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Abstract
DNA regulation is a fundamental part of every cell’s life cycle. The expression of
DNA allows cells to respond, adapt, and live in the ever changing environment and even
overcome host cell defenses. This regulation is controlled through DNA-protein binding.
Proteins bind to an innumerable amount of sequences, with different mechanisms and
have various effects on the DNA.
Sometimes ribonucleotides are found in a duplex with deoxyribonucleotides and
need to be removed in order to maintain DNA stability. The insertion of ribonucleotides
can be incidental, such as misincorporation by DNA polymerase, or intentional, from
Okazaki fragments, depending on the role they served. RNase H enzymes ensure that
ribonucleotides are cleaved from DNA. Before cleavage can occur, the RNase H first has
to locate where the ribonucleotides are integrated within the DNA strand. RNases H seem
to recognize the presence of ribonucleotides by the DNA adopting the A-form
conformation, a greater bend, and the presence of a 2’-OH group on ribose while the
other strand contains deoxyribose to sustain flexibility in one of the strands. Upon
binding, the DNA near the scissile bond conforms to B-DNA characteristics and the
major groove widens while the minor groove is narrowed and the DNA bend is decreased
to a more linear angle. This evidence demonstrates that local DNA shape is crucial for
RNase H recognition.
Transcription factors are the proteins responsible for activating or repressing gene
expression. How transcription factors find their high affinity binding sequence and their
mechanism of action are still under investigation. Energetically, it is favorable for
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transcription factors to bind to DNA and slide until they find their consensus sequence.
One transcription factor, AmrZ, functions as both an activator and repressor and studying
its binding mechanism could provide more information on the roles of transcription factor
regulation. When bound as a repressor to its own gene, amrZ, AmrZ binds as a dimer-ofdimers and may interact distally with itself while the DNA is bent to sterically hinder
RNA polymerase from binding. As an activator of algD, AmrZ seems to bind as a dimer
and may favorably interact with RNA polymerase to ensure transcription initiation is
completed. The crystal structure of AmrZ bound as a repressor has already been solved
and data has been collected from crystals of AmrZ bound as an activator; however, the
data with AmrZ bound to algD was twinned and provided difficulty in determining the
structure. Untwinned crystals of AmrZ bound as an activator are needed in order to
definitively determine the binding mechanism of AmrZ as an activator.

1

Chapter 1:
Introduction to nucleic acid structure recognition
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1.1

Characteristics of Nucleic Acids

1.1.1 Deoxyribonucleic Acid
Deoxyribonucleic acid (DNA) is found inside every single cell and controls all
aspects of cell viability and survivability. DNA binding proteins allow the DNA to be
managed and maintained to ensure the cell responds quickly, but appropriately, to the
environment. The structure of unbound DNA also has huge roles in determining which
proteins bind and when. DNA provides all the information needed to create a fully
developed organism. The fundamental components of DNA allow it to take a shape that
is generally consistent across all species. These characteristics are needed for various
roles of DNA through maintenance, expression, storage, and replication. DNA is
composed of four bases (adenine, guanine, cytosine, and thymine), a deoxyribose sugar,
and a phosphate backbone [1]. The bases do not always bond in a planar fashion and can
have different orientations and conformations, especially upon protein binding. Many of
the conformational forms are shown in Figure 1-1 and will be referred to throughout this
thesis. The changes in conformation can also be due to the specific conformation of
DNA. There are three main forms that DNA can take: A-, B-, and Z-form DNA (Figure
1-2). However, two more types of DNA have been found but they are not as common as
the three aforementioned: W-DNA and TA-DNA [3].
B-DNA is found most commonly in aqueous environments. It is claimed that
most double helices exist in the B-form, but there is not currently any strong evidence to
support this statement [4]. B-DNA has the following typical characteristics: C2’-endo
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Figure 1-1: DNA base pair geometry. DNA base geometry and conformations that the
base pairs can adopt. The coordinate frame shows the 5' to 3' direction for the base as
well as the x,y,z directions. (Picture used from Lu and Olson [2] with permission).
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Figure 1-2: Nucleic acid comparisons. A) B-DNA (1BNA). B) A-DNA (137D). C) Part
of Z-DNA (4OCB). D) RNA (1RNA). E) RNA-DNA hybrid (4WKJ).
sugar conformation, bases almost perpendicular to the axis (-7° tilt), 3.34 Å rise per
residue,

34 Å pitch, right-handed helix, ten base pairs per turn, wide major groove,

narrow minor groove, and no hole down the axis of the helix (Figure 1-2A) [4-7]. Crystal
structures of DNA packing show minor groove interactions as well as end-to-end
stacking, which has the appearance that the DNA duplexes are continuous [5,6].
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A-DNA is formed in dehydrated environments and can also take this
conformation when bound to various proteins [7]. DNA that is rich in GC sequences can
take the A-form due to the extra hydrogen bond present in GC base pairing, which is
lacking in AT base pairing, that allows for a more planar base pair thus promoting base
pair sliding, common in A-DNA [6]. The following characteristics are common in ADNA: C3’-endo sugar pucker, base pairs removed from axis (tilt 19°) leading to a hole in
the center when looking down the axis, 2.56 Å rise per residue, wide minor groove,
narrow major groove, 11 base pairs per turn, 32 Å pitch, and end-to-end crystal packing
(Figure 1-2B) [4,5,7].
Z-DNA is the most uncommon form of DNA out of the three major
conformations and exists under high salt conditions. Z-DNA appears to have a
zigzagging backbone because of the alternating syn-anti glycosyl bonds with oscillating
purines and pyrimidines (Figure 1-2C) [3]. Z-DNA, interestingly, forms a left-handed
helix and does not have a pronounced major groove but rather has a negative electrostatic
potential that is uniform down the helix through the deep, narrow minor groove [7].
W-DNA is the least common form of DNA out of all the DNA conformations
mentioned. The backbone is reversed, compared to Z-DNA, which forces guanine to take
a syn conformation and deoxyribose to have a C3’-endo sugar pucker at cytosines and
C2’-endo at guanines [3]. Like Z-DNA, the minor groove is deep but narrow and the
major groove is very shallow [3].
Finally, TA-DNA is primarily present in TATA boxes. The main difference
between TA-DNA and A-DNA is that TA-DNA has an increased inclination of the bases
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near 50° [7]. The positive roll of the bases allows the DNA to open easier when proteins
bind making DNA melting more energetically favorable to sigma factors (σ).

1.1.2 Ribonucleic Acid
Ribonucleic acid (RNA) is the product transcribed from DNA and contains all the
information necessary to code for the translation of proteins. Like DNA, RNA contains
four bases (uracil instead of thymine), a phosphate backbone, and a ribose sugar instead
of a deoxyribose sugar. The presence of the extra hydroxyl group on the C2’ position on
ribose increases the rigidity of the helix and forces RNA to solely take the A-form [5,8].
RNA has a pitch of 33.5 Å, which is similar to A-DNA, 2.8 Å rise per residue, righthanded, wide minor groove, narrow major groove, C3’-endo sugar puckers, and an
incline of 16.1° (Figure 1-2D) [9].

1.1.3 RNA-DNA Hybrids
RNA-DNA hybrids are fairly common in biology. They can exist as a single RNA
nucleotide inserted into a DNA double helix due to misincorporation by a DNA
polymerase or extended strands from Okazaki fragments formed during DNA replication
and transcription [5,8-11]. Hybrids are also formed in viral reverse transcription, utilized
by HIV [8,11]. Typically, RNA is removed from the DNA duplex by ribonucleases, such
as the RNase H family. As expected, due to the rigidity of the ribose sugar and the
flexibility of the DNA strand, the RNA-DNA duplex primarily takes A-form
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characteristics. These include: wide minor groove (although it is slightly narrower than
RNA), narrow major groove, C3’-endo on the RNA strand with intermediate forms of
C3’-endo and C2’-endo on the DNA strand, 2.8 Å rise per residue, 7.9° incline of the
bases, 32.5 Å pitch, 11.6 bases per turn, and end-to-end crystal packing as well as
abutting/minor groove interactions (Figure 1-2E) [5,8,9,12-14].

1.2 DNA Recognition and Protein Interactions
Protein-DNA interactions are not fully understood but they are a fundamental part
of molecular biology. Proteins bind to DNA for activation, repression, enhancement,
repair, replication, expression, and for assisting other molecular processes. The binding
sites for transcription factors are called transcription factor binding sites, DNA binding
motifs, or cis-regulatory sequences and are normally very short and highly degenerative.
Because of how short the sequences typically are, it is expected that these cis-regulatory
sequences will randomly occur approximately every few hundred base pairs, making
transcription factor binding site predictions very difficult. In the cell, the concentration of
DNA is typically very high which leads to transcription factors and DNA binding
proteins almost always bound to DNA at any given time, regardless if there are any highaffinity sites present [15]. But the question arises, how do transcription factors find their
specific, high-affinity sites when the DNA can be at a concentration of 100 g/L and
consists of mostly non-specific interactions for that particular protein? The answer seems
to be that proteins attach to the DNA in a non-specific manner and then slide along the
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DNA until they reach their target sequence [16]. This process is driven by electrostatic
interactions.
There are two types of DNA-protein interactions: direct (base) readout and indirect
(shape) readout and both are required for transcription factor binding [16-18]. Base
readout is the specific interaction between amino acid and nucleobase or even
interactions with the DNA sequence through water-mediated contacts [19,20]. Shape
readout is the recognition of DNA by the protein through various contours of the helix
[20]. Shape readout can be classified into two groups, local and global. Local shape
readout is the deviation of the helix from B-form such as bending in the major groove or
minor groove and global shape readout is the change in the shape of a large part of the
helix like backbone bending, or curvature/deformity of the helix [7]. Electrostatic
interactions are part of the shape readout category and change based on properties of the
major and minor grooves. A narrow minor groove has a larger negative electrostatic
potential because the distance between the negatively charged phosphate backbones are
closer together [7,16,17]. The minor groove distance is sequence dependent; a higher GC
content widens the minor groove and A-tracts narrow the minor groove [16,21]. A-tracts
are found in 82% of minor grooves, excluding TpA steps, and cause slight bending in the
DNA which promotes twisting and interbase pair hydrogen bond formation in the major
groove [21]. The minor grooves in B-DNA are narrow enough that they possess nearly
uniform negative electrostatic potential which attracts positively charged amino acids,
arginine and lysine. It was found that 28% of the residues inserted into a non-narrow
minor groove are arginine but arginine makes up 60% of the residues inserted into a
narrow minor groove [21]. Arginine is more prevalent than lysine because the process is
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energetically more expensive to remove the amino group of lysine from water than it is to
remove arginine’s guanidinium group [21].
Because the minor groove is so narrow that it appears to be uniform negative
charge, only the major groove of B-DNA can have specific interactions because
hydrogen donors and acceptors can contribute individually to the specific recognition for
that base [22]. The edges of the bases are exposed in the major groove and gives a
specific pattern that a protein can recognize, known as the chemical signature, and bind to
as it is sliding along the DNA looking for a high-affinity site [23]. Some amino acids
have specific bases with which they preferentially interact. Lysine and arginine have a
stronger interaction with guanine compared to adenine. Glutamine and asparagine almost
solely interact with adenine, and aspartic acid and glutamic acid interact primarily with
cytosine [22,24]. Hydrophobic interactions can occur with the aromatic rings of thymine
and cytosine as well as the methyl group on thymine. Alanine and isoleucine are the main
residues that have hydrophobic interactions and they only occur with thymine but
tyrosine and methionine also interact with thymine occasionally [22]. Hoogsteen base
pairing with these amino acids is also possible and may contribute to additional binding
specificities [7].
There are common structural motifs found on DNA binding proteins that serve to
interact with the nucleobases. Typically, the protein domains are globular and they
contain an α-helix or β-sheet that is inserted into the major or minor groove [7,23]. Each
binding domain interacts with an average of four to ten base pairs using approximately 24
amino acids [7]. Many interactions occur in the major groove but by kinking the DNA,
the bases can unstack and this allows secondary structures to be inserted into the minor
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groove [23]. One hydrogen bond between a base and a single residue is not enough to
create specificity. Bidentate interactions can happen when two hydrogen bonds are
formed from one amino acid with different donors and bifurcate interactions occur when
two hydrogen bonds share the same donor [7,23].
These characteristics of protein-DNA interactions are just an introduction to how
proteins can bind, change, and find specific sites on the DNA helix. By using
cooperativity, transcription factors and other DNA binding proteins, such as RNase H and
AmrZ, can assemble to create a higher order complex that can regulate DNA replication,
repair and gene expression [7].

1.2.1 Riboendonucleases, RNase H1 and H2
Nucleases are enzymes that have the role of cleaving the phosphodiester bond
formed by nucleic acids. Endonucleases cut internal phosphodiester bonds and are
commonly used in repair mechanisms to replace damaged nucleotides. Ribonucleases are
used to cleave ribonucleotides at the phosphodiester backbone in RNA or RNA-DNA
hybrids.

Therefore,

riboendonucleases

cleave

ribonucleotides

on

the

internal

phosphodiester bond, which is commonly performed during replication. Ribonuclease H
(RNase H) is a class of ribonucleases that are able to remove RNA from DNA strands by
hydrolysis [25,26]. RNase H is commonly found in most species, both prokaryotic and
eukaryotic, and was determined to be crucial in maintenance and development of the
organism. Ribonucleotides are detrimental and mutagenic if they are not removed from
DNA [27]. There are three main types of RNases H, but they are given different
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nomenclature based on the species. RNase H1 in eukaryotes and RNase HI in prokaryotes
require at least four ribonucleotides in a row for cleavage the occur [25,28,29]. RNase H2
in eukaryotes and RNase HII in prokaryotes is able to cleave individual ribonucleotides
from DNA [25,29]. RNase H3 or RNase HIII is able to cleave double stranded RNA
ribonucleotides and is structurally similar to RNase H2 but functions like RNase H1
[30,31].

RNase H1
RNase H1 is able to bind to dsDNA, dsRNA, and RNA-DNA hybrids but has the
greatest affinity for hybrid duplexes by over 25-fold, followed by dsRNA because of the
presence of the extra 2’-hydroxyl group found on ribose sugars [25,26,32]. Binding of the
duplex occurs because RNase H1 recognizes the A-form that is present due to the
ribonucleotides forcing the DNA to adopt the A-form conformation. The ability for the
DNA to take on B-form characteristics after binding to the enzyme maximizes the
number of interactions with the RNase H active site to the backbone and the minor
groove of the hybrid which aids in cleavage specificity and efficiency [9]. The hybrid
duplex is positioned between two grooves in RNase H1 and the minor groove spans the
ridge between these grooves [28]. Surface complementarity and electrostatic interactions
seem to be the primary forces driving RNase H1 binding to RNA-DNA [28,32].
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RNase H2
RNase H2 commonly interacts with proliferating cell nuclear antigen (PCNA),
which provides evidence to its role in DNA replication [25,33]. They are able to remove
a single ribonucleotide, which is likely to be accidentally incorporated by a polymerase.
Studies have shown that 10,000 misincorporations can occur in yeast in only a single
cycle of replication [34,35]. RNase H2 preferentially cleaves ribonucleotides on the 5’
end. The nuclease contains three domains: A, B, and C. RNase H2A is the catalytic
domain and the B and C domains are likely auxillary components and are thought to
assist the catalytic subunit [29,33]. Aicardi-Goutiѐres syndrome (AGS) occurs when there
are mutations in any of the three subunits of RNase H2 and consequently the nervous
system is affected [33]. These mutations lead to an increase in the quantity of
ribonucleotides present in genomic DNA which can cause DNA damage and strand
breaks [25,27]. The A domain is positively charged in the active site which complements
the overall negatively charged phosphate backbone on the double stranded duplex [35].
Like RNase H1, RNase H2 recognizes hybrid duplexes by interacting with both of the
RNA and DNA chain.

1.2.2 Transcription Factor, AmrZ
Transcription factors are DNA binding proteins that bind to regulatory parts of the
genomic DNA in order to activate or repress gene expression. These proteins allow for
controlled transcription under specific environmental cues and allow a cell to respond.
One example of activation can occur by the following: activation can be caused by
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recruiting other factors or polymerases to the promoter region upon binding of the DNA
binding protein. Repression, however, can occur by transcription factor binding at the
same location that a sigma factor would bind, blocking polymerase binding and
repressing gene expression. There are many types of motifs transcription factors
commonly contain that aid in DNA binding and recognition. A common motif is the
ribbon-helix-helix (RHH). RHH is a superfamily that has a β-sheet followed by two αhelices. RHH members typically exist in a homodimerized form [36]. The β-sheet is
inserted into the major groove of the DNA in an anti-parallel fashion and one α-helix is
normally responsible for dimerization through hydrophobic residues that interact with the
α-helix of another RHH protein [36]. In many RHH proteins, an arginine is present in the
β-sheet and the guanidinium side group interacts with the nucleotides.
Alginate and motility regulator Z (AmrZ) is an RHH transcription factor found in
Pseudomonas aeruginosa that activates algD expression and autorepresses its own
transcription. AmrZ binds as a dimer-of-dimers at its own gene regulatory sites (amrZ1
and amrZ2) and it is believed that a DNA bending protein, integration host factor (IHF),
binds and bends the DNA so that the C-terminal ends of AmrZ interact and cause the
DNA to sterically hinder the polymerase from binding, resulting in its own repression
[37,38]. It is also believed that AmrZ binds as a dimer to the algD promoter but acts to
recruit other transcription factors and favorably interact with RNA polymerase to
promote expression. The algD operon hosts 12 genes responsible for alginate production
in P. aeruginosa which contributes to biofilm formation; this additional mucus build-up
in the lungs of cystic fibrosis patients is the leading cause of death [39, 40]. This dual role
of AmrZ makes it a very unique and interesting transcription factor to investigate.
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1.3 Statement of Purpose
In the past decade, the scientific community has learned a great deal about the
structure and function of RNases H and the transcriptional regulation of AmrZ. However,
there is still much left to be discovered before a complete understanding is obtained. This
thesis aims to answer the following questions in a structural manner:
1) What conformational changes does the RNA-DNA hybrid undergo
upon binding to RNase HI? It has been reported that RNase HI
undergoes only minor conformational changes after binding to a
double helix, but the corresponding free DNA has not been
crystallized to directly observe the differences and changes in DNA
conformation upon binding.
2) How can AmrZ specifically recognize two DNA binding sites that do
not have the same sequence? AmrZ binds as a dimer-of-dimers to its
own gene, amrZ, which has a palindromic sequence for each
homodimer. But the algD site to which AmrZ binds as an activator
does not have the same sequence or even a palindromic sequence for
the dimer-of-dimers to bind, suggesting that the binding mechanism
between these promoters is likely to be different.
In order to answer the first question, the crystal structure of an RNA-DNA hybrid
was determined and compared to an existing duplex with the same sequence that was
bound to RNase HI. The results are presented in Chapter 4. The hybrid adopts a
generalized A-form conformation but the DNA strand near the scissile bond has B-form
which gives a unique major and minor groove and is probably crucial for RNA-DNA
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hybrid recognition by RNase HI. These results gave a clearer understanding of how
RNase HI finds ribonucleotides in DNA and the conformational changes the duplex
undergoes upon binding in order for RNase HI to cleave the ribonucleotides.
The second question can be answered by solving the crystal structure of AmrZ
bound to algD. Crystals have been produced but contain a twinning pathology which
complicated structural determination. Preliminary data indicate that AmrZ probably only
binds as a dimer to the algD sequence instead of the dimer-of-dimers observed when
bound as a repressor.
The experiments, results, and information contained within this thesis allow us to
ascertain a greater understanding about the molecular actions and changes that DNA
binding proteins confer upon binding and may prove to be useful in answering questions
dealing with substrate identification or conformational changes/deformations of proteins.
Hopefully this material will help further research to better explain how DNA binding
proteins are able to activate and/or repress genes, identifying their binding sequence in a
sea of DNA, and how proteins selectively and specifically bind to their substrate in a
timely manner.
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Chapter 2:
The role of AmrZ in alginate production in Pseudomonas
aeruginosa
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2.1

Pseudomonas aeruginosa
Pseudomonas aeruginosa is a rod-shaped, Gram negative soil bacterium that can

cause infections in humans as well as plants but is also able to break down toxic waste
and organic compounds that are leached into the ground [1]. P. aeruginosa commonly
causes burn wound infections, dermatitis, and eye infections. The bacteria can be found
in the lungs of cystic fibrosis patients and because of the production of a biofilm they can
be extremely difficult to eradicate. Besides forming the protective biofilm, Pseudomonas
produces an exotoxin that causes tissue damage which only exacerbates the
complications in cystic fibrosis [1].

2.2 Cystic Fibrosis Implications with Pseudomonas aeruginosa
Cystic fibrosis (CF), also known as mucoviscidosis, is an autosomal recessive
disorder that is caused by a mutation in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene and affects the lungs, reproductive system, liver, pancreas, and
intestines [2]; the lungs are the primary organ impacted and this leads to frequent and
chronic lung infections. The CFTR transports chloride anions from the intracellular fluid
to the extracelluar matrix in epithelial cells responsible for making mucus. With a
defective CFTR, chloride anions do not cross into the extracellular fluid and because of
this water is absorbed into the cell causing the sputum to become thick and sticky [2].
The depletion of surface liquids in the lungs causes the area to become dehydrated and
sputum retention leads to many symptoms displayed by CF patients, including chronic
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broncopulmonary infections which 80% of all CF pateints develop [3]. When
Pseudomonas aeruginosa inoculates the thick sputum, it converts into a mucoidproducing strain and generates a biofilm to combat the lack of water in its surroundings
which allows it to become the predominant pathogen in the lungs [4]. When
Pseudomonas switches into the mucoid producing strain, it loses flagella- and cilia-based
motility and therefore becomes planktonic. Studies have shown that 95% of CF patient
deaths are due to respiratory failure caused by the biofilm accumulation [4]. While in the
biofilm, Pseudomonas can be 1,000 times more resistant to antibiotics than its swimming,
mobile counterpart [5]. It has been demonstrated that P. aeruginosa secretes three
exopolysaccharides: Psl, Pel, and alginate [6]. Psl is composed of mannose and galactose
and is responsible for initial attachment to the sputum or epithelial cells. Pel is glucose
rich and resembles cellulose to mediate cell-cell interactions and pellicle formation at the
surface air-liquid interface. Alginate is a linear polymer composed of mannuronate and
guluronate and ensures the microenvironment and lipid membranes are hydrated to
protect against osmotic stress [7]. Alginate has been shown to be a hygroscopic polymer
but is not required for biofilm formation. If both Psl and Pel are knocked out, then P.
aeruginosa does not produce any biofilm, but if alginate is knocked out, only slight
changes in the architecture of the biofilm are observed.

2.3

Alginate Biosynthesis
Alginate biosynthesis is a well-studied pathway in Pseudomonas aeruginosa and

has shown regulatory complexity comparable to that of eukaryotes. The alginate trait has
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been repeatedly demonstrated to be unstable and the mucoid strains isolated from CF
patient’s lungs often resort back to the nonmucoid phenotype [8-10]. Alginate is a
negatively charged polysaccharide polymer composed of mostly D-mannuronate with
randomly interspersed L-guluronate sugars linked by β-1,4 glycosidic bonds. The
guluronate has been shown to affect the alginate structure because it exists in a different
chair conformation than mannuronate in order to maintain the carboxyl group in the
equatorial position which results in a change in viscosity, altering the ability for alginate
to form a gel [8]. Mannuronate rich gels are weak and flexible where-as guluronate rich
gels are strong but brittle. Pseudomonas does not utilize guluronate rich gels but
epimerizes mannuronate into guluronate to aid in strengthening the alginate structure and
increasing divalent cation attraction, especially calcium, thus bringing more water into
the biofilm. Alginate can also have some beneficial roles, especially in the medical field;
one example is that it is used to release drugs to patients in surgery in a controlled
manner [11].
Alginate is produced in four steps: synthesis of GDP-mannuronic acid,
polymerization of GDP-mannuronic acid into β-1,4 polymannuronate, O-acetylation or
epimerization of mannuronate, and secretion of the polymer [12]. Pseudomonas contains
an entire operon of proteins with various roles and functions in the production of alginate
and a summary of the pathway is shown in Figure 2-1. The first step is to convert
fructose-6-phosphate

into

mannose-6-phosphate

which

is

performed

by

the

phosphomannose isomerase activity of AlgA. Then AlgC, phosphomannomutase,
converts mannose-6-phosphate into mannose-1-phosphate. AlgA then uses its
pyrophosphorylase activity to convert mannose-1-phosphate into GDP-mannose [13].
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Figure 2-1: Alginate biosynthesis Pathway. The alginate pathway is involved in the
production of alginate from fructose-6-phosphate to the secretion of the polymer through
the outer membrane. AlgA, AlgC, and AlgD convert fructose-6-phosphate into GDPmannuronate. Alg8 and Alg44 polymerize GDP-mannuronate into polymannuronate
which is acetylated by AlgI, AlgJ, and AlgF. AlgG epimerizes some mannuronates into
guluronate and is part of the scaffold with AlgL, AlgX, and AlgK to protect the polymer
from AlgL until it is secreted through the AlgE porin.
AlgD, GDP-mannose dehydrogenase, converts GDP-mannose into GDP-mannuronic acid
and this is the first committed step of producing alginate [14]. The conversion of
fructose-6-phosphate to GDP-mannuronate happens in the cytoplasm of the bacteria.
The second step of alginate biosynthesis, after GDP-mannuronic acid has been
produced, is to polymerize the monosaccharides into a polymer. Alg44, a membrane
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bound signaling protein, likely aids in the formation of alginate by interacting with the
polymerase, Alg8 [13]. Alg44 has a PilZ domain which binds to cyclic-di-GMP and
induces a conformational change needed for Alg8 to become activated [15]. Alg8,
structurally, resembles glycosyltransferases and links the GDP-mannuronates together
into a polymer [13]; removing the Alg8 polymerase results in the complete absence of
alginate, indicating its importance for saccharide polymerization [6]. In order for Alg8 to
add the mannuronates, it must either add two molecules together or rotate the chain as it
passes through; if one monomer is added at a time the chain is forced to rotate due to a
twofold screw axis that is formed with the addition of one monomer [11]. This process
occurs across the inner membrane of Pseudomonas.
The third step is responsible for modifying the polymer chain as it passes through
the periplasm. The modifications are often limited to O-acetylation and epimerization. Oacetylation assists in the formation of microcolonies in the biofilm and also increases
antibiotic resistance and avoids opsonic phagocytosis by blocking the C3b and C4b
complement proteins [12,16]. There are three proteins dedicated to O-acetylation; AlgI,
AlgJ, and AlgF but their specific roles are currently unknown. AlgI is a membrane
protein which interacts with AlgJ. AlgJ, a membrane bound protein, interacts with AlgF,
which is located in the periplasm [17]. The two acetylation locations on mannuronate are
O-2 and O-3 [12]. Epimerization is carried out by the C-5 epimerase AlgG in which
mannuronate is converted into its C-5 epimer guluronate. AlgG, however, cannot place
two guluronate sugars beside each other, which prevents the formation of guluronate rich
regions in the alginate in Pseudomonas [12]. Interestingly, if a mannuronate is
transacetylated, then epimerization is prevented on that residue [11].
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The final step of alginate production is secreting the polymer through the outer
membrane. Moving alginate from the inner membrane to the outer membrane requires
cooperation among various proteins that form a scaffold to ensure that all proteins are
present and in their required locations. The current hypothesis is that AlgG, AlgK, AlgX,
and AlgL form part of the scaffold with Alg44 contributing to remainder of the scaffold
[18,19]. AlgK is an outer membrane-bound periplasmic protein that assists the
translocation of AlgE, a porin protein, to the outer membrane [20]. AlgE interacts with
AlgK and has a positively charged pore that is selective for alginate [21]. AlgX is an
acetyltransferase that aids in the O-acetylation process but is also a key component of the
scaffold complex [21,22]. AlgL is an alginate lyase responsible for cleaving the polymer,
using a β-elimination reaction, if any of the scaffold proteins are not present. Another role
of AlgL may also be to control the length of alginate as it passes through the periplasm;
deletion of AlgL causes Pseudomonas to rupture by separating the inner and outer
membranes from the accumulation of alginate [19].

2.4

Regulation of the algD Operon

2.4.1 Protein Regulation
The alginate operon is one of the most regulated regions in the entire bacterium.
Two main types of regulation occur in the alginate pathway: protein regulation and DNA
regulation. The protein regulation happens on the inner membrane near the proteins that
produce alginate. These regulatory proteins are called MucA-D and most are negative
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effectors of the sigma factor (σ) AlgU (also known as AlgT or σ22) (Figure 2-2). AlgU is
the same as σE in E. coli which is a stress response sigma factor required to express the
algD operon [14]. Any mutations in the Muc proteins results in P. aeruginosa switching
to the mucoid phenotype because most mutations inactivate the anti-σ22, MucA [10].
MucA binds to AlgU to prevent it from binding to RNAP and initiating transcription; at
the same time AlgQ binds to the general sigma factor, σ70, to ensure AlgU can activate
the algD operon when it is released from MucA [23]. AlgW and MucP are both proteases
that can cleave MucA and release AlgU into the cytosol. AlgW is activated by MucE.
MucB binds to MucA which protects it from cleavage, thus ensuring AlgU stays
sequestered to the membrane [24]. MucD functions to degrade proteins that are
responsible for activating AlgW. MucB and MucD both function to ensure that alginate is
not produced until the proper signals have been received. However, a mutation in MucA
is all that is needed to overcome the inhibition and release AlgU without going through
the MucB/D regulation. The entire activation process has been deemed the regulated
intramembrane proteolysis (RIP) pathway and three steps were discovered for releasing
AlgU from MucA. First, AlgW cleaves the periplasmic region of MucA and then MucP
cleaves a second site on MucA which allows MucA bound to AlgU to enter the
cytoplasm before it is finally degraded by other proteases so that AlgU is released to bind
to the algD promoter [23]. MucR produces c-di-GMP which is used to activate Alg44
and signal Alg8 to start polymerization, as discussed previously [25]. The last regulatory
protein is AlgO and is another protease, but unlike AlgW and MucP, when AlgO cleaves
MucA P. aeruginosa retains a permanent mucoid phenotype [9].
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Figure 2-2: Regulation of AlgU. Regulated intramembrane proteolysis (RIP) pathway for
sequestering AlgU to the membrane to prevent activation of the algD operon. MucA
binds to AlgU to prevent it from activating algD transcription. MucB protects MucA
from cleavage by AlgW or MucP. MucE activates AlgW and MucD inhibits AlgW.
MucR produces c-di-GMP needed by Alg44 to start alginate polymerization.

2.4.2 DNA Regulation
Transcription factors regulate gene expression by binding to DNA and activating
or repressing transcription. Many transcription factors belong to superfamilies with
conserved structural motifs that bind to DNA using common features and mechanisms.
Common modes of regulation are for DNA to interact with the RNA polymerase (RNAP)
to increase affinity to the DNA (positive regulation), in terms of activation, or prevent
RNAP from binding or transcribing (negative regulation), in repression [26].
Transcription factors are often regulated by environmental signals and small molecules
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which allow them to respond to environmental changes at a faster rate than other
proteins.
Most of the transcription factors that regulate the algD operon bind distally
upstream from the start site. All of the transcription factors mentioned below act as
activators and algD expression will occur even if some are missing, as long as AlgU and
integration host factor (IHF) are present. The main activator proteins are: AlgU, CysB,
AlgB, AlgR, CAP, IHF, and AmrZ but unfortunately the exact mechanism as to how
these proteins each play a role in alginate activation is unknown (Figure 2-3).
AlgU, as discussed previously, is the stress response σ that is required for alginate
expression. CysB is postulated to maintain the 3’ region of the algD promoter in a
supercoiled state to promote activation [4]. AlgB is a transcription factor with a helixturn-helix motif, discussed below, and binds -270 base pairs upstream from the start site
[27]. AlgR was the first activator discovered for the algD operon and has three binding
sites at -37, -394 and -470. The current hypothesis is that AlgR interacts with AlgU to
promote quicker binding of RNA polymerase (RNAP) to the TATA box. The upstream
AlgR proteins may either aid in recruitment of other transcription factors or favorably
interact with RNAP as transcription is initiated. Catabolite activator protein, CAP, binds
-368 base pairs upstream and interacts with the C-terminal domain of the α subunit of
RNAP [4]. IHF is a DNA bending protein and bends the DNA 160° by intercalating
proline residues into the minor groove of the DNA and causing kinks due to hydrophobic
stacking [28]. Most IHF binding sites have A-tracts on either side of the kink, which are
characterized by having straight, narrow minor groove and high propeller twists that aid
in DNA deformation. IHF scans the DNA and finds binding sites based on the structure
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Figure 2-3: Regulation of the algD operon. Model for regulation of the expression of
alginate in the algD promoter region by AlgB, AlgR, AlgU, AmrZ, and CAP.

of the DNA (indirect readout) rather than specific base pairs [28]. The summary of the
entire alginate biosynthesis from activation of transcription through expression of
alginate is shown in Figure 2-4.

2.4.3 AmrZ Repression
One of the most common superfamilies of transcription factors, especially in
prokaryotes, is the helix-turn-helix (HTH) [26]. They are so named because of the
conserved motif of an α-helix followed by a loop or turn and then another α-helix, where
one α-helix is inserted into the major groove of the DNA. MetJ was the first transcription
factor determined that fell into a new superfamily; ribbon-helix-helix (RHH) [29]. Arc
and Mnt were added to the superfamily shortly after the discovery of MetJ [30,31]. The
RHH motif was different because it had a β-sheet followed by two α-helices with the
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Figure 2-4: Alginate transcription and biosynthesis regulation. Regulation of AlgU by
the Muc regulatory proteins, transcription initiation, formation, and secretion of alginate
through the inner and outer membranes. After MucA is cleaved and AlgU goes to its
binding site -35 base pairs upstream, RNAP can bind and start transcribing the genes
needed to produce the proteins required to make and secrete alginate.

β-sheet being inserted into the major groove of the operator. Many RHH containing
transcription factors exist as homodimers and are tightly bound together [26]. When RHH
homodimers bind to DNA the β-sheets are inserted in an antiparallel fashion and
approximately three to four residues make direct, sequence-specific contact with the
nucleotides [32]. Non-specific interactions are made between amide nitrogens and the
phosphate backbone, which are energetically favorable due to the negatively charged
phosphate backbone interacting with the positively charged amide groups. Because of
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this non-specific binding to the phosphate backbone, it is believed that transcription
factors bind to the DNA and slide until specific contacts are made between the residues
that are inserted into the major groove and the nucleobases that satisfy hydrogen bonding
potentials [33]. RHH proteins typically bind to operator sequences of approximately six
bases that are palindromic, or are at least repeated since they commonly exist as
homodimers [26,34]; these sequences are normally separated by a linker region of five to
ten nucleotides [34,35]. Upon binding to DNA, almost no changes occur in the RHH
transcription factor which implies that conformational changes are induced in the DNA
strand [26]. Most of the known RHH transcription factors are repressors and have a
protein-DNA interaction area of almost 1,500 Å2 [35].
Genomic wide studies have provided a consensus sequence for AmrZ based on
the 398 binding sites found in P. aeruginosa. The recognition sequence is
CAAATTGCCATCA [36]. Only one site was found not to be between -100 and +15 base
pairs from the start site which leads to a proposal that AmrZ interacts with RNAP. The
crystal structure of AmrZ bound to its repressor, amrZ1, has already been determined
(Figure 2-5) [35]. The structure revealed that Lys18, Val20, and Arg22 are the essential
recognition amino acids and interact directly with the base pairs, while Ser13, Arg28,
Ser41, Met42, Asn43, and Ser44 are used to interact with the backbone [35]. When AmrZ
is bound to the DNA, the minor groove is significantly narrowed, but how much of the
narrowing is an artifact of the DNA sequence is not known. The AT rich region is
important for the binding of AmrZ because ApA and TpT steps have narrow minor
grooves and less flexibility in the DNA strand [35].
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The binding sequence to amrZ1 is

5’-GGCAAAACGCC-3’
3’-CCGTTTTGCGG-5’

(shown with the

palindromic sequences in red [35]) which is similar to the consensus sequence found by
Jones, et al. (2013) [36]. The base sequence RGCY, where R is a purine and Y is a
pyrimidine, forms base pair stacking between the two purines and the two pyrimidines
which prevents a propeller twist of the bases and base pair rolling, causing a bend
between the G and C due to the increased flexibility [37]. Accompanied by the narrowing
of the A-tract minor groove, this could be the reason behind AmrZ’s specificity to that
consensus sequence. The palindromic sequence allows two dimers, referred to as a dimerof-dimers, to bind to the sequence at both the amrZ1 and amrZ2 sites on the amrZ
promoter. When IHF binds and bends the DNA, the C-terminal ends, shown to be
involved in oligomerization, may interact and tetramerize with the dimer-of-dimers and
form a basis for repression.

Figure 2-5: AmrZ bound as a repressor to amrZ1. Two AmrZ dimers bound in the
major grooves of amrZ1 while narrowing the minor groove (3QOQ) [35]. The β-sheets
are inserted antiparallel to each other into the major groove. The A-tract between the
two major grooves may assist in narrowing the minor groove.
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2.4.4 AmrZ Activation
AmrZ has been shown to repress the polymer formation of Psl while activating
expression of alginate which shows that Psl and alginate formation are inversely
regulated [25]. AmrZ has a similar, but not identical, sequence on the algD promoter. The
sequence,

5’-GGCCATTACCA-3’
3’-CCGGTAATGGT-5’

is not palindromic but still contains the AT rich

region. Based on DNA binding analysis and mutational studies, it was believed that
AmrZ had a different mode of binding to the algD promoter. Given the lack of two
consensus sequences on the algD promoter, it was hypothesized that AmrZ would only
bind as a dimer, which may distinguish when it needs to act as a repressor or activator.
When K18, Val20, or Arg22 are mutated, DNA binding to the algD promoter is
abolished but interestingly, when K18 is mutated and tested with amrZ1, there is no
observable decrease in binding which implies that K18 may play a role in differentiating
between AmrZ’s role in activation or repression [35, 38]. The best method to discover the
binding interactions of AmrZ as an activator is to determine the crystal structure of AmrZ
bound to algD, which is discussed in the next chapter.

2.4.5 Mechanism of Activation and Repression
The effect of activators is to decrease the activation energy needed to start
transcription initiation, whereas repressors serve to increase the activation energy [39].
When proteins bind as repressors they have multiple methods of repressing transcription:
i) block the RNAP α subunits from binding; ii) bind where RNAP needs to bind; iii) act
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as anti-σ to prevent binding of the RNAP to σ; iv) bind to the TATA box or -10/-35
regions to increase promoter strength and prevent DNA melting; v) bind the general
sigma factors, such as σ70 or σ54, where the stress response σ22 needs to bind (a process
called sigma factor antagonism) [39,40]. Typically, when IHF is involved in binding to
the promoter region of a gene, the bending of the DNA plays a huge role in the activation
or repression of that gene or operon. DNA looping can serve several roles and can cause
either activation or repression depending on the function of the proteins binding to the
DNA and the orientation of the -35 region. DNA looping can cause four major modes of
repression: i) steric hindrance of the RNAP if the -35 region is on the inside of the loop,
ii) distortion in the DNA which causes RNAP not to recognize the binding site,
iii) tightening of the DNA so that it requires a much higher activation energy to open the
helix, iv) prevention of promoter escape or transcription elongation by increasing the
tightness of the DNA helix [41]. Activation can function by similar mechanisms if the
RNAP recognition sequence is on the outside of the loop, if the proteins bound near
RNAP favorably interact to recruit the RNAP to the promoter quicker, or if the proteins
can aid in the start of initiation to get RNAP to dissociate from the σ quicker to move into
the elongation phase. AmrZ could act like a class I activator, similar to CAP, to interact
with the C-terminal domains of the α subunit to assist in RNAP recruiting to the promoter
[42].
The current hypothesis is that AmrZ uses DNA bending in both activation and
repression but utilizes different mechanisms of actions (Figure 2-6). Due to the presence
of two binding sites on the amrZ promoter, AmrZ likely binds to both sites and, once the
DNA is bent, tetramerizes, locking the DNA in place and sterically hindering RNAP
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B

Figure 2-6: Models of AmrZ activation and repression. A) Proposed model of the
mechanism of action for AmrZ activating algD by interacting with RNAP. B) Model
showing how AmrZ could tetramerize with its distal dimer to bring the DNA strands
close enough to sterically hinder RNAP access on amrZ promoter.

from accessing its binding site. For activation of algD, AmrZ is positioned in the
proximity of the AlgU/RNAP binding site; this mechanism involves either interacting
with RNAP to recruit the polymerase quicker or to recruit other transcription factors to
the promoter that will directly interact with RNAP.
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3.1

Introduction
Pseudomonas aeruginosa is a Gram negative bacterium commonly found in

various infections but is the leading cause of death in cystic fibrosis (CF) patients with
95% of deaths due to respiratory failure from biofilm production [1]. Alginate is a major
component of the biofilms produced by P. aeruginosa [2-4]. The alginate and motility
regulator Z (AmrZ) is a transcription factor that is highly expressed in the lungs of
patients with CF and has a dual role as a transcriptional activator and repressor which has
been found necessary for the activation of the operon responsible for alginate production
[2]. AmrZ is a 108 residue member of the ribbon-helix-helix superfamily and exists in
solution as a dimer due to the interaction of two α-helices that are composed of
hydrophobic residues [5]. AmrZ is composed of three regions: an N-terminal region with
suspected roles in DNA recognition, a DNA binding region, and a C-terminal region
responsible for higher order oligomerization [5]. AmrZ has been structurally determined
as a repressor bound to its own promoter region amrZ1 but a structure of AmrZ bound as
an activator has not yet been determined. AmrZ binds by inserting two antiparallel βstrands, one from each monomer, into the major groove of the DNA. As a repressor,
AmrZ forms a tetramer (dimer-of-dimers) with two palindromic recognition sequences on
amrZ1 to which each dimer bind [5,6]. However, the recognition sequence of algD only
contains one binding site, indicating that a different mechanism may exist between the
activation and repression of genes under the control of AmrZ.
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3.2

Results and Discussion

The data was initially processed in the primitive tetragonal point group due to the
symmetry in the precession images as well as a reasonable Rmerge. Molecular replacement
in P422 yielded protein-DNA complexes that were overlapping and failed to yield an Rfree
<40% after rigid body refinement, an indicator of twinning [7]. phenix.xtriage indicated
that P422 did not contain a twin operator but the L tests suggested twinning [8]. The data
were reindexed in the lower symmetry primitive orthorhombic space group and
molecular replacement gave a model that was much more realistic. The model had a
translational Z score of 11.2. phenix.xtriage determined the twinning operator was –h,l,k
and the twin fraction was 0.36. The native Patterson map did not indicate any off origin
peaks greater than 6% indicating that pseudotranslation was not an issue [9,10]. The selfrotation function, calculated by POLARRFN, showed the expected peaks at κ=180° for
twofold rotation but also contained two peaks believed to be the twin operators in P22121
(Figure 3-1) [11]. A rotation function was applied in the apparent P422 space group with
a translation function in the real space group, but this was unsuccessful in producing a
valid molecular replacement model [11,12]. Trials in space group P1 have also been
unsuccessful [13]. Crystals with varying algD sequences and conditions will be used to

Figure 3-1: Self-rotation maps. (a) κ=180°, (b) κ=120°, (c) κ=90°, and (d) κ=60° for
AmrZ-algD data from 9-4 Å. The plots were generated by POLARRFN [11].
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try to grow AmrZ-algD crystals without the presence of twinning in order to determine
the structure of AmrZ bound as an activator to the algD promoter site. The current 2mFoDFc maps provide evidence that AmrZ only binds as a dimer to the algD sequence
(Figure 3-2). Although the twinning complications make the statistical refinement
difficult to trust, all molecular replacement solutions only yield results with one dimer
bound to the 16mer algD.

Figure 3-2: AmrZ bound as a dimer to algD. A) Electron density map (2mFo-DFc)
showing positive electron density for only one AmrZ dimer. B) AmrZ dimer bound to the
major groove of algD showing the DNA binding residues Arg14, Lys18, and Arg22.

3.3

Materials and Methods

3.3.1

Expression and Purification of AmrZ

A pET-19b expression vector (Novagen), previously described [5], contained an Nterminal polyhistidine tag on the Δ42 truncated AmrZ which only consisted of the first 66
amino acids because the protein failed to crystallize with the C-terminal region present.
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The vector was transformed into C41DE3 Escherichia coli cells at 310 K overnight in 1L
LB broth with 1 mL 100 mg/mL ampicillin until OD600 was 0.5. The cells were cooled to
293 K and induced with 1 mM isopropyl β-D-thiogalactopyranoside overnight at 289 K.
The cells were harvested by centrifugation at 4,000 rpm for 20 min at 277 K and the
pellets were resuspended in lysis buffer (100 mM Tris pH 7.5, 500 mM NaCl, 10%
glycerol, 4 M urea) and lysed with an Emulsiflex-C5 cell homogenizer (Avestin). The
solution was centrifuged at 18,000 rpm for 30 min at 277 K to remove cell debris. The
supernatant was loaded onto a cobalt metal affinity column (Clontech) which was
equilibrated with lysis buffer. AmrZ was recovered with an elution buffer (100 mM Tris
pH 7.5, 500 mM NaCl, 10% glycerol, 500 mM imidazole, 1 M urea). Urea is needed to
partially denature AmrZ to increase solubility. PreScission Protease (GE Healthcare) was
added and dialyzed at 277 K overnight to remove the polyhistidine tag in a dialyzing
buffer (100 mM Bis-Tris pH 5.5, 100 mM NaCl, 5% glycerol, 2 mM DTT, 0.5 mM
EDTA). The cleaved AmrZ was applied to a Heparin cation exchange column (GE
Healthcare) and was eluted with a 100 mM–1 M NaCl gradient. The fractions containing
pure AmrZ were concentrated to 20 mg/mL with a Vivaspin 20 3,000 Da cutoff
concentrator (GE Healthcare), flash frozen with liquid nitrogen and stored at 193 K.

3.3.2 Crystallization
AmrZ, at 20 mg/mL, was combined with 50 mM
MgCl2 and 5 mM 16mer algD DNA in a 1.7:1
protein:DNA ratio and added to a PEG ION screen
using the sitting-drop vapour diffusion method with a
60 μL reservoir and a well containing 0.2 μL reservoir
Figure 3-3: AmrZ crystal.
Crystal of Pseudomonas aeruginosa
transcription factor AmrZ bound to
promoter site algD.
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solution and 0.2 μL protein and kept at 289 K. Crystals were optimized in 0.1 M sodium
acetate pH 4, 0.1 M NaCl, 3 mM TCEP, 7% PEG 4K in a sitting-drop of 0.6 μL mother
liquor and 0.6 μL protein-DNA solution. Crystals grew to about 100 μm in three days and
were dipped in a 20% glycerol solution to help with cryoprotection and were vitrified in
liquid nitrogen before being shipped to the National Synchrotron Light Source in
Brookhaven for data collection (Figure 3-3).

3.3.3 Data Collection and Processing
Four data sets were collected at 1.1 Å on the X25
beamline. The crystal diffracted at a resolution of 3.2 Å
and was processed with D*TREK (Figure 3-4) [14]. The
data were indexed in the primitive orthorhombic space
group with unit cell dimensions of a=88.3, b=106.4,
c=106.5. CCP4 and Phenix packages were used for
processing [8,11]. phenix.xtriage indicated the presence Figure 3-4: Diffraction pattern.
X-ray diffraction image from
of pseudomerohedral twinning with a twin operator of
AmrZ-algD crystal. The crystal
diffracted to 3.2 Å resolution and
–h,l,k (α=0.36). Using an AmrZ dimer that has already the data was collected on the
X25
beamline
at
NSLS,
been structurally determined (3QOQ) as the molecular Brookhaven, NY.
replacement model, a solution was found with two
AmrZ-algD complexes per asymmetric unit cell in space group P22121 but Rfree failed to
go below 40% upon numerous rounds of refinement.
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Table 3-1: Data collection and processing
Values for the highest resolution shell are given in parentheses.
Wavelength (Å)
1.1
Space group
P22121
a, b, c (Å)
a=88.3, b=106.4, c=106.5
Mosaicity (°)
1.05
Resolution range (Å)
30-3.2 (3.3-3.2)
Total No. of reflections
108,359
No. of unique reflections 17,082
Completeness (%)
99.7 (99.2)
Redundancy
6.34 (6.34)
10.69 (3.54)
〈 I/σ(I)〉
Rmerge† (%)
13.6 (24.2)
† Rmerge=∑hkl∑i|Ii(hkl)-‹I(hkl)›|/∑hkl∑iIi(hkl), where Ii(hkl) is
the ith observation of reflection hkl, and ‹I(hkl)› is the
weighted mean of reflection hkl.
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4.1

Introduction
RNA-DNA hybrids exist in all cells and play crucial roles in genomic and

mitochondrial DNA replication as well as in transcription. The RNA primers in Okazaki
fragments are required for lagging strand synthesis during genomic DNA replication and
R-loops are generated in mitochondrial DNA replication [1–5]. RNA-DNA intermediates
are formed during transcription and are part of class I retrotransposon element
amplifications. They are also a necessary intermediate in retrovirus replication [6,7].
Recently it has been found that ribonucleotides are inserted into DNA during normal
replication at a rate of approximately one ribonucleotide for every 7,600 nucleotides
added [8,9]. The presence of these single ribonucleotides within DNA act as a strand
discrimination signal for mismatch repair of leading strand replication errors [10,11].
Interestingly, removal of these ribonucleotides from DNA is essential for long-term
maintenance of genome integrity and development [9,12].

Ribonucleotides within RNA-DNA hybrids are recognized and hydrolyzed by the
RNase H enzymes. Three classes of RNase H enzymes exist (for reviews see references
13,14). RNase H1 is a single domain enzyme that cleaves ribonucleotides from DNA but
must have at least four ribonucleotides present for activity. RNase H2 recognizes and
cleaves a single ribonucleotide within a dsDNA duplex. RNase H3 is structurally similar
to RNase H2 but catalytically functions like RNase H1. In humans, mutations in the
RNase H2 enzyme lead to the autosomal recessive neurological disorder, AicardiGoutières syndrome (AGS), which is a severe autoimmune disorder characterized by the
loss of white matter in the brain and increased white cells and cytokine interferon α [15–
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19], presumably due to the loss of ability to process ribonucleotides within DNA. All of
the ribonucleases have similar catalytic activity and substrate specificity. A nucleophilic
attack by water hydrolyzes the phosphate backbone through the assistance of a divalent
metal ion and forms a product with a 5’-phosphate and 3’-hydroxyl group [20]. Mg2+ and
Mn2+ are the two most prevalent divalent cations used in catalysis.

Although RNase HI, simply referred to as RNase H, can bind both dsDNA and
dsRNA, neither are hydrolyzed by the enzyme. Understanding how RNA-DNA hybrids
are recognized and processed by RNase H enzymes is an important step in determining
how enzyme dysfunction leads to disease. While structures of RNase H enzyme in
complex with RNA-DNA and dsDNA duplexes have been determined [21–26], the
recognition requirements for double-stranded RNA-DNA hybrids are still unclear.
Relatively few structures of RNA-DNA hybrids alone have been determined, most of
which are ten base pairs or less or contain polypurine or polypyrimidine tracts (PPT).

In order to understand structural aspects of the double stranded duplex that are
important for RNase H recognition and to determine the structural changes to the nucleic
acid structure that are induced upon binding, we have determined the crystal structure of
a dodecameric RNA-DNA duplex (Table 4-1). The sequence of this RNA-DNA hybrid is
identical to one determined in complex with RNase H enzyme [20] and contains 50%
G/C content. Our results show that, like many other crystallographic hybrid structures,
the RNA-DNA duplex takes almost solely the A-form parameters but upon binding to
RNase H, widens the major groove to widths much closer to B-DNA and decreases the
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Table 4-1: X-ray data collection and refinement
statistics.

curvature of the duplex, which
may

be

recognition

key

steps

and

in

cleavage

the
of

ribonucleotides from DNA [22–
24,26]. The RNase H protein
contacts the RNA and DNA
strands in the minor groove and
can differentiate between the Aand B-forms of the duplex as well
as the sugar geometry/moiety
(ribose or deoxyribose) to ensure
specificity

for

an

RNA-DNA

hybrid.

4.2

Results
This RNA-DNA hybrid will be referred to as the GAA duplex and Figure 4-1D

depicts the numbering system used. The GAA duplex crystallized with four RNA-DNA
duplexes in the asymmetric unit. Superimposing the four hybrids indicate that they are
structurally similar with a fairly small measured r.m.s.d. between the duplexes ranging
from 0.42 Å to 0.75 Å. The differences in structures are primarily due to slight variations
in the incline of the bases. The dodecamer RNA-DNA hybrid structure displays a
conformation most closely related to A-form RNA and DNA (Figure 4-1). Unlike many
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Figure 4-1: Structure of RNA-DNA hybrid. A) The stereoimage of the contents in the
asymmetric unit shows the packing of four RNA-DNA hybrids with each duplex shown
in a different color. B) The RNA-DNA duplex, with RNA strand in green and the DNA
strand in red, has a structure most consistent with A-form helices (see Table 4-2).
C) Hybrid helix viewed along helical axis. D) The sequence of the RNA-DNA hybrid
with the RNA strand in lower case letters and the DNA strand in upper case letters and
numbering is shown above the end bases.
structures that have been determined in the absence of an enzyme, this hybrid has a more
uniform pyrimidine/purine sequence of 5’-gacaccugauuc-3’ and a complementary DNA
sequence of 5’-GAATCAGGTGTC-3’ compared to PPT hybrids, which are common in
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HIV primers and may also contribute to atypical structures of the duplex due to adenine
stacking, a-g-a deformations, and “unzipping” caused by unpairing of the bases
[21,22,24,25].

4.2.1 RNA-DNA Helical Parameters
The helical parameters of the GAA duplex are almost solely consistent with the
A-form helix, which has been also noted in other hybrid duplex structures [27–29]. We
compared the parameters of the GAA duplex with typical A-DNA, B-DNA, A-RNA, and
RNA-DNA hybrids calculated from structures in the Protein Data Bank (Table 4-2). The
data indicate that typical A-DNA and A-RNA have very similar characteristics and that
the GAA hybrid tends to share these A-form traits. The structure of GAA duplex reveals
an average minor groove width of 9.8 Å and depth of 1.2 Å, comparable with the A-form
family. This leads to a narrower and deeper major groove of 4.2 Å and 9.5 Å,
respectively. Figure 4-2 shows the changes in the minor groove widths and depths
between GAA and the bound duplexes. The x-displacement measures the distance of the
Table 4-2: Average helical parameters of nucleic acid duplexes.
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Bases from the center of the helix and the GAA duplex (-3.6 Å) closely resembles that of
A-RNA (-3.9 Å) which forms a hole down the axis of the helix (Figure 4-1C). B-DNA
has a very small displacement and thus no radial shift of the bases. The curvature of
bound RNA-DNA hybrid is lower than the free GAA hybrid (8.7° vs 17.7°) which is
likely a result of the binding of the RNase H domain, which is discussed below.

The structure also reveals the sugar geometries have C3’-endo puckers in an anticonformation for almost all of the nucleotides but a few C1’-exo and C4’-exo sugar
puckers are present primarily in the DNA strand which may be due to the rigidity of the
RNA backbone forcing the DNA backbone to adopt those conformations. B-DNA
typically takes an anti C2’-endo sugar pucker and A-RNA and A-DNA have an anti C3’endo conformation but at the current resolution subtle nuances are difficult to
differentiate. Unlike hybrid structures determined by NMR or duplexes bound to RNase
H, the GAA duplex is primarily C3’-endo in both the RNA and DNA strands whereas
bound hybrids and those determined by NMR have an RNA strand with a C3’-endo and a

Minor Groove Width/Depth (Å)

DNA strand with C2’-endo, or related, sugar conformation [22–24,30–32].
GAA Width
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Figure 4-2: Comparison of the minor groove widths and depths. The GAA hybrid
(solid lines) has wider minor grooves but they are more shallow than 1ZBI (dashed lines).
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To examine how the sequence of the GAA duplex affected the overall structure of
the hybrid as compared to previously determined hybrid structures composed of
polypurine and polypyrimidine tracks (PPT), two PPT RNA-DNA hybrid structures
(PDB: 1G4Q and 3SSF) were used as comparative models with the GAA structure. As
shown in Table 4-3, the helical parameters calculated for the other RNA-DNA hybrids
are generally similar to the GAA structure with the notable difference that the width of
the major groove for GAA is smaller by 0.3 Å than the RNA-DNA and PPT hybrids.
Table 4-3: Helical parameters of RNA-DNA hybrids.

4.3

Discussion
The structural differences between the bound and unbound hybrid reveal that

RNase H interactions unwind the helix to create a local distortion in nucleic acid structure
and facilitate protein binding. The free and bound RNase H structures have a difference
of 2.0-2.2 Å r.m.s.d. along the Cα backbone, indicating that structural changes will be
conferred onto the bound duplex upon binding [20,28,29]. Until now, it has been difficult
to determine if RNase H changes the conformation of the RNA-DNA hybrid upon
binding, because of the lack of the same nucleic acid structure in both the free and bound
state. The free GAA duplex and the hybrid bound to the Bacillus halodurans RNase H
[20] (PDB 1ZBI), have the same sequence and allow us to make a direct comparison to
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Figure 4-3: RNase H binding induces conformational changes in RNA-DNA hybrid.
A) The structure of the GAA hybrid (yellow) superimposed onto the hybrid of the same
sequence bound to RNase H (green) (PDB: 1ZBI), reveals RNase H distorts the DNA
strand of the hybrid by rotating the phosphodiester backbone around nucleotide dA6
about 5 Å into the nucleotide binding pocket. B) The superimposition of the two RNADNA hybrids shows the RNA strand has a relatively similar conformation, but the DNA
strand has been distorted to significantly widen the major groove of the helix (see Tables
4-2 and 4-3). This flexibility of the DNA strand likely plays a role in substrate
recognition and discrimination
address this issue. Superimposing the structure of the GAA hybrid onto the RNase H
bound duplex structure reveals dramatic differences between the two (Figure 4-3). The
most distinct difference between the RNase H bound duplex and the GAA hybrid is that
the protein bound duplex has a smaller minor groove width (8.4 Å vs 9.8 Å) and a
significantly larger major groove width (13.2 Å vs 4.2 Å). The GAA structure also shows
a significantly larger bend (17.7° vs 7.4°) (Table 4-3). By having a greater bend, the
duplex can interact more favorably with RNase H due to an increased exposure of the
surface area of the minor groove and preventing water molecules from diminishing
hydrogen bonding interactions with the binding pockets [26]. These structural changes
are induced by interactions with the protein, most notably the phosphate binding pocket
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of RNase H [20], created by residues T104, N106, S147, and T148 (Figure 4-3). RNase H
contributes a considerable helical distortion by moving the bound phosphate about 5 Å
away from the unbound helical position, resulting in a pinching of the minor groove and
widening of the major groove. This leads to a kink in the sugar-phosphate backbone at
residue dA6 but the same kink is not seen in the free GAA duplex (Figure 4-3B).

The structure of the hybrid binding domain (HBD) from RNase H in complex
with an RNA-DNA hybrid also has the same sequence as the GAA hybrid [20]. The
HBD is a small protein domain that preferentially binds RNA-DNA hybrids and
functions in protein dimerization and processivity for RNase H [29,33]. The structure
shows HBD interacts with the RNA-DNA hybrid solely along the minor groove
backbone of the duplex (3BSU), in a manner that is very distinct from RNase H catalytic
domains (1ZBI). Interestingly, the duplex bound to the HBD has structural parameters
that are similar to the unbound GAA duplex, supporting the idea that binding in the active
site of RNase H enzymes induces conformational changes in the RNA-DNA duplex.

It has been proposed that the RNase H enzymes recognize ribonucleotides within
dsDNA by the local change in conformation to the A-form having a specific minor
groove width of approximately 10 Å, which is slightly less than A-DNA and A-RNA, a
pitch and rise similar to A-DNA, curvature different from B-DNA, as well as the
presence of a 2’-hydroxyl group on the ribose sugar [20,26,27]. The structure of the GAA
duplex indicates that this conformation is likely induced by protein binding. RNases H
are not able to cleave dsRNA, suggesting that the added flexibility of a DNA strand is
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required for conformational changes to the duplex upon protein binding [34]. This is
supported by data showing the flexibility of the DNA strand correlates with the rate of
cleavage by RNase H enzymes [13,35]. But the width of the minor groove alone is not
enough for ribonucleotide cleavage. It has been demonstrated that the binding of B-DNA
to RNase H forces the DNA to have a narrow minor groove but cleavage still does not
occur [26]. Another requirement for catalysis to occur could be based on the degree of
curvature of the helix. B-DNA is fairly linear with a bend less than 6° but RNA-DNA
hybrids have bends greater than 16° but are straightened to about 8° upon binding to
RNase H.

In conclusion, distortions created by RNase H binding induce changes in the
minor groove width and curvature of the duplex, and can put strain on specific backbone
atoms, likely functioning to fine tune binding affinity and substrate discrimination.
Similar mechanisms of helical distortion for nucleic acid binding have been seen with a
number of other proteins, most notably prokaryotic transcription factors. DNA binding
by the bacteriophage λ Cro protein and repressor, as well as the AmrZ protein from
Pseudomonas aeruginosa facilitates helical distortions in DNA in order to discriminate
binding sites [36–39]. RNase H binds nucleic acids independent of sequence but needs to
distinguish RNA and DNA polynucleotides inferring that substrate flexibility is likely an
important factor. The GAA structure finally allows a direct comparison to be made
between a bound and unbound RNA-DNA hybrid to determine the structural aspects of
the hybrid that provide specificity for RNase H binding. More hybrids with the same
sequence that are bound and free are needed to ensure that the minor groove width,
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degree of the duplex bending, and the presence of the rigid 2’-hydroxyl group are the
main requirements for substrate recognition and cleavage.

4.4

Materials and Methods

4.4.1 Crystallization and X-ray Data Collection
The

RNA

and

DNA

dodecanucleotides

(5’-gacaccugauuc-3’

and

5’-

GAATCAGGTGTC-3’) were ordered from Integrated DNA Technologies with desalting
purification. Oligonucleotides were annealed in RNase free water with 10 mM MES pH
6.5, 5 mM MgCl2, 20 mM NaCl. Crystals were grown by sitting drop vapour diffusion
method at room temperature in conditions containing 20% PEG 3350, 0.2 M magnesium
formate, 10% 2-Methyl-2,4-pentanediol. Crystals were frozen in liquid nitrogen prior to
data collection. X-ray diffraction data were collected using Cu-Kα radiation on a
MicroMax 007 generator and a Saturn 92 CCD detector (Rigaku). Intensity data were
processed with the program D*TREK and scaled to 2.8 Å resolution (Table 4-1) [40].

4.4.2 Structure Solution and Refinement
The crystals of the RNA-DNA hybrid grew in space group P21 with four RNADNA hybrids in the asymmetric unit. Phases for the data were obtained by molecular
replacement using PHASER [41] and the structure of the RNA-DNA component of the
RNase H complex (PDB: 1ZBI) as the search model [20]. The structure was refined with
multiple rounds of simulated annealing and composite omit maps (no crystallographic
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symmetry averaging) using the program Phenix [42] followed by rounds of model
building using Coot [44]. PDB_REDO [43] was used for refinement validation. The
model refinement converged at an Rwork=22.1% and Rfree=24.9%. The structure has been
deposited in the Protein Data Bank with the PDB accession code 4WKJ.

4.4.3 Helical Analysis
Analysis of the nucleic acid structure was performed using the program Curves+
[45,46] as well as on structures from the following PDB files: 3U2N, 1BNA, 137D,
240D, 1RNA, 4KYY, 4H8K, 1ZBI, 1G4Q, 1FIX, 1D87, and 3SSF. The parameters used
for Curves+ were wback=2.9 Å and wbase=3.5 Å.
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Chapter 5:
Conclusions
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5.1

DNA Structure Recognition
DNA regulation is a crucial component of cellular survivability. The specific

characteristics that allow various DNA conformations to exist each serve unique and
specialized roles. B-DNA is most commonly associated with aqueous environments with
nearly perpendicular bases, ten base pairs per turn, wide major grooves, and narrow
minor grooves [1-3]. The separation of the major and minor grooves allows proteins to
bind to sequence-specific sites due to the increased exposure from the wide major groove.
Minor groove binding proteins will contain positively charged binding residues due to the
nearly uniform negative charge from the closely associated phosphate backbones. Unlike
B-DNA, A-DNA is mostly formed in dehydrated environments because of the condensed
nature of A-form helices [3]. A-form DNA has 11 base pairs per turn and they are tilted
to 19° which forms a hole down the center of the helix, not seen in B-form [1,3]. Finally,
Z-DNA almost solely exists in high salt conditions which cause ionic interactions with
the backbone allowing the DNA to alternate between syn and anti glycosyl bonds and
take a zigzag characteristic to allow for a uniform negative electrostatic charge that runs
through the narrow minor groove [3,4].
RNA can also hybridize to DNA and serves various roles in DNA maintenance
and replication. Failure to remove the ribonucleotides often leads to DNA strand
breakage or replication error signals [5-8]. Because the 2’-hydroxyl on the ribonucleotide
causes decreased flexibility, RNA-DNA hybrids are forced to take RNA characteristics
such as wide minor grooves, narrow major grooves and are even more condensed at 11.6
bases per turn [7].
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Proteins are able to recognize the local and global differences among the various
forms of DNA whether it is from the shape of the grooves, the charge distribution, or the
degree of condensed base pairs. The current hypothesis is that proteins are constantly
bound to DNA, in an association-dissociation equilibrium, and scan or slide along the
helix until they find a high affinity site for specific binding [9]. This high affinity site can
either be from the bases (base readout) or from the helical shape (shape readout). Often
times both base and shape readout are needed in high affinity sites. The electrostatic
interactions that drive protein sliding are driven by shape readout. Specific amino acids in
the protein’s binding domain drive which nucleobase sequence the protein will bind to as
well as if the protein will bind to the major or minor groove. Arginine, for example, will
prevalently bind in narrow minor grooves and/or to guanine [10,11]. A protein’s ability to
recognize its consensus sequence from the shape of the DNA allows it to bind quicker
and more efficiently to the DNA and can expedite a cell’s response to its environment.

5.2

RNase HI
Ribonucleases cleave ribonucleotides from DNA. RNase HI can only cleave RNA

out of DNA when there are at least four consecutive ribonucleotides. This allows for two
ribonucleotides to be on either side of the scissile bond. The ribonucleotides are cleaved
on the 5’ end to form a 5’-phosphate/3’-hydroxyl product [12]. This cleavage occurs by a
phosphate nucleophilic attack from a water molecule with the aid of two divalent cations
[12]. RNase HI can bind to RNA-DNA hybrids, dsRNA, and dsDNA but can only cleave
hybrids [13-17]. The recognition requirements for RNase H to bind and cleave RNA-
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DNA hybrids was unclear which is why an RNA-DNA hybrid with the same sequence to
one bound to RNase HI was crystallized and characterized to allow insight into how the
ribonuclease can recognize the presence of ribonucleotides within DNA.
Structurally, RNA-DNA hybrids take the A-form conformation, as expected, due
to the presence of ribonucleotides and have a wide minor groove, narrow major groove,
and tilted base pairs (12°). The RNA-DNA hybrid is bent approximately 17.7° which is
linearized upon binding to RNase HI (8.7°). The data indicate that when RNase HI binds,
the duplex is unwound slightly causing the major groove to open and the DNA to take a
B-form conformation in the area of the binding to put strain on the ribonucleotides,
causing a kink in the phosphate backbone where cleavage is to occur. From these data,
RNase HI recognizes ribonucleotides in DNA by the adoption of A-form DNA and as
well as having a significant bend. Upon binding to this region, the 2’-hydroxyl present on
the RNA strand fits into the phosphate binding pocket on the enzyme and the flexible
DNA strand is pushed into having B-DNA characteristics, thus putting strain on the
ribonucleotides so that a nucleophilic attack can occur (see Chapter 4). Solving the
crystal structure of the free RNA-DNA duplex allowed a greater understanding of how
ribonucleases, and potentially other nucleases, recognize and bind to their substrate and
what conformational changes may be conferred upon the nucleic acids.

5.3

AmrZ
Transcription factors regulate gene expression by either activating or repressing

key components required for transcription. After they bind to DNA the transcription
factors slide using non-specific interactions with the phosphate backbone until they reach
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a high affinity site, at which time specific residues hydrogen bond with specific bases in
the major groove [18]. Alginate and motility regulator Z (AmrZ) is a ribbon-helix-helix
transcription factor that inserts antiparallel β-sheets into the major groove of the DNA
[19]. When bound as a repressor two AmrZ dimers bind to a palindromic sequence with
an A-tract linker region in the middle. The minor groove is narrowed and the major
grooves are widened when the β-sheets are inserted. On the promoter of amrZ there are
two AmrZ binding sites distally upstream. This leads to a proposed mechanism that
binding of AmrZ to each site allows IHF to bend the DNA so that the C-terminal ends are
able to interact and maintain the DNA helices close enough together to sterically hinder
RNA polymerase from binding.
AmrZ only has one binding site, upstream of algD, to which it binds as an
activator. This leads to the hypothesis that only one dimer binds to the promoter; the
absence of a palindromic sequence is therefore not surprising, however, the A-tract
region is still present indicating that even when only one dimer is bound, the structural
characteristics of the A-tract are important for recognition and binding. This leads to a
different mechanistic model where AmrZ interacts with RNAP to lower activation
energies to increase the rate of transcription of the alginate operon. Empirical evidence
will be needed to either confirm or alter these hypotheses.
There are still many unanswered questions that need to be addressed with AmrZ.
First, what role does the N-terminal region have? It has been postulated that the Nterminal region has a role in DNA binding but DNA binding analyses have shown that
the N-terminal region only has minor contributions to DNA binding. Second, further
research is needed to confirm that the C-terminal ends are indeed responsible for higher
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order oligomerization. Third, are there additional binding sites on algD for AmrZ?
Finally, the crystal structure of AmrZ bound as an activator needs to be characterized to
determine if the proposed hypothesis of AmrZ only binding as a dimer is correct. If
crystals of AmrZ-algD cannot be obtained, additional activation promoter sites can be
tested.
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