part of the initial ComE peak. Strikingly the peak
profile (Figure 4.33) was extremely similar as well as the calculated
values for MW. In the initial ComE injection there is a second peak
whose MW suggest that might be the dimer state of ComE. This
suggests that when a threshold is surpassed the equilibrium shifts
towards the appearance of a dimer state of the protein.

'

| ComE peak 2 , - /\
\ Soal j‘s /
48 kDa .
k: |~ 34.6 kDa 4 =33 kDa
Come peak 1 .
~’ B & . V"\_—

-
——— —

Figure 4.33 Individual MALS-RI SEC profiles for ComE
a) MALS-RI SEC Initial profile for ComE. b) Individual Initial peak ComE profile,

Central peak ComE profile and Final peak ComE profile.

In Figure 4.34 we can observe that the protein-DNA complex is formed,
and that the second peak is composed of ComE as it matches its
theoretical weight (33 kDa). The calculated MW’s suggest the
dimerization of ComE joint with DNA_DR12_40A. This is in agreement
with literature (Boudes et al., 2014) as they also theorize the
dimerization of ComE.
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ComE-DNA_DR12_40A complex
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Figure 4.34 MALS-RI SEC profile for ComE-DNA_DR12_40A complex

The UV profiles obtained from the MALS experiments confirmed the
presence of DNA in the sample, and suggest the formation of the
binary (ComE + DNA) and ternary (ComD + ComE + DNA) complexes
as it had a greater signal 260 nm (where DNA absorbs the most).

In Figure 4.35 we can observe appearance of the ternary protein-DNA
complex, and that the second peaks MW suggests that it is composed
by ComD + ComE as mentioned before. The MW of the ternary
complex would be 90 kDa approximately but the average calculated
value is 76.5 kDa. As its behavior is similar to the single protein

profiles, it suggests equilibrium of species.

105 kDa [\ ComE-ComD

1mm0*
a0 \\\ I" /
prers | 1
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seao* \ |
.\ ComE-ComD | \
s ‘DNA_DR12_40A complex | N 35 kDa
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Figure 4.35 MALS-RI SEC profile for ComD-ComE-DNA_DR12_ 40A complex
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4.24 . Protein-DNA complex crystallization trials

It is obvious that the protein-DNA complex is binding better with the
longer oligonucleotide. Nonetheless we tried many general
crystallization screening plates for all three oligonucleotides. We
observed promising conditions only with ComEY"%"°  wWe tried
crystalizing the binary and the ternary complexes and the best
condition for both was PAC 1 BO2 (0.1 M HEPES pH 7.5, 0.28 % PEG
400 and 0.2 M Calcium Chloride). The micro crystals that appear are
quite different for both as shown in Figure 4.36.

Figure 4.36 Binary (ComE+DNA_DR12_40A) and tertiary
(ComD+ComE+DNA_DR12_40A) complex crystals

Binary complex is shown on the left and Tertiary is shown on the right.

4.25. Protein-DNA crystal diffraction

A couple of micro crystals were retrieved from a PAC 1 BO02
Optimization (0.1 M MES pH 6, 0.23 % PEG 400 and 0.2 M Calcium
Chloride) and tested at the Alba Synchrotron BL13-XALOC beamline.
They diffracted at very low resolution (15 A) (Figure 4.37). Even
though several optimization plates were set up, it was not possible to
obtain bigger crystals.
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Figure 4.37 ComE+DNA_DR12_ 40A micro crystals and their diffraction
pattern
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4.26.0ligonucleotide redesign and crystallization trials

The oligonucleotide was redesigned in the attempt to see if changing
the DNA structure would allow for the crystal packing to occur in an
ordered manner.

4.27.0ligonucleotide redesign

While trying to crystalize ComE""9%P® and DNA_DR12_40A complex we
observed the formation of round granules (Figure 4.38). These
crystalline round granules appeared within hours of mixing the drop;
many adjustment trials were performed like changing protein
concentration, changing the protein to crystal buffer proportion or
adding additives in order to allow crystals to appear.

Figure 4.38 ComE+DNA_DR12_40A complex micro round nodules crystals

The fast appearance of these crystals led us to hypothesize that
slightly modifying the oligonucleotides would allow the complex to
crystalize properly, so we decided to design new oligonucleotides that
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could possibly crystalize more effectively with ComEW!%Pe  The
changes done to the design could improve crystal packing, which
would translate into the appearance of protein-DNA complex crystals.
These are shown in Figure 4.39.

comCDE promoter

DR1 DR2
5 GTRVAV!IImuGAGAAAAAAATGAnAnIIMAGAGAA 37
| H i l i l o
— T T T T ! ™
37 CA;uiMAAA( CTCTTTTTTTAC TCAACTEGTCTT o
DNA_DR12_38 | 2
*
5" CAGTA " TTTGGGAGAAAAAAATGACAGTTGAGAGAG 3:°
| i L n L i 1 i ]
[ nd T T T v T i 1
3 GTCAI GTGAAACCCTCTTTTTTTACTGTCAACTCTCTC H:?
DNA_DR12_40C ;
: *
5° CAAGTACACTTTGGGAGAAAAAAATGACAGTTGAGAGAGG < &
l i : | i l i L i [ |
T t T T T T T T LI |
3" GGTTCATGTGAAACCCTCTTTTTTTACTIGTCAACTCTCTC H?

Figure 4.39 DNA sequence of the comCDE promoter and the second round of
oligonucleotides

DR1 binding site is shown in green, DR2 binding site is shown in blue, modified ends

are marked with a red asterisk.

4.28.Redesigned oligonucleotide EMSA

We decided to test the binding of ComEY'YP® and these newly
designed oligonucleotides through EMSA (Figure 4.40). It is possible to
conclude that the affinity is better for the original long DNA
oligonucleotide that includes both direct repeats.
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ComE Wildtype

DR1 DR2
DNA_DR12_38
SR CAAGTACACTTTGGGAGAAAAAAATGACAGTTGAGAGAAG 3’
| I ] 1 1 i i 1 |
| v 1 ¥ 1 L] | fes v 1
3 GTTCATGTGAAACCCTCTTTTTTTACTGTCAACTCTCTTC &'

el A8 Aa:
©OCSS S S waNm S O

DNA_DR12_40C

52 CAAGTACACTTTGGGAGAAAAAAATGACAGTTGAGAGAGG 37
l’—+—+—»+q—+—H—|—k—+—H—f—p—v—H—f—H—+—r+—+q—+q—+—H—+—H—H—h¢—+—l
3:* GGTTCATGTGAAACCCTCTTTTTTTACTGTCAACTCTCTC 5

o4 &

- NN
OO OO0 =AM ¢I-03

Figure 4.40 EMSA of “DNA_DR12_38” and “DNA_DR12_40C” with
ComEWiIdtype

4.29.Redesigned oligonucleotide complex formation

Complex formation analysis was performed via SEC with the new
oligonucleotides and ComE“'¥P® \which is shown in Figure 4.41.
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protein-DNA complex was incubated using a 2:1 (protein: DNA) ratio
for three hours before injecting the sample into the SEC.

Wildtype

ComE DNA_DR12_38
A 260 nm | Wildtype
DNA_DR12_40C ComE

M A 280 nm ™~ \

Wildtype

ComE + DNA_DR12_38

Wildtype

ComE + DNA_DR12_40C

Figure 4.41 ComE wildtype protein-DNA complex trials with DNA_DR12_38
and DNA_DR12_40C

First chromatogram corresponds to the individual samples analysis. Both oligos when

loaded into the SEC eluted at the same time.
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We could visualize the proteins involved by staining the SDS-PAGE
with “one step blue” and by staining them with Syber we could verify
the presence of DNA as shown in figure 4.42.
Wildtype
ComE
Wildtype

ComE " + DNA_DR12_38

kDa
100
70
55
40
35

25

15

Wildtype

ComE + DNA_DR12_40C

kDa M
100
70
55

35
25

15

Figure 4.42 ComEV"I%P® protein-DNA complex trials with DNA_DR12_38 and
DNA_DR12 40C SDS PAGE

Stained with one step blue on the left and Syber on the right.

Many general crystallization screening plates were set up at different
conditions, no improvement appeared with the new oligonucleotides.
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5. Conclusions CombD-ComE

The conclusions of this section of the thesis are the following:

1)

2)

3)

4)

ComD and ComE can be expressed and purified. The ComD-ComE
complex binding seems not to be strong enough to endure the
elution in a double SEC in tandem, suggesting that a number of
factors could destabilize this complex.

ComD and ComE pure samples were obtained, and complexed with
oligonucleotides containing both Direct Repeats from the comCDE
promoter. The best complexes were obtained with oligonucleotides
containing direct repeat 1 or both repeats in a 40 bp
oligonucleotide. However, we were not able to optimize any
condition and obtain crystals that diffracted at an acceptable
resolution.

The MALS experiment suggests that at high concentrations of
ComE, the dimer state has a tendency of appearing, which would
explain the variability in the detections of the MW of the elution
peak.

Crystals obtained were subject to X-ray analysis using Synchrotron
radiation. Although diffraction was observed, the best resolution
was not good enough for solving the structure. The variability of
the protein species (oligomers) depending on the concentration
suggests that a good quality diffracting crystal could be difficult to
obtain. The lack of a complete homogeneity does not allow high
quality-viable crystals to form.
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5) Mutants seem to successfully mimic the nonphosphorylatable and
the phosphorylated states, although surprisingly, the wildtype has
more affinity to the DNA_DR12_ 40A oligonucleotide that we
designed. This could be because there might be a different
mechanism involved in this particular TCS and/or the glutamine
might not imitate the phosphorylated state properly.

6) We theorize that there might be a mechanism during expression
that phosphorylates the wildtype, which would explain why the
binding of the wildtype is slightly higher than the one of the
phosphorylating mimicking mutant.
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Part 11

ToxR-toxT Interaction
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Project 11 ToxR-toxT interaction

The second project focuses on the different structure interactions with
DNA that arise after mutating residues that our collaborator observed
cause a decrease in promoter activation

. The Introduction focuses in a one-component signaling system and

summarizes the importance of studying cholera and
understanding how to avoid and control it.

. The Objectives section enumerates the goals of this project, which

includes obtaining the final crystal structure of three mutants.

. The Materials and methods section describes techniques,

materials and instruments used throughout the realization of the
thesis. It is divided in seven parts, the first three deal with the
background and the formation of mutants that downregulate the
activation of the promoter, the next two are related to the
formation and crystallization of the new protein-DNA complexes
and the three describe the steps needed to solve the structures.

. The Results and discussion chapter describes the process in which

experimental data was obtained and interprets it. We highlight
the changes that occur in the final structure and how these
relate to the diminished activation of the toxT promoter.

. Finally, the Conclusions section recaps the main findings of this
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6. Introduction ToxR project

In this part of the thesis we will elaborate on a one-component
system; ToxR and its host, Vibrio cholerae.

6.1. ToxR as a one-component bacterial signal transduction
system

One-component systems are comprised by a protein that contains both
the sensory domain and an output domain as shown in Figure 6.1.
There is more known about the two-component systems in comparison
to the one-component systems, although one-component systems are
more common in prokaryotes (Ulrich et al., 2005). ToxR is an example
of a one-component signal transduction system.

Input Output
domain domain

Figure 6.1 One-component system scheme
After sensing the environmental signal, the input domain produces the activation of

the output domain without any chemical alteration.

Most one-component systems have a Helix-Turn-Helix (HTH)-DNA
binding domain, and ToxR is no different (Buchner et al., 2015).
Although these HTH-DNA binding domains are not unique to the one-
component systems, they do offer a simpler solution for signal
transduction (Kolb et al., 1993).
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There are more than twenty known families of one-component
systems in prokaryotes. They are defined by distinct conserved motifs
and by amino-acid conservation in their DNA-binding domains and are
shown in Table 6.1 (Cuthbertson, 2013).

Table 6.1 Examples of known families of one-component signal transduction
systems
(Extracted from Cuthbertson, 2013).

One-component

system Defining features Reference

AraC/XlyS Involved in regulating pathways for the catabolism of various sugars, primarily transcriptional activators, Martin R.G. et al. 2001
C-terminal DNA-binding domain

ArgR Involved in regulating amino acid metabolism, typically function as transcriptional repressors, N-terminal Cherney L.T. et al. 2008
DNA-binding domain

ArsR/SmtB Involved in regulating metal homeostasis, primarily transcriptional repressors, DNA-binding domain located Busenlehner L.S. et al. 2003
near the center of the protein

AsnC/Lrp Involved in regulating amino acid metabolism, function as both transcriptional activators and repressors, Yokoyama K. et al. 2006
N-terminal DNA-binding domain

Crp/Fnr Involved in regulating many cellular processes, may function as activators and repressors, C-terminal Korner H. et al. 2003
DNA-binding domain

DeoR Involved in regulating sugar metabolism, typically function as repressors, N-terminal DNA-binding domain Zeng G. et al. 1996

DtxR Involved in regulating metal homeostasis, primarily transcriptional repressors, N-terminal DNA-binding domain Pennella M.A. et al. 2005

Fur Involved in regulating metal homeostasis, primarily transcriptional repressors, N-terminal DNA-binding domain Pennella M.A. et al. 2005

GntR Involved in regulating numerous cellular processes, typically function as transcriptional repressors, N-terminal Rigali S. et al. 2002
DNA-binding domain

IcIR Involved in regulating carbon metabolism, function as both transcriptional activators and repressors, N-terminal Molina-Henares A.J. et al. 2006
DNA-binding domain

Lacl Involved in regulating carbon metabolism, typically function as transcriptional repressors, N-terminal Swint-Kruse L. et al. 2009
DNA-binding domain

LuxR Involved in regulating quorum sensing, typically function as activators, C-terminal DNA-binding domain ChenJ. etal. 2011

LysR Involved in regulating many cellular processes, function as both activators and repressors, N-terminal DNA- Maddocks S.E. et al. 2008
binding domain

MarR Involved in regulating antibiotic resistance, typically function as transcriptional repressors, DNA-binding Wilkinson S.P. et al. 2006
domain located near the center of the protein

MerR Involved in regulating metal homeostasis, typically function as transcriptional repressors, N-terminal DNA- Hobman J.L. et al. 2005
binding domain

Met) Involved in regulating many cellular processes, typically function as transcriptional repressors, N-terminal DNA- Schreiter E.R. et al. 2007
binding domain

ModE Involved in regulating metal homeostasis, function as both transcriptional activators and repressors, N-terminal Self W.T. et al. 1999
DNA-binding domain

PadR Poorly characterized family, N-terminal DNA-binding domain Huillet E. et al. 2006

TetR Involved in regulating antibiotic resistance, typically function as repressors, N-terminal DNA-binding domain Ramos J.L. et al. 2005

ToxR Involved in regulating various cellular processes, N-terminal DNA-binding domain, one transmembrane helix Buchner S. et al. 2015

Xre Involved in regulating various cellular processes, typically function as transcriptional repressors, N-terminal McDonnell G.E. et al. 1994

DNA-binding domain

Interestingly enough, the number of proteins from these families that
are found in eukaryotes is minimum while the vast majority is found in
bacterial genomes, and the reason for this lack of one-component
regulators detected in eukaryotic genomes still has not been
discovered (Cashin P et al., 2006). This search was done against the
protein database using Pfam version 19.0 (Bateman et al., 2004).
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It is worth mentioning that although it is often referenced to a
response to an extracellular signal, many bacterial signal systems act
intracellularly (Cashin et al., 2006). This was confirmed by using the
dense alignment surface method (Cserzo et al., 2004), they uncovered
that most (97%) of one-component regulators with the HTH-binding
domain lack transmembrane regions, predicting them to be
cytoplasmic proteins (Ulrich et al., 2005).

The ToxR family possesses a transmembrane domain between the
output domain and the input domain. They have a C-terminal
periplasmic sensing domain, a single transmembrane helix and an N-
terminal cytoplasmatic winged-HTH-DNA binding domain.

6.2. Definition of cholera

Cholera is an acute diarrheal infection provoked by the ingestion of
food or water contaminated with the gram-negative bacterium Vibrio
cholerae of the O1 or the 0139 serogroup and it's incubation period
fluctuates from two hours up to five days. This disease is endemic in
more than fifty countries as well as responsible for large epidemics
worldwide (WHO, 2017), although it is rare in industrialized nations.
Worldwide, registered cases of the disease have increased constantly
since 2005, and the disease still proliferates in many places like Haiti,
Southeast Asia and Africa (Mintz, et al., 2013). Although cholera can
be easily prevented as it depends on having access to safe water and
efficiently treated, it can be life threatening. Patient mortality can be
decreased greatly when they are treated with intense fluid
replacement, and diarrhea can be reduced when treated with
antibiotics (Harris et al., 2012).

6.3. History of cholera

There is evidence that cholera has been an undesirable visitor for
human civilization for at least one thousand years. There are records
that it has had an impact in society, specifically the Bengal society as
there is a goddess of cholera that asked for redemption in exchange of
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protection of villages from the disease called Oola Beebee (Morris,
2011).

In 1817, the disease disseminated from India, and since then we have
identified 7 cholera pandemics throughout the world (Mukandavire et
al., 2001). In 1854, a British physician who is now considered one of
the fathers of epidemiology, called John Snow suggested that infected
stools could contaminate drinkable water supplies. To test this, he
conducted what could be considered his pioneering epidemiologic
research as he created a map that illustrates (Figure 6.2) the
proximity of the cluster of cholera cases and drew up the relationship
between them (Johnson, 2006).

Figure 6.2 John Snow map of the location of the cholera cases and the water
pipes in the London epidemic of 1854
(Retrieved from Johnson, 2006).

In 1884, Robert Koch isolated V. cholerae and described the disease
(Lakhtakia, 2013), this was not the first time this happened, because
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in 1854, Filippo Pacini performed the first observations and deductions
of V. cholerae and although they were path breaking, they were
ignored at the time (Howard-Jones, 1984).

6.4. Cholera worldwide

Cholera cases are seldom detected or registered, unless they are part
of an outbreak or a pandemic. In 2017, 34 member states of the WHO
reported a total of 227,391 cases and 5,654 deaths; an increase of
45% in the number of cases and 33% in the number of deaths from
2016. Yemen, which suffered from an outbreak, reported 84% of all
cases and 41% of the fatalities (WHO, 2018a). Approximately 1.3
billion people are at risk for cholera in endemic countries, and it is
estimated that 2,866 million cholera cases occur annually in said
countries, and around 95,000 result in death. It is estimated that
around half of cases and deaths occur in children under 6 years of age
(WHO 2018b). In 2015, 69 countries were considered endemic and
the cases were divided as described in Figure 6.3 (Ali et al., 2015).

No. of cholera cases "'

Non-endemic I~
I <-=1000 ],

1001 - 10000

10001 - 25000

25001 - 50000
I 50001+

Figure 6.3 Number of cholera cases in endemic countries in 2014
(Image retrieved from Ali et al., 2015).

Cholera is an opportunistic disease that thrives because of the
continued destruction or deterioration of infrastructure services caused
by conflict or natural disasters, which also lead to the contamination of
drinking water sources (WHO, 2018b).
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6.5. The pathogen “Vibrio cholerae™

V. cholerae is a gram-negative bacterium shown in Figure 6.4 (Kirn et
al., 2000). There are more than 200 serogroups. Epidemic cholera is
only caused by serogroups Ol1 and 0139. O1 is divided into the
classical and El Tor biotype, the latter causing the most recent
pandemic whilst the fifth and sixth pandemic was caused by the
classical biotype (Harris et al., 2012).

Figure 6.4 Scanning Electron Microscope (SEM) image of Vibrio cholerae
bacteria
(Image extracted from Harris et al., 2012).

It is a common and natural inhabitant of the aquatic environments that
exist, both pandemic and non-pandemic strains. Its distribution
depends on water salinity and temperature; as it can go undetected
during cold weather and its environmental counts can increase during
warmer periods (Morris, 2011). It is a survivor, some strains can
adopt a rougher phenotype by producing high amounts of an exo-
polysaccharide, which forms a biofilm that protects the bacterium
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against UV light, chlorine and other standard disinfectants (Morris et
al., 1996). It is capable of staying viable for 50 days in a warm and
low salinity environment (Harris et al., 2012).

During its life cycle it transfers from an aquatic environment into host
environments. When V. cholerae is ingested, it moves to the small
intestine to colonize it. Colonization occurs after TCP expression, which
aids and protects the bacteria by forming V. cholerae biofilm (Taylor et
al., 1987). When the environment is not ideal, the bacterium can
switch into a non-culturable state that remains viable if ingested
(Morris et al., 1996).

6.6. Vibrio cholerae process

In the 1860’s it was thought to be transferred from person to person,
this conception changed in the following years when the attention
focused on the environmental factors that triggered the disease, it is
now known that it is caused by consuming food or water with
contaminated material (Morris, 2011).

Most cholera bacteria are killed by gastric acid when they are ingested,
yet the ones that survive are capable of producing CTX and TcpP and
colonizing the small intestine. The mechanism of the cholera Toxin is
illustrated in Figure 6.5. CTX is a toxin protein that consists of an A
subunit and five B subunits. The five B subunits attach to the
ganglioside receptor, and then the A subunit enters the cell membrane
where it increases the adenylate cyclase activity and thus the
intracellular cyclic AMP, generating a loss of nutrients in the form of
secretory diarrhea (Gill et al., 1978).
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Figure 6.5 Cholera toxin, mode of action
(Extracted from Gill et al., 1978).

6.7. ToxR, TcpP and CTX activation and transcription

The expression of CT and TCP is controlled by the activation of the
toxT regulator, whose expression is dependent on two transcriptional
factors (ToxR and TcpP) (Hase & Mekalanos, 1998). TCP is a protein
that aids V. cholerae in the colonization of the intestine, by bringing
bacteria in micro colonies, concentrating their secreted CTX and
protecting them from the host defenses (Taylor et al., 1987). CTX is
an exotoxin protein that is responsible for the secretory diarrhea and
vomiting (Gill et al., 1978).

TcpP and ToxR are transmembrane transcription factor proteins with a
cytoplasmic domain that belongs to the w-HTH family of transcription
factors (Martinez-Hackert & Stock, 1997b) and to achieve complete
transcriptional activation of the toxT promoter, cooperative binding of
both transcription factors is required (Goss et al., 2010; Krukonis et al.,
2000).
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6.8. The signaling cascade that activates ToxR and TcpP

V. cholerae has to travel from an aquatic environment to the human
intestine facing dramatic changes of temperature, salinity amongst
other environmental factors that stimulate the activation of the
signaling cascade that culminates in the activation of ToxR and TcpP
which are two membrane proteins that activate the master virulence
regulator toxT (Herrington et al., 1988). ToxR and TcpP result in the
expression of ToxT, which activates the expression of two virulence

factors: The cholera toxin (CTX) and the toxin co-regulated pilus (TCP).

ToxT expression is regulated by a membrane-related mechanism
controlled by TcpP and ToxR, which are bitopic proteins that
collaborate in the activation of toxT transcription as well of other
regulatory genes while remaining inside the membrane (Matson et al.,
2007; Miller et al., 1989).

Both, TcpP and ToxR have a similar conformation; they have an N-
terminal cytoplasmic winged HTH-DNA binding domain homologous to
the OmpR/PhoB family of transcriptional activators (Martinez-Hackert
et al., 1997a), a transmembrane domain and a C-terminal periplasmic
domain.

Apparently, TcpP has an important role for transcription activation
binding to a region near the -35 position in the toxT promoter, whilst
ToxR seems to play an auxiliary role binding to a distal region near the
-80 position (Krukonis et al., 2000). However, in the ompU promoter
only ToxT binds near the -35 sequence, acting by itself to activate
transcription. ToxR and TcpP operate alongside membrane found
periplasmic effector proteins, ToxS and TcpH, respectively (DiRita et
al., 1991; Hase et al., 1998). In the absence of TcpH, TcpP is
degraded (Matson et al., 2005), so TcpH apparently protects TcpP’s
periplasmic domain from proteolytic action (Beck et al., 2004). It has
been proposed that ToxS aids the dimerization of ToxR and facilitates
transcriptional activation (DiRita et al., 1991; Pfau et al., 1998). Until
recently, it was uncertain what ToxS did; ToxR undergoes regulated
intramembrane proteolysis during late stationary phase at alkaline pH
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in response to nutrient limitation. According to experiments
performed by Almagro-Moreno, ToxR is stabilized and protected from
premature proteolysis by ToxS (Almagro-Moreno et al., 2015). ToxR
transcriptional activity is induced in media rich in Asparagine, Arginine,
Glutamic Acid and Serine; and it is worth mentioning that both ToxR
and TcpP are regulated by external stimuli (Mey et al., 2012).

Histone-like nucleoid structuring proteins (H-NS) silence the
expression of many environmentally regulated genes, like the toxT
gene, during growth under non-permissive conditions. H-NS
apparently binds to curved DNA, which is the type of DNA where
promoters are commonly found (Rimsky et al., 2001). These
transcription factors bind to the toxT promoter when TcpPH and ToxRS
are induced suggesting that the H-NS can repress transcription by
reducing the rate of open complex formation at the promoter (Nye et
al., 2000). High-resolution microscopy proposes that H-NS sequesters
bound DNA into compact clusters in E.coli, and this might explain why
in V. cholerae it limits ToxR access to genomic locations (Kazi et al.,
2016).

The role in controlling the cholera toxin expression of the ToxR regulon
is shown in Figure 6.6.
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Figure 6.6 The ToxR regulon controls the expression of the cholera toxin
(CTX)

TcpP and ToxR bind to the toxT promoter and the transcription of toxT is activated.
ToxS and TcpH help stabilize ToxR and TcpP, respectively. ToxT activates ctxAB and
tcpA-F transcription (extracted from Haas et al., 2014).

ToxR and ToxS form a transcriptional activator complex called ToxRS
while TcpP and TcpH form TcpPH. ToxRS has been characterized as an
integral protein complex (DiRita et al., 1996), yet it's expression can
also be activated by a wing-helix DNA-binding protein called AphB (Xu
et al., 2010). This protein can activate the TcpPH operon and
commence the virulence cascade, demonstrating that internal signals
can also activate the virulence cascade (Kovacikova et al., 2002).
Figure 6.7 illustrates the ToxR regulon gene activation in V. cholerae
(Amin Marashi et al., 2013).
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Figure 6.7 Vibrio cholerae ToxR regulon gene activation
(Extracted from Amin Marashi et al., 2013).

6.9. The toxT promoter

Through DNase | footprinting, the ToxR binding site within the toxT
promoter was defined. This analysis extended from -104 to -68
(Krukonis et al., 2000). This is shown in Figure 6.8.

R
¢+ <
I "
| =
bound

U«

b

A B

’ x x x
x x
<

< e
<X

may *»
-—an weml
bt L RN

ow o
NN R R &

.

= ==
H
-

|
-5 I
' ‘ \l,:';..".a
n; ;L“’ e
T YRR
T * 9
s ¢ B
' i : + 8

Figure 6.8 toxT promoter DNase | footprinting analysis

V.cholerae membrane extracted from strains expressing TcpP (P) and/or ToxR (R)
and mixed with the toxT promoter in which the top(A)/bottom (B) stand was end
labeled (Krukonis et al., 2000).
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In Figure 6.9, it is possible to visualize the toxT promoter’s DNA
sequence from a V.cholerae classical strain 0395. It shows the ToxR
and TcpP binding sites as well as the Direct Repeats required for ToxR
binding.

ToxR-footprinted region
I |
-100 -90 -80 -70 -60 -50 -40

I o b | |

ATCTTATCTCAAAAAACATAAAATAACATGAGTTACTTTATGTTTTTCTTATGTAATACGTUTGTAACT
TAGAATAGAGTTTTTTGTATTTTATTGTACTCAATGAAATACAAAAAGAATACATTATGCAGACATTGA

Figure 6.9 V. cholerae classical strain O395 DNA sequence of the proximal
region of the toxT promoter

Solid grey arrows represent the Direct Repeat required for ToxR binding (5'-TNAAA-
N5-TNAAA-3"). Solid black converging arrows show an inverted repeat sequence.
Dashed grey arrows indicate degenerate ToxR binding site. The boxed sections

indicate the TcpP binding site (Goss et al., 2013).

TcpP can activate transcription of the toxT promoter in the absence of
ToxR when it is overexpressed, yet ToxR cannot, even though ToxR
can bind to the promoter when there is no TcpP. There for, it has been
suggested that ToxR functions as a co-activator to the toxT promoter
(Krukonis et al., 2003).

6.10. The ToxR-toxT promoter interactions

In 2016, Simone Pieretti, a PhD student in our group solved the ToxR-
toxT promoter complex crystal structure it is illustrated in Figure 6.10.
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Figure 6.10 Pieretti’s solved structure diffracted up to 2.07 A
(Pieretti, 2016)

Pieretti described interactions between ToxR and the toxT promoter in
his PhD thesis and Figure 6.11 illustrates them (Pieretti, 2016).
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Figure 6.11 Interaction scheme of ToxR-DBD with DNA in the ToxRDNA20
structure

The CATA box and the ToxR binding site are highlighted (extracted from Pieretti,
2016).

Pieretti described the ToxR binding site and proposed an element
referred to as “A-tract-CATA” element, which is characterized by an
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AT-rich region sequence at the 5’ end followed by a CATA/CATG/TGTA
box, where the last two bases (TA or TG) are required for protein
binding.

ToxR DNA binding domain displays a heart-shaped a/f fold structure
and is formed by a N-term five-stranded mixed [B-sheet composed by
four antiparallel B strands (B1-B4) and a fifth B strand parallel to 1
(B8); all of this, followed by a three-helix bundle (al-a3) and a C-
terminal B-hairpin (B6-B7) as shown in Figure 6.12 (Pieretti, 2016).
al-a3 helices compose the modified H-T-H DNA-binding motif, where
a3 is the recognition helix and the a2-a3 connector replaces the turn.
B5 is a short B strand positioned between al and a2 that interacts with
the C-terminal hairpin forming a three-stranded antiparallel B-sheet.
Recognition of the DNA minor groove is performed by the wing, which
is formed by the turn between the two B strands of the C-term [-
hairpin. ToxR-DBD is a winged-helix protein, because of its folding
type; yet it possesses a secondary wing when compared with other
proteins from the same family of the pdb database.

A central hydrophobic core is formed and is responsible for maintaining
the fold of the protein, this is because of the residues lle42, Leu43,

Trp 44, Leud45 and Leu46 which aid the helix al as it connects the N-
terminal B-sheet with the H-T-H motif and the B-hairpin.
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Figure 6.12 Structure ToxR-DBD
(Extracted from Pieretti, 2016).

Our lab is interested in observing the consequences of inserting a
mutation that would affect the interactions reported by Pieretti and
analyze when a decrease in activation occurs.
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7. Objectives ToxR”* project

The objectives of this section were:

1. To solve the 3D high-resolution structure of the ToxR%’®A-DNA,
ToxR%®“-DNA and ToxR"*°"-DNA, protein-DNA complexes using X-
ray crystallography.

2. To analyze the ToxR?®*-DNA, ToxR%®*“-DNA and ToxR*°*“-DNA
complexes structure and compare its features with the ToxR"!'¥re.
DNA, in order to explain the decrease in the activation of the toxT
promoter.
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8. General Methods for the ToxR project

This section will focus on the methods used for experimentation in the
project regarding ToxR mutants and toxT promoter activation.

8.1. ToxR mutants

As described in Simone Pieretti's thesis, ToxR DNA 20 bp
oligonucleotide was designed and ToxR was purified to create a
protein-DNA complex. Given that several amino acids of ToxR have
interactions with the DNA, several mutants were produced by our
collaborator Prof. Eric Krukonis to perform experiments that
demonstrate that the activation of the toxT promoter is inhibited by
the addition of single point mutations. Out of these, 3 were selected
(Q78A, S81A and P101A) to attempt to crystalize with the previously
used oligonucleotide shown in Figure 8.1.

5'-CTCAAAAAACATAAAATAAC-3'
3'-GAGTTTTTTGTATTTTATTG-5'

Figure 8.1 Sequence of DNA20

8.2. Production and purification of Q78A, S81A and P101A ToxR
mutants

Protein purification was achieved through a multi-step
chromatographic protocol using AKTA Purifier systems (GE Healthcare)
or NGC Chromatography Systems (Bio-Rad) using the columns below,
following manufacturer instructions (GE Healthcare):

* Histrap HP (5 ml) (Immobilized metal ion affinity
chromatography (IMAC)):

Column was washed with 5 CV of H,O, then washed with 5 CVs of
buffer A, another 5 of buffer, and finally 10 CVs of buffer A. Protein
sample was loaded into the system and then column was washed with
10 CVs of buffer A, after this, protein was eluted using a linear
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gradient of 15 CV of buffer B. A 5 CV wash of buffer B was performed
to ensure that all protein was released from the column.

 Superdex 75 gl (10/300) increase (Gel Filtration):

Sample was introduced and eluted using 1.2 CV of buffer AH. MW
standards were used to analyze the eluted peak according to
manufacturer instructions (GE Healthcare).

e Protease treatment:

RSSlA RPlOlA

Protease treatment for ToxR%’®*, Tox and Tox was
performed by measuring the total yield of protein after the first step of
purification (Histrap) and then adding 1:100 Carboxyl peptidase A (IRB
Protein Expression facility). Sample was left o/n at 20 ©C for 3 hours.
Then the sample was loaded again into the column to do a reverse
Histrap and the flowthrough concentrated to use to form DNA-protein
complexes

Protein purity was checked by the SDS-PAGE gel of each
chromatography and by analyzing the gel filtration chromatogram.

8.3. Protein-DNA complexes using Q78A, S81A and P101A ToxR
mutants

Pure samples for each of the mutants was obtained and our goal was
to create complexes with DNA from the toxT promoter to get crystals.

8.3.1. Formation of protein-DNA complexes
Pure protein samples were incubated for three hours with DNA with a

20 % protein excess ratio. Sample was then loaded into a Superdex
200 SEC column using buffer AH.

8.4. Crystallization of protein-DNA complexes
Several PAC crystallization screenings were set up using the Crystal

Phoenix robot. When small crystals started to appear optimization
crystallization drops were set up now using 24-well hanging drop
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plates with 1 ml reservoirs and observed until the appearance of
crystals.

8.4.1. Crystal mounting and freezing

By using nylon cryo-loops protein crystals were retrieved from the
crystal drops. Fished crystals were cryo-protected by soaking them in
reservoir solutions that contained a cryo-protectant.

8.4.2. Protein-DNA complexes with ToxR mutants’ crystals
data collection

X-ray data collection was performed at the beamline XALOC at the
ALBA synchrotron in Cerdanyola del Vallés, Spain. Many crystals were
tested and data-sets for each mutant complexed with DNA were
obtained.

8.5. Data processing

Reflection spots need to be indexed, while crystal and detector
parameters are refined and diffraction peaks integrated. It is
necessary to create a relative scale between measurements; frames
are merged and parameters are refined using the whole dataset.
Statistical analysis is performed of the reflections, evaluating the
dataset.

Diffraction data-sets were indexed and integrated using XDS. The
CCP4 suite of crystallographic programs (Potterton et al., 2003) was
then used to scale, reduce and merge the data.

8.5.1. Phasing

The amplitude of structure factors (F) is calculated during data
processing as well as the phases of the reflections as they are both
required to accomplish building a model. There are five commonly
used basic phasing strategies; first three are experimental techniques
while the latter two are performed is in silico:
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o Single and Multiple Isomorphous Replacement (SIR and
MIR)

o Single- and Multi-wavelength Anomalous Dispersion (SAD
and MAD)

0o A combination of both, named SIR and MIR with
Anomalous Scattering (SIRAS and MIRAS)

0 Molecular Replacement (MR)

o Direct methods.

In this project, MR was applied (Argos, P. & Rossman, M. G, 1980):

By using a similar model structure (sequence identity above 25%) for
the calculation of the initial phases. Using the experimental data and
the model, a Patterson map of interatomic vectors is calculated. By
using both maps, rotating and translating them to be able to locate the
probe model with respect to the origin of a new unit cell. By using the
resulting location, initial phases are calculated (Taylor, 2010).

Molecular replacement was used to solve the structure using Phaser
(McCoy et al., 2007).

8.6. Refinement

In order to reduce the difference from the observed and the calculated
amplitudes, changes are applied to the coordinates (x, y and z) and
temperature B-factors from atoms of the model. This is an iterative
process of manual fitting and building, geometric constraints, electron
density map calculation from the experimental model and automatic
optimization from the X-ray data. R-work and R-free values are used
as guides. R-work value between 20% and 30% is accepted, yet as
the resolution improves, the value of R-work is expected to decrease.
R-free, usually higher than R-work (differences above 5% may indicate
over-refinement or errors) characterizes the quality of the fit, as it is
an independent measure and it originates from a test-dataset of
reflections that are left out in the refinement. Density maps are also
observed for refinement (Sum electron density maps (2Fobs-Fcaic) and
Difference density maps (Fobs-Fcaic)), one should appear like the model
and the latter one indicating misplaced or missing atoms.
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Multiple rounds of refinement were performed using Refmac
(Murshudov et al., 2011) as well as manual model building using Coot
(Emsley et al., 2004) followed by further Refmac refinement. Phenix
(Adams et al., 2010) was also used with refinement purposes by
correcting the rotamer outliers.

8.7. Validation and analysis

Using Coot, Ramachandran plots were generated and used to validate
the final model. Using Nucplot (Luscombe et al., 1997) protein:DNA
interactions were analyzed and compared between wildtype and
mutants. Using web-DNA (S et al., 2019) and DNAproDB (Sagendorf et
al., 2017), DNA conformations were analyzed of all the structures, as
well as precise conformations and approximations of the minor and
major groove widths as well as other important DNA parameters.
Lastly, the final model was validated using the pdb validation services
(Berman et al., 2003). Figures of the final structure were created
utilizing Pymol (Delano, 2002).
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9. ToxR Results and Discussion

This section focuses on the results and discussion of the experiments
performed in order to solve the structure of three mutants of ToxR.

9.1. Construct design

The analysis of the sequence of ToxR will be presented in this part of
the results and discussion, as well as a prediction of the secondary
structure of the protein to have a better understanding of its structure.

9.2. ToxR sequence

Vibrio cholerae ToxR full length (Uniprot reference: WOB3Z6) is
composed by a cytoplasmic domain (1-170), a transmembrane helix
(171-186) and a periplasmic domain (187-282). Figure 9.1

10 20 30 40 50 60
MSHIGTKFIL AEKFTFDPLS NTLIDKEDSE EIIRLGSNES RILWLLAQRP NEVISRNDLH

70 80 90 100 110 120
DFVWREQGFE VDDSSLTQAT STLRKMLKDS TKSPQYVKTV PKRGYQLIAR VETVEEEMAR

130 140 150 160 170 180
ESEAAHDISQ PESVNEYAES SSVPSSATVV NTPQPANVVA NKSAPNLGNR LFILIAVLLP

190 200 210 220 230 240
LAVLLLTNPS QSSFKPLTVV DGVAVNMPNN HPDLSNWLPS IELCVKKYNE KHTGGLKPIE

250 260 270 280
VIATGGQNNQ LTLNYIHSPE VSGENITLRI VANPKDAING CE

Figure 9.1 Sequence of full-length ToxR
9.3. ToxR secondary structure prediction

In order to reach a better understanding of the folding of ToxR, a
prediction of the secondary structure of ToxR was done using the
Psipred server as shown in Figure 9.2.

136



Cant e— — -

fed CCCCCCCEEEECCEEEECCCCEEEECCCCCCEEECCHHHHHHHHHHHHCC
M MSHI GTKFI LAEKFTFDPLSNTLIDKEDSEEI | RLGSNESRI LWLLAQRP

10 20 30 40 50
o — e e

Pred

AA

Cant e— NEEE

Pred

AA

Cant
Pred

AA

CCEECHHHHHHHHCCCCCCCCCCHHHHHHHHHHHHHHHHCCCCCCEEEETC

NEVI SRNDLHDFVWREQGFEVDDSSLTQAI STLRKMLKDSTKSPQYVKTYV

60 70 80 0 100

CCCEEEEECCCCCCCHHHHHHHHCCCCCCCCCCCCCCCCCccccccccccc

PKRGYQLI ARVETVEEEMARESEAAHDI SQPESVNEYAESSSVPSSATVYV

110 120 130 140 150

CCCCCCCCCCCCCCCCHHHHHHHHHHHHHHHAHAHHHHACCCCCCCCCCCEETE

NTPQPANVVANKSAPNLGNRLFI LI AVLLPLAVLLLTNPSQSSFKPLTVYV

160 170 180 190 200

Cart R e r—

Pred

AA

Cant

Pred

AA

CCEEEECCCCCCCHHHHHHHHHHHHHHHHHHCCCCCCCEEEEEECCCCCE

DGVAVNMPNNHPDLSNWLPSI ELCVKKYNEKHTGGLKPI EVI ATGGQNNDOQ

210 220 230 240 250
— *
EEEEEEECCCCCCCCEEEEEECCHHHCCCCCC

LTLNYI HSPEVSGENITLRI VANPKDAI NGCE

260 270 280 20 300
Legend:
Strand Cart:  3-state assignment catoon
B Helx Pred: 3-state prediction
— Coil AA: Target Sequence

Figure 9.2 ToxR full-length secondary structure prediction

9.4. ToxR-DBD construct

A segment of the cytoplasmic domain, ToxR 6-114, which we identify
as ToxR-DBD (for “DNA-Binding Domain) was expressed and purified
in our lab from a vector provided by the group of our collaborator Prof.
Eric Krukonis at the University of Detroit Mercy and its crystal
structure was solved in our lab by Simone Pieretti. Figure 9.3
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Figure 9.3 Sequence of ToxR construct (6-114)

9.5. ToxR-DBD and toxT promoter interactions

Pieretti described interactions between ToxR and the toxT promoter in
his PhD thesis, which are shown in figure 9.4. We wanted to see the
effects of the introduction of point mutations in ToxR on toxT
activation.

/

a-loop wing domain
Figure 9.4 ToxR side chain interactions with the toxT promoter
(Extracted from Pieretti, 2016).
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9.6. ToxR-DBD mutations.

Our collaborator’s lab produced 15 mutants upon the information
provided by our group and tested the effects of the altered side chains
on toxT activation (Figure 9.5). With these results, our lab selected
three of the mutants that resulted in reduced toxT activation to
express, purify and solve their crystal structure and analyze the
structural changes that these mutations generate.
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Figure 9.5 Effects of altered side chains on toxT and ompU activation

(Krukonis, 2019).
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9.7. ToxR* sample preparation

Mutants that were selected were expressed by our lab in E. coli
BL21(DE3) T1R and are shown in Figure 9.6.

Q78A S81A P101A

M to foin to toin to toin
100

iS-4 3 :
50 -
37 = = =

25 : =

i RIEL

kDa

Figure 9.6 SDS-PAGE of over-expression of ToxR?’®*, ToxR%® and ToxR"°#

In our lab, we purified the selected mutants through a nickel-affinity
chromatography followed by a SEC and finally, after removing the His-
tag at the C-terminus with carboxyl peptidase A, an inverse nickel-
affinity chromatography was performed.

We produced and purified ToxR?"®*, ToxR®®'* and ToxR"™°*. They all
were purified using the same purification scheme and had a similar
behavior (chromatography profiles and final purity) and an example is
shown in Figure 9.7.
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Figure 9.7 Purification scheme of ToxR%%'A

Chromatogram is on the left and SDS-PAGE on the right. All three mutants were

purified in the same way.

9.8. ToxR*in complex with a 20-bp oligonucleotide

We utilized the same 20-bp oligonucleotide that was used when
solving the crystal structure of ToxR. It was designed as a result of
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experiments performed in the lab of our collaborator Dr. Krukonis.
Through footprinting analysis, it was shown that the ToxR binding site
was from -104 to -68. This 20-bp oligonucleotide contains the specific
sequence of the toxT promoter from C-97 to C-78 shown in Figure 9.8.

-100 -90 -80 -70 -60 -50 -40

S ATCTTATCTCAAAAAACATAAAATAACATGAGTTACTTTATGTTTTTCTTATGTAATACGTCTGTAACT 3
} + + } + Il + Il + } + |

Il + I
T t T

f + + t t t t t t t + i
3 TAGAATAGAGTTTTTTGTATTTTATTGTACTCAATGAAATACAAAAAGAATACATTATGCAGACATTGA S5

Figure 9.8 DNA sequence of the toxT promoter

20-bp section used for experimentation is highlighted in blue.

9.9. Complex formation

We incubated for three hours the purified mutants and the DNA with a
20 % protein excess ratio and the mixture sample was loaded into a
superdex 200 SEC column. The protein-DNA complex eluted as a
simple peak for all three mutants. They all behaved in the same way;
they have a sharp peak profile indicating a proper protein-DNA binding
as well as the conserved specificity of the protein for the sequence.

9.10. ToxR* — toxT 20-bp oligonucleotide crystallization

After obtaining the complex of the three mutants with the 20-bp
oligonucleotide, several different general crystallization-screening
conditions were set up. These screenings were optimized and finally
crystals for each of these mutants were obtained and tested for data
collection.

9.11. Data collection and structure determination

Data sets were obtained at the Alba Synchrotron BL13-XALOC
beamline. The best crystal for each mutant is described as follows.
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9.11.1. ToxRY’8A

Many crystals were tested at the synchrotron and the best crystal for
the ToxR?"®*"DNA complex diffracted at up to 2.5 A (diffraction pattern
shown in Figure 8.9).

Figure 9.9 Crystal and diffraction pattern of ToxR°’®A-DNA20
Crystal diffracted up to 2.5 A.

This crystal’s data collection and processing statistics are detailed in
Table 9.1.
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Table 9.1 Data collection and processing statistics for ToxR?’® DNA20

Parameters Value

Bz BL13-XALOC, Alba Synchrotron
Wavelength (A) 0.979

Space group P21

a=49.17 A, b=88.28 A, c=88.88 A
Cell dimensions
a=90.00°, B=95.04°, y=90.00°

Number of unique reflections 23,523

Resolution range (A)-
(overall/last shell)

88.54-2.66/2.66-2.55

Rmerge (overall/last shell)  [0.113/0.905

Multiplicity (overall/last shell) 2.7/12.2

Completeness (%) .
(overall/last shell) 95.0/86.1

<I>/ 0 <I> (overall/last shell) | 2.7/0.6

Wilson B-factor (AZ) 45.90

Pieretti’s structure was used as a model to solve the structures via
molecular replacement using Phaser. We obtained a solution with a
TFZ score of 44.8 and an overall LLG of 4381, with a P2; space group.
We used Coot to manually refine the model as well as consecutive
Refmac restrained refinement cycles. Rfactor and Rfree converged to
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30% and 37%, respectively, after the addition of solvent molecules.
These high values may be explained by the existence of a Translational
Non-crystallographic pseudo symmetry at coordinate (0.243, 0.5, 0.5)
at a 62.85 A distance from the origin and with a p_value (Height) of
5.88 e® and a 51.1% height from the origin, as indicated by Phenix’s
Xtriage. This was also suggested by Phaser, when doing the molecular
replacement. To verify the existence of this pseudo-origin, a
Patterson-Harker map was created with the CCP4i server as illustrated
in Figure 9.10 (Potterton et al., 2003).
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Figure 9.10 Patterson-Harker map of the pseudo-origin

In addition, a self-rotation function was calculated with MolRep as
illustrated in Figure 9.11 (Vagin and Teplyakov, 2010). The pseudo-
origin in the Patterson map explains why even if the model agrees with
the density, the R values still do not decrease below 0.30. The
projection at chi=180° shows the two-fold axes. The crystallographic
axis is shown along Y and from the structure we know that there is a
Non-Crystallographic Symmetry (NCS) axis, which is parallel to Y and
is superposed in the self-rotation to the crystallographic axis (Figure
9.12a). The second NCS two-fold axis appears at theta=0, phi=70°,
chi=180° which relates the two proteins to each other and runs
approximately along the DNA axis (Figure 9.12b).
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Figure 9.11 Rotation function depicting the pseudo symmetry
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Figure 9.12 NCS two-fold axes

a) lllustrates the NCS two-fold axis that is parallel to Y. b) lllustrates the NCS two-
foild axes that run along the DNA axes, these axes are only symmetric for the

proteins.

9.11.1.1. ToxR%’®A Translational non crystallographic pseudo
symmetry correction trial

After detecting the existence of non crystallographic pseudo symmetry,
we attempted to correct the space group by using Zanuda from the
CCP4 server, which uses an array of refinements in compatible space
groups with our own unit-cell parameters and then it choses the model
with the highest symmetry space group from a subset of possible
models that have the top refinement statistics as shown in Figure 9.12.
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coordinates TOXRQ78A_27sept3137.pdb

data TOXRQ78A_27sept3137.mtz

readability test passed (Refmac_5.8.0189)

resolution 2.549

spacegroup P X 2% 1

cell 49.166 88.276 88.881 90.00 95.04 90.00
Step 1.

R-factors for the starting model.
Transformation into a supergroup.

current time: Sep 27 17:19 BST
expected end of job (rough estimate): Sep 27 17:23 BST
| Subgroup | Spacegroup | R.m.s.d. | Refinement in tested group |
| | | from the | |
| Ref | | starting | Rigid | Restrained |
| | | model, A | | |
| | | | R | R | R-free |
I | | | I | |
| >> 2 | P1211 | ©.0002 | - | ©.4256 | 0.4426

| 2 | P1211 | 0.0002 | - | — | - |
AAAAAAAAAAAAANAAAAANAANAANANAAANAANAAANANAANNANAAAANANAANAAANANAAANAANAAANNANAANANAANAANANANANANAANAANANANAANAANAAANAAANN
Step 2.

Refinements in subgroups.

There are 2 subgroups to test.

current time: Sep 27 17:19 BST
expected end of job: Sep 27 17:33 BST
AAAAAAAAAAAANAAAAANAAAANAAANANAANAAAANANANAANAANAANAAAANAAANAANAANAANAANAANAAAAANAANAAANAANAANAANANAAANAANAAAAAAAAN
| >> 2 | P1211 | ©.0002 | - | ©.4256 | 0.4426

| 1 | P1 | 1.7592 | ©0.6297 | ©.5051 | 0.5303 |
| 2 | P1211 | 2.8567 | 0.6261 | 0.5072 | 0.5363 |
| << 1 P A | 1.7592 | ©0.6297 | ©.5051 | 0.5303
AAAAAAAAAAAAAAAAAAANAAAANANAANAAAANAANAAANAANANANAANAANAANAANANAAAANAANANNAAANAANAANAAANAANAAAANAAAAANAN
Step 3.

Refinement of the best model.

Candidate symmetry elements are added one by one.

current time: Sep 27 17:25 BST
expected end of job: Sep 27 17:37 BST
AAAAAAAAAAAAAAAAANAANANAAANAAAANAAANNAANAAAANAANAANAANAANAANANAAANAANAANAANANANAANAANANANANNAANAANANANNAANANAAAN
| > 1 | P 1 | 1.7592 | ©.6297 | ©0.5051 | ©.5303

| 1 | P1 | 1.9617 | ©.6362 | ©0.5039 | 0.5584

| 2 P14, 22, 4 | 2.0372 | - | ©0.4927 | 0.5688

| 5 | P21212 | 5.3014 | - | ©.4455 | 0.4891 |
| << 5 | P21212 | 5.3014 | - | @.4455 | 0.4891 |

R-factor in the original subgroup is NOT the best.
The original spacegroup assignment seems to be incorrect.

end of job: Sep 27 17:30 BST

Figure 9.12 Zanuda log

The model and map obtained from Zanuda positioned only two
ToxR?® molecules in the asymmetric unit; subsequently we
attempted to place one 20 bp double stranded DNA molecule once
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using Phaser and another time using Coot, but both trials were
unsuccessful. The resulting models could not fit the Zanuda-selected
space group and had high clash scores.

Interestingly, during data processing we selected the P2; monoclinic
(mP) fitting instead of the P2:2;,2 Orthoromic (oP) because the values
obtained (92.2) were quite high in comparison to the value for the P2;
(11.5). This part of the data processing is presented in Figure 9.13.

SPACE GROUP AND CELL PARAMETERS ARE UNKNOWN
AUTOINDEXING IS BASED ON 3560 OUT OF 3560 SPOTS

*%*x%* INDEXING OF OBSERVED SPOTS IN SPACE GROUP # 1 wwkdx
3544 OUT OF 3560 SPOTS INDEXED.
0 REJECTED REFLECTIONS (REASON: OVERLAP)
16 REJECTED REFLECTIONS (REASON: TOO FAR FROM IDEAL POSITION)
EXPECTED ERROR IN SPINDLE POSITION 0.601 DEGREES
EXPECTED ERROR IN DETECTOR POSITION 1.09 PIXELS

***x%% DIFFRACTION PARAMETERS USED AT START OF INTEGRATION **#**x

REFINED VALUES OF DIFFRACTION PARAMETERS DERIVED FROM 3544 INDEXED SPOTS
REFINED PARAMETERS: BEAM ORIENTATION CELL AXIS

STANDARD DEVIATION OF SPOT POSITION (PIXELS) 1.09

STANDARD DEVIATION OF SPINDLE POSITION (DEGREES) 0.60

SPACE GROUP NUMBER 1

UNIT CELL PARAMETERS 49.529 88.829 89.347 89.778 84.868 89.833
REC. CELL PARAMETERS 0.020272 0.011258 0.011237 90.208 95.132 90.147
COORDINATES OF UNIT CELL A-AXIS 44.440 3.502 21.587

COORDINATES OF UNIT CELL B-AXIS -38.764 3.323 79.856

COORDINATES OF UNIT CELL C-AXIS 11.234 -88.126 9.507

CRYSTAL MOSAICITY (DEGREES) 0.200

LAB COORDINATES OF ROTATION AXIS 0.999999 -0.001084 0.000118

DIRECT BEAM COORDINATES (REC. ANGSTROEM) 0.000088 -0.000468 1.021179
DETECTOR COORDINATES (PIXELS) OF DIRECT BEAM 1229.42 1268.28
DETECTOR ORIGIN (PIXELS) AT 1229.19 1269.53
CRYSTAL TO DETECTOR DISTANCE (mm) 468.86

LAB COORDINATES OF DETECTOR X-AXIS 1.000000 0.000000 0.000000

LAB COORDINATES OF DETECTOR Y-AXIS 0.000000 1.000000 0.000000

LATTICE- BRAVAIS- QUALITY UNIT CELL CONSTANTS (ANGSTROEM & DEGREES)

CHARACTER LATTICE OF FIT a b c alpha beta gamma
31 aP 0.0 49.5 88.8 89.3 89.8 84.9 89.8
44 aP 2.6 49.5 88.8 89.3 90.2 95.1 89.8
33 mP 11.5 49.5 88.8 89.3 90.2 95.1 89.8
34 mP 30.3 49.5 88.8 89.3 90.2 95.1 89.8
35 mP 85.9 88.8 49.5 89.3 95.1 90.2 89.8
32 oP 92.2 49.5 88.8 89.3 90.2 95.1 89.8
20 mC 96.9 126.2 125.7 49.5 86.5 93.7 90.3
25 mC 103.1 126.2 125.7 49.5 93.5 93.7 89.7
23 oC 104.7 125.7 126.2 49.5 93.7 93.5 89.7
BRAVAIS- POSSIBLE SPACE-GROUPS FOR PROTEIN CRYSTALS
TYPE [SPACE GROUP NUMBER,SYMBOL]
aP [1,P1)
mpP [3,P2]) [4,P2(1))
mC,mI [5,C2]
oP [16,P222) (17,P222(1)) [18,P2(1)2(1)2) [19,P2(1)2(1)2(1))
Q78

Figure 9.13 Space-group selection ToxR A during data processing
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9.11.1.2. ToxRQ78A final model

The geometry of the final model was validated using the wwPDB
validation service (an extract is shown as Figure 9.14). The final model
refinement statistics are shown in Table 9.2.

Metric Percentile Ranks Value
Clashscore I T 12
Ramachandran outliers I [ T 0.7 %
Sidechain outliers - 9.7 %
Worse Better

0 Percentile relative to all X-ray structures

[] Percentile relative to X-ray structures of similar resolution

Figure 9.14 Excerpt from the wwPDB validation service report for the
ToxR?’®A_DNAZ20 crystal structure.

Table 9.2 Refinement statistics for ToxR°’®~"DNA20

Parameter Value
Resolution range (A) 88.54-2.55
Number of protein/DNA atoms 5,137
Number of solvent molecules 28

RMSD for bonded angles (1) (°) 1.86
RMSD for bond lengths (1) (&) 0.0119
Rfactor/Rfree 0.30/0.37
Average B-factor (AZ) 43.6
Ramachandran favored (%) 90.63
Ramachandran outliers 0
Molprobility score 2.92
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The final model presented a continuous and well-defined electron
density for the structure as demonstrated in Figure 9.15.

Figure 9.15 A fragment of the final ToxR?"®*-DNA20 model fitted in the 2 F,-
F. electron density map (contoured at 1.0 ©)

All the residues in the final model were located in the allowed regions
of the Ramachandran plot shown in Figure 9.16.
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Figure 9.16 Ramachandran plot for ToxR?’®*-DNA20 structure

The asymmetric unit is composed of two 20bp dsDNA and 4 ToxR®%’®A
protein molecules, distributed in two proteins monomers interacting
with each DNA molecule; this is illustrated in Figure 9.17. Interestingly
enough, these monomers are bound in opposite directions. They are
bound in tandem, one is bound at the CATA box while the other one
one is bound further downstream in an “ATAA” repeat. This is a unique
behavior, as there is no evidence of this happening before.
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Secondary

-97 Wing

Recognition
Helix

Figure 9.17 ToxR*’®*"DNAZ20 structure

The four ToxR?®* molecules in the asymmetric unit bind the DNA
using the same elements previously described: the wing domain, the
recognition helix and a secondary wing as marked in Figure 9.17.
Figure 9.18 llustrates by superposing the wildtype surface to the
mutant it is possible to how see the loss of the interaction in the major
groove when Q78 is lost, which is highlighted by the yellow circle.
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Figure 9.18 ToxR*"®*"DNA20 vs ToxRWildtype-DNA20 surface difference
g

ToxR™W'%Pe js shown in magenta, ToxR%’®" is in lime green and the yellow dot circle

surrounds the surface difference between them.

A representation of the electrostatic surface is displayed in Figure 9.19.

Figure 9.19 Electrostatic surface portrayal of the ToxR°"®*"DNA20 structure
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By superposing ToxR" %P and ToxR?"®* we can observe that they are
very similar, yet, there is discrepancy in one of the monomer’s a2-03
loop, we believe this structural change is caused by the different
packing contacts and is not related to the mutation. This discrepancy is
illustrated in Figure 9.20.

Figure 9.20 ToxR"!%Pe-DNA20 structure supperposed with theToxR?78A
DNAZ20 structure

RWildtype RQ78A-C

Tox is highlighted in magenta, Tox in lime green.

The r.m.s.d. between ToxRW'%P¢ and ToxR%"®* are low as shown in
Table 9.3.

Table 9.3 r.m.s.d. values between ToxRW%Pe and ToxR7eA

Element in ToxRY** model (chain) r.m.s.d. values (A)
ToxRV** Chain € 0.7064
ToxRY*A Chain F 0.7410
ToxRY** Chain G 0.6772
ToxRYV** Chain H 0.8962
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9.11.2. ToxRS81A

Various crystals were tested at the synchrotron and the best of the
ToxR®®“-DNA complex diffracted at up to 2.95 A (diffraction pattern
shown in Figure 9.21).

A

Figure 9.21 Crystal and diffraction pattern of ToxR®®*-DNA20
Crystal diffracted up to 2.95 A.

The data collection and processing statistics for the S81A mutant are
specified in Table 9.4.
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Table 9.4 Data collection and processing statistics ToxR%¥*-DNA20

Parameters Value
Beamline BL13-XALOC, Alba Synchrotron
Wavelength (A) 0.979
Space group P2221

a=124.86 A, b=77.00 A, c=77.55 A
Cell dimensions
a=90.00°, =90.00°, y=90.00°

Number of unique reflections | 29,361

Resolution range (A)-
(overall/last shell)

48.29-2.33/2.41-2.33

Rmerge (overall/last shell)  [0.065/0.811

Multiplicity (overall/last shelr) | 1-9/1-°
Completeness (%)
(overall/last shell) 97.7/90.4
<I>/ o <I> (overall/last

8.2/0.7
shell)
Wilson B-factor (AZ) 64.224

We used Phaser to solve the structure by molecular replacement and
Pieretti’s structure as a model. After analyzing the structure, we had to
re-index the map as the Space Group was incorrect (P222), which was
selected by the automatic ALBA processing. Systematic absence in one
of the axes indicated a screw axis. After reindexing to P222;, we
tested Simone’s model and obtained a solution with a refined TFZ
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score of 35.4 and an Overall LLG of 1824. We used Coot to refine the
model manually as well as successive Refmac cycles to achieve a
restrained refinement. Rfactor and Rfree converged to 23% and 25%
respectively. We used the wwPDB validation service to validate the
geometry of the final model (an extract is shown as Figure 9.22). In

Table 9.5 the final model refinement statistics are shown.

Table 9.5 Refinement statistics for ToxR%*"DNA20

Parameter Value
Resolution range (A) 48.29-2.33
Number of protein/DNA atoms 3,410
Number of solvent molecules 42
RMSD for bonded angles (1) (°) 2.04
RMSD for bond lengths (1) (A) 0.0118
Rfactor/Rfree 0.23/0.25
Average B-factor (AZ) 91.6
Ramachandran favored (%) 95.33
Ramachandran outliers 0
Molprobility score 2.33
Metric Percentile Ranks Value
Clashscore IR A 5
Ramachandran outliers I 0
Sidechain outliers I | D 6.4 %

Worse

Better

I Percentile relative to all X-ray structures

[ Percentile relative to X-ray structures of similar resolution

Figure 9.22 Fragment from the wwPDB validation service report for the

ToxRS®_DNAZ20 crystal structure

158




In Figure 9.23, we illustrate how the final model presents a continuous
and well-defined electron density for the structure.

Figure 9.23 Section of the final ToxR%®**-DNA20 model fitted in the 2 F,-F
electron density map (contoured at 1.0 @)

In Figure 9.24, we illustrate how all the residues in the final model
were located in the allowed regions of the Ramachandran plot. Which
indicates the lack of areas in which the backbone torsion is deviating
from what is expected in the solved structure.
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Figure 9.24 Ramachandran plot for ToxR®®"*"DNA20 structure

The ToxR®® final model is illustrated in Figures 9.25 and 9.26. Two
20bp dsDNA and 2 ToxR®¥ protein molecules compose the
asymmetric unit. Figure 9.25 illustrates a cartoon representation of
one a 20bp dsDNA molecule and a ToxR®®*! protein molecule and its
domains. The electrostatic surface of ToxR®®* is illustrated in Figure
9.26. After analyzing the structure, we know that there is a loss of
interaction between ToxR®®* and the major groove of the DNA.
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S81A

9.11.2.1. ToxR final model

Wing—_ | o A Recognition

Helix

-97 -78

Secondary
Wing

Figure 9.25 ToxR%®"*-DNA20 structure

Figure 9.26 Electrostatic surface representation of the ToxR%®¥*"DNA20
structure

Just like with the Q78A model, the r.m.s.d. between ToxRV'P¢ and
ToxR®®" are quite small as shown in Table 9.6.
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Table 9.6 r.m.s.d. values between ToxR"'%P¢ gnd ToxRS8A
Element in ToxR**'* model (chain) r.m.s.d. values (A)
ToxR*®*™ Chain C 0.9134
ToxR**'* Chain F 0.8493

9.11.3. ToxRP101A

Several crystals were tested at the synchrotron and the best crystal for
the ToxRP'°“-DNA complex diffracted at up to 2.95 A (diffraction
pattern shown in Figure 9.27).

Figure 9.27 Diffraction pattern of ToxR"*°**-DNA20
Crystal diffracted up to 2.95 A.

This crystal’s data collection and processing statistics are detailed in
Table 9.7.
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Table 9.7 Data collection and processing statistics ToxR"°**-DNA20

Parameters Value
Beamline BL13-XALOC, Alba Synchrotron
Wavelength (A) 0.979
Space group P2221

a=125.14 A, b=71.38 A, c=78.82 A
Cell dimensions
a=90.00°, =90.00°, y=90.00°

Number of unique reflections | 15,224

Resolution range (A)-
(overall/last shell)

66.69-2.95/3.13-2.95

Rmerge (overall/last shell) [ 0.058/0.533

Multiplicity (overall/last shell) | 1.8/1.9

Completeness (%0)

(overall/last shell) 98.66/99.3
<I>/ o <I> (overall/last

7.5/1.3
shell)
Wilson B-factor (AZ) 71.36

Pieretti's structure was utilized as a model to solve the structures via
molecular replacement using Phaser. We obtained a solution with a
refined TFZ score of 32.1 and an Overall LLG of 1140.11, with a P222;
space group, which is different from Pieretti's structure (P2;). Coot was
used to manually refine the model as well as consecutive cycles of
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Refmac restrained refinement. Rfactor and Rfree converged to 21%
and 25% respectively. The geometry of the final model was validated
using the wwPDB validation service (an extract is shown as Figure
9.28). The final model refinement statistics are shown in Table 9.8.

Table 9.8 Refinement statistics for ToxR™°*"DNA20

Parameter Value
Resolution range (A) 66.78-2.95
Number of protein/DNA atoms 3,410
Number of solvent molecules 15
RMSD for bonded angles (1) (°) 1.56
RMSD for bond lengths (1) (&) 0.0101
Rfactor/Rfree 0.213/0.254
Average B-factor (AZ) 96.8
Ramachandran favored (%) 87.85
Ramachandran outliers 0
Molprobility score 2.86

Metric Percentile Ranks Value

I T 12

Clashscore IR '

Ramachandran outliers I

I T $.47%

Worse Better

Sidechain outliers

I Percentile relative to all X-ray structures

[] Percentile relative to X-ray structures of similar resolution

Figure 9.28 Excerpt from the wwPDB validation service report for the
ToxRPM™_DNA20 crystal structure
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The final model presented a continuous and well-defined electron
density for the structure, the area of the mutation is shown in Figure
9.29.

Figure 9.29 Fragment of the final ToxR"°**-DNA20 model fitted in the 2 F,-
F. electron density map (contoured at 1.0 ©)

All the residues in the final model were located in the allowed regions
of the Ramachandran plot shown in Figure 9.30. This indicates that
there are no areas where the backbone torsion deviates from what is
expected in the solved structure.
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ToxR™°'” final model is illustrated in Figures 9.31 and 9.32. The
asymmetric unit is composed of two 20bp dsDNA and 2 ToxR"*°'4
protein molecules. Figure 9.31 shows the cartoon representation of
one a 20bp dsDNA molecule and a Tox
domains. Figure 9.32 illustrates the electrostatic surface of Tox
and it is possible to visualize how P101A still enters the minor groove.
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P101A

9.11.3.1. ToxR final model

Recognition

Wing

Figure 9.31 ToxR"*°**_DNA20 structure

Figure 9.32 Electrostatic surface representation of the ToxR"°**"DNA20
structure
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As mentioned before, there is little change in the structure of the
protein, using the cartoon representation, we can see that it conserves
the secondary elements described by Pieretti. This is illustrated in
Figure 9.33. It mantains the hydrophobic core formed by lle42, Leu43,
Trp 44, Leud5 and Leu46, plus Phe 69. This still sustains the fold of

the protein and helps the helix al link the N-terminal B-sheet with the
H-T-H motif and the B-hairpin.

o
Pl
----
el
e

RECOGNITION
HELIX

Figure 9.33 ToxR"*°*' DNA20 structure secondary elements
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Once more, the r.m.s.d. between ToxRW'P® and ToxR"°* are
negligible as illustrated in Table 9.9.

Table 9.9 r.m.s.d. values between ToxRV'%Pe gnd ToxRP10A
Element in ToxR"*** model (chain) r.m.s.d. values (A)
ToxR"°** Chain C 0.9339
ToxR"***A Chain F 0.7961

9.12. Protein-DNA interactions

Using Nucplot (Luscome N.M. et al., 1997) we created a plot of the
protein-DNA interactions to compare the interactions of ToxR with the
toxT promoter as well well as the changes that the mutations entail.
These protein-DNA interactions are illustrated in Figures 9.34 for ToxR,
9.35 for ToxR?"®*, 9.36 for ToxR®®'* and 9.37 for ToxR™*,

169



Hydrogen bond to DNA
-~ Nonbonded contact to DNA <3.35a

NZ Lysi02
56 ...
Lysm N
Arg84 NH1
Throo 0G1
Tyrios OH
Ser810G
Thro1 0Ga
Glme SO p——
N Asp72
NE1Trpé4q.
ND2 Asn38
o Sersy

Figure 9.34 Protein-DNA interactions in the ToxR"!"Y%Pe_DNA20 structure
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Figure 9.35 Protein-DNA interactions in the ToxR°’®*-DNA20 structure

In the Q78A interaction scheme, we can observe that most of the
interactions are conserved, yet at the first position of chain B and E
respectively, we could use another basepair to decipher if it binds
exactly in the same manner as the previous molecule as there is no
phosphate to which Trp64 and Asn38 bind to.
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Figure 9.36 Protein-DNA interactions in the ToxR*®**-DNA20 structure

The conservation of most of the interactions is evident in all of the
mutant structures; it is important to notice that if these interactions
are conserved, so we theorize that the decrease in binding should be
because of defined interactions that the mutated residue does not
have anymore.
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Figure 9.37 Protein-DNA interactions in the ToxR"*°**-DNA20 structure

The total of hydrogen bonds and nonbonded contacts observed are
shown in Table 9.10. All, ToxR"'%P°_DNA, ToxR%*“-DNA and
ToxR"°*_DNA are composed of one protein bound to a molecule of
DNA. Interestingly, the ToxR?’®*-DNA crystal contains structures
formed by two protein molecules and one DNA molecule. This has not
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been observed with oligos this size; interestingly, the second protein
molecule binds further down in a repeating “ATAA” segment in the
same strand and direction of the promoter as shown in the schematic
in Figure 9.38.

Table 9.10 Hydrogen bonds and nonbonded contacts between ToxR and DNA

A-B D B D A-B D

First protein molecule (bonded at the CATA box)

Hydrogen 10 6 6 5 3 8 9
bonds
Nonbonded
DNA 3 7 7 8 8 4 3
contacts

Second protein molecule (bonded at the ATAA repeating segment)
Hydrogen
bonds 6 ’
Nonbonded
DNA 6 5
contacts

/\ CTC AAAAA ACATA AAATA AC

Figure 9.38 Schematic of protein-DNA binding in the ToxR-DNA20 structure

Schematic depicting the protein-DNA binding in the ToxR-DNA structures. ToxR is
represented by the green structure with a yellow spiral used to depic the recognition
helix and the red wing for the wing. First ToxR molecule binds in the same position in

all four crystals structures (ToxR™W'¥Pe ToxRP"®A ToxR%®, and ToxRP*

). Semi-
transparent ToxR protein molecule represents the second protein molecule that

appears only in the ToxR?"®* crystal structure.
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Most of the interactions are conserved in spite of the mutations; the
specificity for the sequence is conserved and the DNA structure
changes as will be explained in the following section. Even if the
affinity and the activation are reduced, there is still binding at least in
the high concentrated crystallization conditions. In the physiological
conditions, the binding is not strong enough to enable a stable
complex that allows the polymerase to be recruited.

9.13. DNA conformation

The DNA has a B-form straight conformation when interacting with
ToxRW!¥Pe  |n  this section we will enlist and compare some
characteristics of the conformation of the DNA.

9.13.1. Minor groove analysis

The minor groove of the DNA with ToxR""¥%P® narrows down up to 8.9
A whilst for ToxR?"®*, ToxR®®*** and ToxR™*°* up to 8.7 A, 8.7 A and
8.6 A respectively. A deeper comparison of the behavior of the minor
groove is done in this section.

9.13.1.1. Wildtype vs Q78A

The minor groove for the ToxR%?® structure reaches the maximum
width of 12.1 A in the center of the 20 bp oligo used while in the
wildtype structure this width is only 10.3 A, and the maximum width
(12.1 A) is reached at the beginning of the oligo as illustrated in Figure
9.39. The residues that are interacting with the DNA molecule in the
helix are displayed at the segment of the DNA in which they interact.
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Figure 9.39 Minor groove width comparison between ToxR"!'%¥P¢ and
ToxR9"®*

Color code is kept as in Figure 9.35, green represents protein chain “C” while pink is
“G” which interact with the A-B dsDNA chain and blue represents chain “F” and

yellow is “H” which bind to D-E dsDNA chain.

9.13.1.2. Wildtype vs S81A

In the ToxR®®" structure, the minor groove reaches its maximum
width of of 11.9 A at the center of the 20 bp sequence used while in

the wildtype structure it is 10.3 A, and the maximum width is
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presented at the beginning of the promoter measuring 12.1 A, as
illustrated Figure 9.40.
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and

Residues in the helix that interact with the DNA molecule are presented in the DNA

segment in which they interact.
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9.13.1.3. Wildtype vs P101A

In this comparison, we can see that the minor groove reaches its
biggest width at the center of the 20 bp sequence used and measures
up to 13.1 A as illustrated in Figure 9.41.
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Figure 9.41 Minor groove width comparison between ToxRW!dtyre
ToxRPlOlA

and

The residues that are interacting with the DNA molecule in the helix are displayed at

the segment of the DNA in which they interact.
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9.13.2. Major groove

The major groove of the DNA with ToxR""%P® measures up to 20 A
whilst for ToxR?’®*, ToxR®®' and ToxR"°* up to 19.7 A, 20.3 A and
20.1 A respectively. This is compared in more depth in this section.

9.13.2.1. Wildtype vs Q78A

There is a slight change in the major groove between the wildtype and
Q78A mutant, yet there is the loss of the interaction of the Asn38
residue with the major groove, as well as the appearance of a second
molecule in tandem, as illustrated in Figure 9.42. The newly appeared
ToxR?"®* molecule binds to an “ATAA” repeat that has a similar
compression as the one presented in the CATA box for both
(ToxRY!¥Pe and ToxR2"®*), which is approximately 17.4 A for the CATA
box and 17.2 A for the “ATAA” repeat zone.

179



Q78A A-B DNA chains Wildtype A-B DNA chains

Q78A D-E DNA chains

24

<224
E 7
3 'y
B N38C
820 mce Qe
=
S, S81C
&3
=
184
16
o HA 9 P> > P > P2 PO > A > PP P> JAP PO
QO P H H A4 H A4 H 4 H HMP A4 A4 A4 H P A A4 G
cG
2, 00 holix
— Major Groove Width
< 2]
s
=
z 574G @575
g S74C e ®
20
2
&}
=
2
=
=
18
16
o 4 0 » » » » » » O » A » » » » A4 » ¥ O
O P O 4 4 4 4 A4 A4 @O A P A A4 A4 4 P A4 4 0
FH
24 ©0 heix
— Major Groove Width
=2
S
=
-
=
o e sregH
z e A ©
3204 o
O
s %
a‘n o
=
184
16 T
O 4 © » » » » » » O » H » » » P A » P O
® P O A A A A A A o A P A4 A A A P A A B

Figure 9.42 Major groove width comparison between ToxR%’®* and

TOXRWiIdtype

The residues that interact with the DNA molecule with the helix are displayed at the

segment of the DNA in which they interact. Color code is kept as in Figure 9.35,

green represents protein chain “C” while pink is “G” which interact with the A-B

dsDNA chain and blue represents chain “F” and yellow is “H” which bind to D-E

dsDNA chain.
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9.13.2.2. Wildtype vs S81A

In Figure 9.43, we can see that in the ToxR®®*%" structure the

compression near the CATA box measures 17.5 A; value that does not
vary much from the wildtype. This indicates that even though affinity
iIs decreased, there is still binding and stabilization of the compression

by ToxR8A.
24 © helix
— Major Groove Width
7]
E
©
{5 —_
o< |
— 224
< =1
Z3 S74C
Q ;E °
“.’sa srsc @'
< 2% (2
o 2 ce arsc
20
25 °
- S81C
-—
§2
184
16+ T v ¥ ¥ v v ¥ v v v v - v
O 3O > P E P P O 2 AP PP g X QO
® P 6 H H A H A A4 A P44 4N P44 5
© heix
247 Major Groove Width
ez |
ES 2
© =
£3 ssc
o=
<=
z; anc
o é 20+
QO
r
<3
)
L=
-
0 181
7]
16+ - - e e e e
9O 2 22 2 P9 R AH PR > AP PG
P O oH H A Ao A o H P A A - o P A R

24. @ hekx
— Major Groove Width

ST4F
(o}

N ~
=] ~
h L

S81A D-E DNA chains
Major Groove Width [A]
%

164

TR EEEEEE L EEEE R R

O T O H H H H H A O A P A4 A4 A4 A P A H O
Figure 9.43 Major groove width comparison between ToxR®*®* and
TOXRWiIdtype

Residues from the helix in the ToxR molecule interacting with the DNA are depicted

as colored circles according to the helix they form part of.
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9.13.2.3. Wildtype vs P101A

In Figure 9.44, we can see that the interaction between the Asn38
residue and the DNA is lost in the P101A mutant. The compression
that occurs near the CATA box remains in a similar width (around 17.4
A) suggesting that although affinity is reduced, the protein still binds
to the 20 bp oligo, allowing ToxR™*°'* to still contribute to stabilizing
the compression.
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Figure 9.44 Major groove width comparison between ToxR"*°** and
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Residues from the ToxR molecule that interact with the DNA are shown as colored

circles depending on the helix they belong to.
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9.14. DNA geometrical parameters

All the geometrical parameters of the DNA are presented in this

section

9.14.1.

Table 9.11 Local base-pair parameters for ToxR

DNA geometrical parameters for ToxR?’84

Q78A

Pair Shear Stretch Stagger Buckle Propeller Opening
(V) (Y] (V) ) ) ®)

G-C 1.2 0.23 0.38 -1.96 -22.05 6.44
T-A -0.22 -0.03 -0.15 9.33 -13.15 1.42
T-A 0.29 -0.2 -0.01 13.02 -13.92 -1.41
A-T -0.11 -0.11 0.36 2.63 -6.84 6.02
T-A 0.25 -0.25 0.64 -0.75 -3.25 -0.5
T-A 0.34 0 0.89 -6.22 -9.36 3.04
T-A 0.36 -0.15 0.3 0.18 -7.92 -0.63
T-A -0.41 -0.26 0 -3.68 -7.62 -4.02
A-T 0.22 -0.27 -0.28 -7.27 -2.43 2.7
T-A 0.13 -0.26 -0.04 -1.96 2.36 4.16
G-C -0.34 -0.05 -0.31 -6.33 -15.94 -1.85
T-A -0.32 -0.11 0.48 -0.97 -7.25 1.09
T-A 0.43 -0.46 0.25 4.13 -12.36 -1.01
T-A -0.47 -0.39 -0.1 -1.63 -16.13 -3.69
T-A -0.41 -0.4 0.37 -10.76 -16.33 0.62
T-A -0.02 -0.06 0.19 -20.12 -4.96 -2.51
T-A 0.05 -0.14 -0.13 -14.21 -4.55 -4.44
G-C 0.11 -0.27 -0.67 -13.29 -7.49 -2.85
A-T 0.71 -0.2 -0.07 -3.25 -12.96 -4.43
G-C 0.25 0.1 -0.52 -7.86 -22.47 4.24
C-G -0.37 0.09 -0.47 7.43 -20.43 4.27
T-A -0.86 -0.13 -0.11 4.59 -12.61 -5.62
C-G -0.22 -0.24 -0.72 15.13 -8.13 -3.97
A-T -0.2 -0.08 -0.19 15.75 -5.72 -4.22
A-T -0.18 0.07 0.1 21.48 -5 -1.86
A-T 0.32 -0.28 0.28 12.34 -16.99 0.5
A-T 0.47 -0.37 -0.2 2.53 -16.84 -3.62
A-T -0.41 -0.51 0.13 -4 -11.92 -1.32
A-T 0.26 -0.19 0.4 0.89 -6.3 0.36
C-G 0.25 -0.12 -0.31 6.72 -14.79 -2.81
A-T -0.31 -0.14 0.11 3.6 2.8 5.4
T-A -0.35 -0.14 -0.15 9.8 -3.45 3.76
A-T 0.29 -0.15 0.16 6 -9.18 -4.21
A-T -0.38 -0.07 0.44 0.97 -8.7 -2.04
A-T -0.37 0.04 1.06 7.2 -9.82 2.47
A-T -0.34 -0.18 0.81 2.31 -3.85 1.15
T-A 0.06 -0.05 0.44 -0.44 -7.62 8.33
A-T -0.27 -0.31 0.01 -8.94 -14.22 0.57
A-T 0.17 -0.02 0.12 -9.26 -9.93 2.15
Ave. -0.04 -0.15 0.09 0.71 -10.13 0.27
s.d. 0.44 0.17 0.40 8.80 6.05 3.79
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Table 9.12 Local base-pair step parameters for ToxR?"®*
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Step Shift (A) | Slide (A) | Rise (&) [Tilt (°) |Roll (°) | Twist (°)
GT/AC -0.79 1.4 2.92 1.13 -5.38 26.15
TT/AA 0.01 -0.09 3.13 0.93 5.9 40.84
TA/TA 0.46 0.05 3.42 -1.19 0.73 38.14
AT/AT -0.11 -0.86 3.37 -2.01 -3.53 33.78
TT/AA 0.38 -1.08 3.13 1.43 0.25 38.18
TT/AA -0.26 -1 2.81 5.45 -1.68 31.59
TT/AA -0.27 -0.56 3.15 -0.24 -0.05 35.1
TA/TA 0.11 0.78 3.48 -0.97 2.24 41.37
AT/AT 0.24 -0.25 3.25 -4.82 -2.08 29.18
TG/CA -0.03 -0.76 3.26 4.25 4.01 36.51
GT/AC 0.08 -0.84 3.05 -5.99 0.31 35.39
TT/AA -0.13 -0.37 3.13 1.08 -7.21 39.76
TT/AA 0.3 -0.66 3.29 3.76 -3.45 32.31
TT/AA -0.04 -0.57 3.44 -1.92 2.8 35.97
TT/AA -0.15 -0.44 3.41 3.21 -5.98 38.32
TT/AA -0.12 -0.43 3.13 5.4 -1.99 37.28
TG/CA 1.02 0.88 3.22 5.4 7.48 37.92
GA/TC -1.19 0.61 2.97 -8.95 3.31 33.87
AG/CT 0.56 -0.37 3.5 2.02 14.94 28.74
GC/GC
CT/AG -0.61 -0.35 3.46 -1.79 14.2 27.53
TC/GA 1.22 0.63 2.95 9.36 3.48 33.79
CA/TG -1 0.87 3.21 -5.53 7.33 38.04
AA/TT 0.14 -0.45 3.12 -5.35 1.9 36.68
AA/TT 0.13 -0.45 3.39 -3.36 -5.67 38.57
AA/TT 0.04 -0.57 3.44 1.85 -2.84 36.52
AA/TT 0.28 -0.66 3.31 -3.98 -3.55 32.6
AA/TT 0.12 -0.39 3.14 -1.46 -7.15 39.52
AC/GT -0.09 -0.86 3.06 5.32 0.47 35.1
CA/TG 0.13 -0.76 3.24 -5.03 3.79 35.69
AT/AT -0.25 -0.23 3.22 4.93 -2.34 29.05
TA/TA -0.18 0.8 3.46 0.69 2.12 41.83
AA/TT 0.22 -0.56 3.15 0.02 0.13 35.9
AA/TT 0.3 -0.98 2.79 -5.85 -1.79 31.89
AA/TT -0.29 -1.08 3.11 -1.57 -0.11 37.59
AT/AT 0.14 -0.84 3.35 2.45 -3.79 33.7
TA/TA -0.45 0.05 3.36 1.65 0.54 38.27
AA/TT -0.09 -0.04 3.24 -3.5 -3.92 41.01
AC/GT 0.7 -1.42 2.79 -0.9 -4.38 25.17
Ave. 0 -0.39 3.21 -0.11 -0.32 35.23
s.d. 0.47 0.61 0.2 4.05 5.08 4.26




9.14.2.

Table 9.13 Local base-pair parameters for Tox

DNA geometrical parameters for Tox

S81A
R

S81A
R

Pair Shear Stretch Stagger Buckle Propeller | Opening
(V) (Y] () ) ) ®)
G-C -0.82 -0.11 -0.86 2.62 -10.61 9.26
T-A -0.12 -0.21 -0.71 5.08 -26.68 11.21
T-A -0.21 0.21 -0.31 2.85 -10.96 8.48
A-T 0.15 0.09 0.07 -6.69 -9.77 5.7
T-A -0.16 -0.16 0.63 -2.77 -15.52 4.86
T-A 0 0.12 0.45 0.34 -15.95 6.21
T-A 0.39 -0.09 0.54 -0.3 -13.09 4.56
T-A -0.23 -0.37 0.35 1.9 -14.7 3.79
A-T 0.25 -0.31 0.7 1.83 -14.18 2.11
T-A -0.19 -0.36 0.55 -1.34 -5.08 0.54
G-C -0.78 -0.32 0.1 -6.22 -7.33 -1.08
T-A -0.07 -0.51 0.7 -12.34 -14.12 -4.6
T-A -0.64 -0.19 0.38 -7.33 -18.9 -1.56
T-A -0.71 -0.32 0.3 -8.59 -17.73 -2.58
T-A -0.19 -0.05 0.2 -10.43 -18.42 5.05
T-A -0.43 0.02 0.27 -5.05 -16.14 2.99
T-A -0.68 -0.03 -0.13 -2.53 -9.78 -1.77
G-C 0.05 -0.13 -0.28 -1.06 -0.13 -2.64
A-T 0.78 -0.13 0.25 8.64 -6.31 -1.04
G-C -1.03 -0.2 -0.39 -5.17 4.1 2.59
T-A -0.44 -0.33 0.1 5.6 -8.1 -3.35
T-A 0.03 0.1 -0.08 5.14 -12.69 -0.27
A-T 0.25 -0.1 0.45 4.05 -7.92 2.64
T-A 0.06 -0.12 0.41 -3.7 -19.57 1.5
T-A -0.09 -0.13 0.48 -0.44 -17.84 2.78
T-A -0.03 0.05 0.08 3.48 -15.97 1.05
T-A 0.05 -0.35 -0.07 0.77 -12.18 2.9
A-T -0.04 -0.08 0.54 -0.12 -14.66 0.8
T-A -0.06 -0.33 0.59 -0.96 -11.75 2.31
G-C -0.18 -0.13 0.33 -1.52 -6.6 6.02
T-A -0.32 -0.09 0.88 -12.25 -11.37 -6.75
T-A -0.59 -0.18 0.11 -2.35 -21.57 -5.82
T-A -0.24 -0.28 0.28 -7.09 -20.41 -0.13
T-A -0.05 -0.19 -0.08 -2.83 -21.22 1.7
T-A 0.04 -0.15 -0.38 -3.19 -19.22 7.84
T-A 0.2 -0.21 -0.22 -1.21 -11.6 -2.61
G-C 0.42 -0.09 -0.77 -11.17 -7.97 3.46
A-T 0.88 0.06 -0.14 -3.21 -13.37 -13.25
G-C -1.63 -0.37 1.39 9.2 -18.42 12.16
Ave. -0.16 -0.15 0.17 -1.75 -13.17 1.67
s.d. 0.47 0.16 0.46 5.36 6.06 5.02
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Table 9.14 Local base-pair step parameters for Tox
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S81A
R

Step shift (A) [ Slide (A) [Rise (&) [Tilt (°) [Roll (®) [ Twist (°)
GT/AC 0.03 -0.07 2.98 -0.14 5.58 37.42
TT/AA 0.12 -0.03 3.35 -2.71 -1.12 36.45
TA/TA -0.05 -0.16 3.54 -3.61 -1.25 39.61
AT/AT -0.36 -0.65 3.17 -3.59 -6.29 32.65
TT/AA 0.2 0.3 2.99 1.79 -5.99 38.76
TT/AA 0.14 -0.54 3.27 -1.24 -5.87 36.53
TT/AA 0.06 -0.46 3.09 5.24 -4.99 35.06
TA/TA -0.23 0.06 3.13 -4.44 5.86 38.28
AT/AT 0.3 -0.75 3.45 0.62 0.08 29.41
TG/CA 0.04 -0.93 3.24 0.45 -0.16 35.55
GT/AC -0.72 1.2 3.48 -3.62 -0.57 36.76
TT/AA -0.35 -0.91 2.89 0.07 -4.61 33.87
TT/AA -0.31 -0.64 3.21 -0.69 -6.51 36.38
TT/AA -0.07 -0.14 3.25 0.7 -3.39 38.49
TT/AA 0.13 0.32 3.16 -0.78 -10.59 39.43
TT/AA 0.05 -0.13 3.12 5.36 -4.13 33.75
TG/CA 1.21 1.17 3.43 5.21 1.05 39.34
GA/TC -0.84 0.24 3.16 -5.49 2.59 39.29
AG/CT
GT/AC -0.63 0.02 3.09 -6.16 4.54 34.54
TT/AA 0.04 -0.34 3.33 2.46 -6.73 36.84
TA/TA 0.05 -0.07 3.28 -5.43 -4.73 44.2
AT/AT -0.19 -0.84 3.44 0.55 -3.63 30.2
TT/AA 0.02 -0.43 3.07 -0.83 -4.17 37.78
TT/AA 0.09 -0.56 3.08 2.72 -6.58 36.48
TT/AA 0.09 -0.41 3.38 1.43 -4 35.76
TA/TA -0.07 -0.06 3.15 -4.34 7.84 38.36
AT/AT 0.36 0.6 3.37 1.4 -3.58 31.13
TG/CA 0.24 -1.17 3.06 0.68 -0.92 37.07
GT/AC -1.11 -1.01 3.49 -4.46 2.13 33.65
TT/AA -0.37 1.1 2.78 3.49 -7.92 32.12
TT/AA -0.09 -0.51 3.37 -4.35 -6.26 38.63
TT/AA -0.22 -0.06 3.06 0.97 -3.25 39.23
TT/AA 0.01 0.14 3.23 2.05 -3.64 38.02
TT/AA 0.12 0 3.18 -3.08 0.29 39.49
TG/CA 1.01 0.79 3.7 7.3 5 35.44
GA/TC -1.72 0.5 3.05 -8.05 0.66 38.37
AG/CT 1.93 -0.84 2.74 -8.13 4.53 26.35
Ave. -0.03 -0.31 3.21 -0.85 -1.91 36.24
s.d. 0.6 0.54 0.21 3.78 4.44 3.43




9.14.3.

Table 9.15 Local base-pair parameters for Tox

DNA geometrical parameters for Tox

P101A
R

P101A
R

Pair Shear Stretch Stagger Buckle Propeller | Opening
(V) (Y] () ) ) ®)
G-C -0.16 0.28 -0.36 2.03 -3.32 22.01
T-A -0.07 -0.27 -0.24 -3.56 -18.18 5.07
T-A -0.67 -0.16 -0.44 4.72 -12.74 2.55
A-T 0.25 0.01 0.02 -1.23 -8.99 3.99
T-A -0.23 -0.26 0.22 0.58 -19.87 -2.3
T-A 0.05 -0.27 0.29 -3.18 -12.2 -0.18
T-A 0.07 -0.11 0.26 -5.49 -9.76 2.35
T-A -0.49 -0.26 0.2 -7.34 -7.53 0.49
A-T 0.36 -0.22 0.34 -4.37 -5.02 -4.12
T-A 0.34 -0.36 0.76 -0.75 -0.96 0.6
G-C -0.25 -0.31 0.17 -0.08 -6.69 -3.67
T-A -0.22 -0.34 0.37 -7.58 -10.32 -5.74
T-A -0.09 -0.37 0.02 -1.77 -12.68 -2.99
T-A -0.39 -0.34 -0.02 -4.42 -16.17 -0.28
T-A -0.22 -0.22 -0.18 -6.21 -19.84 4.04
T-A -0.35 -0.16 -0.17 -9.77 -15.62 3.13
T-A -0.08 0 -0.21 -4.69 -13.96 7.41
G-C -0.17 -0.2 0.11 3.43 3.43 1.08
A-T 0.78 -0.24 0.95 11.92 -6.13 3.97
G-C -0.46 -0.22 -0.04 -6.77 2.2 2.2
T-A 0.51 -0.18 0.05 -1.78 -10.31 2.06
T-A -0.5 -0.28 -0.34 8.4 -9.38 -2.87
A-T 0.11 -0.17 0.11 -0.09 -8.12 3.51
T-A -0.28 -0.32 0.27 0.48 -19.03 -2.16
T-A 0.06 -0.3 0.27 -1.77 -11.92 1.27
T-A 0.03 -0.17 0.21 -3.98 -10.31 3.82
T-A -0.59 -0.34 0.13 -6.18 -8.73 2.89
A-T 0.13 -0.22 0.42 -1.11 -6.84 -2.24
T-A 0.46 -0.31 0.73 -0.21 -0.79 -0.16
G-C -0.1 -0.2 0.29 -0.04 -7.96 -0.44
T-A -0.48 -0.19 0.41 -7.57 -10.94 -8.34
T-A -0.12 -0.14 0.01 0.75 -13.85 -2.44
T-A -0.61 -0.28 -0.09 -2.44 -19.73 -0.54
T-A -0.3 -0.1 -0.31 -4.03 -22.11 7.36
T-A -0.39 -0.07 -0.21 -6.6 -17.92 7.38
T-A -0.1 -0.25 -0.42 1.29 -11.31 4.42
G-C 0.39 -0.1 -0.41 -1.8 -19.1 -3.65
A-T 0.84 0.11 0.58 5.54 -18.6 -15.25
G-C -1.3 -1.18 0.2 14.44 -6.21 -38.2
Ave. -0.11 -0.22 0.10 -1.31 -10.96 -0.1
s.d. 0.41 0.21 0.34 5.19 6.34 8.41

187



Table 9.16 Local base-pair step parameters for Tox
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P101A
R

Step shift (A) [ Slide (A) [Rise (&) [Tilt (°) [Roll (®) [ Twist (°)
GT/AC -0.65 -0.45 3.46 0.5 -3.06 39.6
TT/AA -0.02 -0.21 3.08 1.62 -2.92 30.38
TA/TA 0.13 0.15 3.44 -3.42 -1.64 45.04
AT/AT -0.39 -0.74 3.24 -1.78 3.4 30.91
TT/AA 0.27 -0.26 3.27 -0.25 -4.11 39.94
TT/AA 0.03 -0.51 3.24 1.96 -4.31 33.99
TT/AA -0.12 -0.35 3.26 2.71 -5.33 34.66
TA/TA 0 0.23 3.14 0.3 5.01 41.08
AT/AT 0.88 -0.64 3.34 -3.63 2.87 31.29
TG/CA 0.14 -1.12 3.03 4.12 1.44 32.62
GT/AC -0.82 -1.04 3.46 -2.61 3.15 35.62
TT/AA -0.49 -0.85 2.98 -0.19 -4.23 37.72
TT/AA -0.32 -0.46 3.25 -1.54 -4.38 34.57
TT/AA -0.19 0.1 3.24 0.25 -2.79 39.08
TT/AA 0.01 0.32 3.32 0.22 -4.48 38.65
TT/AA 0.22 0.51 3.2 1.44 -1.87 37.6
TG/CA 0.81 1.46 3.26 -1.73 -2.79 35.84
GA/TC -0.63 0.01 3.23 -6.17 -2.67 38.19
AG/CT
GT/AC -0.25 0.23 3.32 -0.31 0.06 35.26
TT/AA -0.33 -0.17 3.03 1.51 -4.59 28.61
TA/TA 0.23 0.11 3.54 -3.58 1.8 43.77
AT/AT -0.35 0.7 3.27 -1.47 2.7 31.72
TT/AA 0.28 -0.28 3.25 0.01 -3.91 39.78
TT/AA 0.03 -0.54 3.23 2.09 4.1 33.67
TT/AA -0.07 -0.36 3.25 2.93 -4.66 34.36
TA/TA 0.06 0.16 3.05 -0.87 4.06 42.18
AT/AT 0.71 -0.69 3.42 -2.95 1.42 33.21
TG/CA 0.3 -1.15 3.03 3.77 0.63 32.74
GT/AC -0.98 -1.06 3.44 -2.26 2.59 32.46
TT/AA -0.42 -0.86 2.92 -0.13 6.1 38
TT/AA -0.34 -0.48 3.21 -1.58 -4.82 33.48
TT/AA -0.03 0.13 3.18 1.05 -1.43 40.44
TT/AA 0.05 0.32 3.29 -1.03 -3.41 37.71
TT/AA 0.19 0.3 3.1 2.03 1.1 35.77
TG/CA 0.26 0.63 3.43 0.47 11.49 35.47
GA/TC -0.99 -0.19 2.95 -10.55 -3.65 41.58
AG/CT 0.36 -1.01 3.22 2.36 3.16 19.74
AC/GT 0.7 -1.42 2.79 -0.9 -4.38 25.17
Ave. -0.07 -0.26 3.23 -0.45 -1.47 35.86
s.d. 0.44 0.57 0.15 2.83 3.68 4.76




9.15. DNA crystal packing

Although the DNA has a normal B conformation and is almost straight,
it has a peculiarity. We saw the appearance of non-Watson and Crick
typical base pairing formed by the G1A, C20B, G1D and C20E base
pairs. This is formed at the end of the two DNA molecules and is
illustrated in Figure 9.45. In this image it is possible to see how 4 base
pairs create hydrogen bonds that allow stabilizing the crystal structure
while still having 4 bases in the same plane (Saenger W. et al., 1984).

a) b)
Cc20B
G1D s N
4 ¢ 29
©381. :
G1A C20E G1D
*e9
2.6 . 8
v i3
32 €
G1A
Figure 9.45 DNA crystal structure for ToxR%® and ToxR"*°#

a) Cartoon representation of the full 3-D structure of the two 20 bp toxT promoter
oligonucleotide molecules inside the ToxR®®™ and the ToxR"** crystals, b) Stick
representation of the 4 basepairs that interact of the two 20 bp oligos using

hydrogen bonds with the distances labeled in A.

The C20B is an imino tautomeric form of cytosine and it only occurs
0.1% of cases (Saenger W. et al., 1984). The C20B requires an extra
hydrogen atom to be able to create a hydrogen bond with the other
base pairs. This is illustrated in Figure 9.46a. A second possibility is
that the cytosine is protonated at N3 as shown in Figure 9.46b, this is

unlikely to be this species because the pH of the crystal buffer was 7.3.
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Figure 9.46 Schematic of the atomic structures of the imino tautomeric and
protonated forms of cytosine

a) Imino tautomeric form of cytosine, b) Protonated form of cytosine.

This type of DNA stacking creates also an interesting “sandwich
stacking” between the base of G20B and the sugars of A19B and the
symmetrical of T2D as illustrated in Figure 9.47.

. .o

Figure 9.47 DNA sandwich stacking schematic for ToxR®#'* and ToxR"*°

9.16. Interactions lost in mutation residues

In this section we will analyze in detail some of the structural
differences that appear near the mutated residues.
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9.16.1. Interactions lost with ToxR®%"8A

There are not many changes in the structure when mutating residue
GIn78 into an alanine, yet activation of the promoter is greatly reduced.
In Figure 9.48, we illustrate the atomic changes that mutating the
residue 78 glutamine into an alanine entail. An interaction between
OE1 GIn78 and adenine A13A disappears as well as one between NE2
GIn78 and T6B, leaving a distant interaction with Ala78. The distance
between Ala78 and T6B increases from 4.85 A to 6.18 A, supposing a
considerable change, as there is an interaction mediated by the water
and two hydrogen bridges that disappears with the mutation, which
are the only specific interactions with the complex, which only contacts
the bases and not the sugar-phosphate backbone. Although the
distance between Ala78 and A13A varies from 3.15 A to 5.46 A, the
resulting change could be influencing the minor grooves increase in
width. As it creates a peak near the CATA box, where this interaction
fades, increasing from 10 A to 12 A.

Figure 9.48 Comparative view of the structural changes observed in the
ToxR°"®*_-DNA structure

a) Left image depicts the atomic interactions between GIn78 with T6B and A13A. b)
Right image depicts the atomic interactions that were lost when mutating GIn78 into
Ala78.
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9.16.2. Interactions lost with ToxRS84

When mutating Ser81 to alanine, there is a considerable loss in the
activation of the promoter, around 90%. In Figure 9.49, the atomic
changes that arise from this mutation are illustrated; the interaction
between Ser81 and T12A is lost and the distance between 12DT_A and
Ala81 increases from 3.77 A to 5.45 A.

b) T12A Ala81

a) TI2A  Ser81

LT ?:}l';

Figure 9.49 Comparatlve view of the structural changes observed in the
ToxR%8"_DNA structure

Left image depicts the atomic interactions between Ser81 with T12A. Right image

depicts the atomic interactions that were lost when mutating Ser81 into Ala81.

9.16.3. Interactions lost with ToxRP1°4

By comparing the ToxR™°“-DNA structure with that of the wildtype
ToxR-DNA we notice a couple of significant conformational changes.

In Figure 9.50, we can appreciate a change in the ToxR™°“-DNA
structure, a conformational change in the a2-a3 loop, which might be
a result of the different crystal packing as it is present in both
molecules. The rest of the structure remains unchanged, yet
approximately 75% of the promoter activation is lost.
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Figure 9.50 Cartoon representation of the structural modifications observed
in the ToxRP°' structure at the 0.2-0.3 loop

Wildtype is shown in magenta and ToxR"'°* in teal. An outline of the differences

using stick representation is also shown.

In this case, In Figure 9.51 we illustrate the hydrophobic interactions
between Prol01 ring C and the sugar-CH, of both DNA chains. Pro1l01
is part of the wing and in the wildtype it enters and is “sandwiched” in
the minor groove between sugars of the 20 bp segment of the
promoter. By mutating the proline into an alanine, this interaction is
completely lost. A bulkier hydrophobic C ring that interacts with the
sugar phosphate backbone disappears and only an alanine remains,
and although punctual atomic distances stay the same, there is a shift
in the distances between grooves as shown in Figure 9.51c-d. The loss
of the “sandwiching” of the proline results in the widenin of the groove
when the hydrophobic interactions disappear leaving only a methyl
group for a sidechain.
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Figure 9.51 Comparati\)e
DNA structure

a) Top left image depicts the hydrophobic atomic interactions between Prol101 with
C10A and T15B. b) Top right image depicts the atomic interactions that were lost
when mutating Prol01 into Alal0l. C) Bottom left image depicts the atomic
distances between T16B-A9A, T15B-C10A and T14B-Al1lA in the wildtype structure.
b) Bottom right image depicts the atomic distances between T16B-A9A, T15B-C10A
and T14B-A11A in the P101A structure.

Although the atomic distance between the alanine and T15B and C10A
does not radically change in the contact that remains, it is important to
consider that an hydrophobic interaction completely disappears, which
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could be the responsible for the peak in the minor groove that appears
in that section at the CATA box that we mentioned earlier. Specially
considering that the shift in the minor groove goes from 10 A in the
ToxRW9%Pe structure to 13 A in the ToxRV'¥¥Pe structure.
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9. ToxR Conclusions

The conclusions of this section of this thesis are listed as follows:

1)

2)

3)

4)
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We have solved and refined the crystal structures of three mutants
complexed with 20 bp oligonucleotides of the promoter sequence;
these mutants reduce the activation of the toxT promoter, and
solving the structures gives us a better insight of how these
mutations structurally affect the ToxR-toxT promoter complex.

All three mutants crystallize in the form of a protein-DNA complex,
indicating that even thought that the activation is decreased, this
mutations do not impair the binding in the high concentration
conditions of crystallization drops. Even though some of these
contacts disappear, the binding specificity to the sequence remains
yet DNA shows a number of changes in its structure when
crystallizing with these mutants.

The Patterson map clearly indicates that there is Translational Non
Crystallographic Pseudo Symmetry in the Q78A crystal, reason
why the R values will not decrease below 0.30, even if the model
fits nicely with the density map. In this structure, we observed the
loss of water mediated hydrogen bonds between the protein and
the DNA 20 bp segment of the promoter and a direct hydrogen
between the protein and a DNA adenine which ultimately result in
an important de-activation of the promoter.

The S81A ToxR mutation almost completely reduces the activation
of the toxT promoter. In this situation, there is a loss of hydrogen



5)

6)

7)

8)

bonds to the phosphate backbone of the DNA 20 bp promoter
segment.

P101A ToxR mutation reduces the activation of the toxT promoter
around 75%. P101A is part of the wing of ToxR and the fact that
the mutation of this residue results in the inactivation of the
promoter and that we can observe structural changes in the
structure confirms that this motif is required for the activation of
the toxT promoter as stated by our collaborator (Krukonis et al.,
2019). The exchange of a proline to an alanine results in the loss
of the “sandwiching” hydrophobic interactions between the proline
and the sugar phosphate backbones at the DNA minor groove.

We observe that ToxR is capable of recognizing the CATA box, but
can also bind with similar “boxes” as the ToxR"*°'* crystals present
two molecules of protein bound to one of DNA, and the latter one
is bound to an “ATAA” sequence.

ToxR?"® ToxR®¥'" and ToxR™° mutations, result in an increase
in width of the minor groove. This could also decrease the affinity
of the promoter for ToxR, resulting in the impossibility of recruiting
the polymerase, which would translate into a decrease in promoter
activation.

All together, even if the mutated proteins are able to bind to the
correct sequence and mode of binding, affinity must be decreased,
implying the existence of an unstable complex in physiological
conditions, thus hindering the recruitment of the RNA polymerase
for gene transcription.
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