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Abbreviations

AF

CS
Cy5
DNA
Dps
DTW
E. coli
KNF
MWC
NAP
OF
PEG
RNA
mRNA
RNAP
WLC

YOYO-1

Assisting Force

Conformational Spread model
Cyanine (fluorescent dye)
DeoxyriboNucleic Acid
DNA-binding Protein from Starved cells
Dwell Time Window

Escherichia coli
Koshland-Némethy-Filmer model
Monod-Wyman-Changeux model
Nucleoid-Associated Proteins
Opposing Force

PolyEthylene Glycol

RiboNucleic Acid

Messenger RNA

RNA Polymerase

Worm-Like Chain model

Yellow Oxazole (fluorescent dye)
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1.1 Life is confined in the DNA of each single cell

1.1 Life is confined in the DNA of each single cell

f all that surrounds us, the most inexplicable seems to be life. We are

used to the fact that life is around us and in us. Ultimately, one may

take it for granted and stop being curious what is actually hidden
behind the word “life” and the meaning of “being alive”. Therefore, before you
start reading the thesis and focus on the deep details of a particular biological
question - look around and think what are the common properties and
features that unite all living organisms in one group, whether they be human
or an invisible microbe?

The answer begins with the first observation of life under the microscope
performed by Antony Van Leeuwenhoek in Delft 340 years ago. Two centuries
of research passed before 'cell theory' was formulated, stating that all living
organisms are made from cells: the basic structural unit that can
independently function and replicate (1, 2). The simplest forms of life, like
bacteria, consist of one single cell. Higher organisms, such as humans,
represent communities of cells, or colonies of individual cells, that perform
specialized functions. The plan of how the organism will develop after birth is
confined inside each single cell - particularly in the DNA molecule (3).

DNA is a long natural polymer that is built from repeating blocks called
nucleotides and twisted into a double helix (4, 5), therefore, reminiscent of a
ladder (Fig.1).

Fig.1. First drawn schematic representation of DNA (5).

A tremendous amount of information is stored in this molecule: the color of
hair or feathers; legs or wings; lips or a beak; and many other properties.
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Overall, each cell carries the information about the entire organism. Imagine if
every brick of a building would contain a tiny plan of the whole construction.
Then, if archeologists find at least one stone left from an ancient building,
historians would not have any need to reckon how it looked like back in time.
Therefore, to be living means to have a molecule that is enclosed within cell
boundaries and represents the carrier of genetic material (i.e. DNA).

1.2 Proteins execute myriad functions in the cell

Along with the importance of the DNA molecule as a genetic carrier, we should
not forget about the role of proteins, without which neither the genome nor
the cell could function. Proteins are the building blocks from which cells are
assembled. In addition to providing the cell with its shape and structure,
proteins (or enzymes) also execute many of other myriad functions: they
promote intracellular metabolism, control the passage of nutrients, carry a
message from one cell to another, and act as hormones. They are even capable
of activating or disabling particular genes and play a crucial role in DNA
replication, repair and protection.

Before we can truly understand how neurons deliver signals to the brain, how
muscles contract, how embryos develop, and how diseases spread, we must
understand how DNA and genes work, accompanied by number of proteins.
One group of proteins releases after expression into the cellular interior to
perform their functions (6). Another group of proteins is not only encoded on
the DNA, but after expression directly interacts back with the DNA as the
protein’s functions must be accomplished there (7-9). In this thesis, we will
only focus on the last type - DNA-binding proteins. Therefore, closer attention
will be paid to one of the proteins that physically binds to DNA molecules.

1.3 DNA packaging: fitting kilometers into a tennis
ball

The direct access of DNA-binding proteins to the DNA molecule makes them
vitally important. One of their roles is the compaction of long DNA inside the
cell. They organize DNA into particular structures so that it is still accessible
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to many other proteins and enzymes that replicate, repair, and transcribe
genes to produce new proteins (7-12). Taking into account the large amount
of information that has to be condensed inside of a small cell volume and the
length of DNA that has mechanical properties of an entropic spring, helps to
imagine how complex the task is.

In bacteria, the task of packaging the comparatively enormous DNA (1.6 mm)
inside of the utterly tiny cell (1 pm3) is accomplished by a family of nucleoid-
associated proteins (NAPs) (9, 13, 14). This geometry is equivalent to packing
kilometers of extremely fine thread into a tennis ball (15). NAPs bind to and
fold the DNA, generating a series of coils and loops that provide increasingly
higher levels of organization (12). The binding of one single protein from this
family to DNA may activate or deactivate a particular gene by simply
influencing its shape (8, 9), i.e. one protein may directly affect the global
genetic regulation. Incorrect functioning of one or more of these types of
proteins subsequently can be life treating for the cell and, furthermore, for the
entire organism.

The examples given above demonstrate the intimate relation between DNA-
binding proteins and DNA inside of the bacteria. The beneficial function of
genome packaging performed by NAPs is at the same time potentially harmful,
in case of incorrect regulation. This feature makes the topic exceptionally
fascinating: while fighting with life-threatening diseases caused by bacterial
pathogens on a daily basis worldwide, dysfunction of NAPs in pathogen may
be fatal to them and therefore beneficial to us. Additionally, gained knowledge
about bacterial DNA compaction mediated by proteins may be translated and
applied in other living systems that contain analogous proteins. Without this
knowledge, we do not possess a complete picture of the vitally important
processes in the cell. Furthermore, we might be losing a very promising
pipeline of new antibiotics discoveries that might be utilized for a treatment of
many bacterial diseases.
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1.4 What is Dps and why it is important?

In order to understand the nature of the DNA packaging process, we need to
identify parameters of the system that drive it. However, the variety of the
proteins that are involved in this process makes the system extremely
complicated to describe. To simplify the problem, we need to focus on
particular proteins separately, especially the ones that protect bacteria
against external treatment. For instance, under conditions of cell stress and
starvation, an NAP called Dps (DNA-binding protein from starved cells)
becomes abundant (Fig.2), playing a major role in DNA protection (16-22).
Dps is highly expressed in stationary phase (4-7) and is also involved in the
cellular response to oxidative (4, 8-10), UV (8, 11), thermal (8), pH shocks (8)
and atibiotic treatment (23). In addition, Dps has been implicated in biofilm
formation and tolerance to bacteriophage attacks (12). Therefore, helping
bacteria to survive antibiotics, Dps makes the fight against pathogens difficult.
Moreover, besides DNA protection Dps plays an important role in DNA
compaction (18, 21, 24).

A B
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Fig.2. Growth phase-dependent variation in the intracellular levels of DNA-binding
proteins in E. coli. (A) The expression levels among the DNA-binding proteins in exponential
growth phase (25). (B) The expression levels among the DNA-binding proteins at late stationary
growth phases (25).

Dps monomers have a molecular mass of 19 kDa and assemble into a
dodecameric shell (Fig.3). The resulting complex binds to both supercoiled
and linear DNA to form a dense biocrystal structure (16, 19, 21, 26). This
biocrystal protects DNA from damage and increases cell survival rates under a
diverse range of stresses (18, 21, 22, 27). While the crystal structure of the
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Dps dodecamer has been solved (28), no atomic scale structure of Dps-DNA
assemblies currently exists.

Fig.3. Dps spherical dodecamer. Dps 12-mers form a shell-like structure 8-9 nm in diameter
(28).

Different techniques have been applied to the visualization of Dps-DNA
complexes. Electron microscopy (EM) images reveal that Dps dodecamers
form ordered crystalline structures in vitro both in absence and presence of
the DNA (Fig.4A and 4B respectively) (19). Interestingly, Dps dodecamers
without DNA are also tightly packed implying existence of extensive Dps-Dps
interactions (18). Atomic force microscopy (AFM) images show that Dps
causes clustering of distal DNA loci (Fig.4C) (29). EM observations of E. coli
cells after the onset of starvation have shown a massive reorganization of the
nucleoid mediated by Dps. These cells contained two structurally distinct
morphologies: toroidal (24 hours starved bacteria) and rectangular (36 hours
starved bacteria) (Fig.4D and 4E respectively) (26). Ex vivo AFM
experiments conducted on lysed cells in stationary phase describe a tightly
packed structure that is modulated by Dps protein (Fig.4F) (24). While other
NAPs form markedly different structures on DNA in vitro and in vivo, Dps can
assemble into rectangular bio-crystals in both contexts (16, 19, 21, 26).
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Fig.4. Images of Dps and Dps-DNA complexes. (4) Electron microscopy image of Dps incubated
alone (19). (B) Electron microscopy image of Dps-DNA complexes (16). (C) Atomic force
microscopy image of Dps-DNA complexes (29). (D) Electron microscopy image of E. coli cell
starved for 24 hours (26). (E) Electron microscopy image of E. coli cell starved for 36 hours (26).
(F) Ex vivo atomic force microscopy image of E. coli cell after the expression of the Dps protein
was induced with IPTG in the stationary phase (24).

However, fewer efforts have been made in studying the mechanism behind the
transition from dispersed DNA structure to extremely compact and highly
ordered morphology. In bulk gel shift assays, it has been shown that Dps
forms a few intermediate sized complexes before it transitions to a massive
complex with DNA (29). This transition into a compact Dps-DNA state has
been repeatedly observed and described by a standard Hill model for
cooperative binding (22). However, little evidence of structural intermediates
has been reported in AFM and EM studies performed in vitro. Therefore, based
on only static images of preformed Dps-DNA complexes, we cannot identify
any dynamic features of its formation and, consequently, mechanisms by
which it protects bacteria.

There are several groups worldwide working with Dps and carrying out
mostly purely biological research. However, biophysical approaches have
never been applied for the characterization of Dps-DNA complex formation.



1.5 How Dps compacts DNA?

Additionally, available single-molecule techniques, which have been
established in studying of other DNA-binding proteins (30, 31), have not been
used yet to explore Dps binding to DNA, especially for real time observations.
Therefore, existing knowledge of Dps mediated DNA compaction does not
fully describe the kinetic features and biophysical parameters of Dps-DNA
complex formation. The questions how this complex forms and how it is
regulated remain unknown.

1.5 How Dps compacts DNA?

This thesis examines the question of how Dps compacts DNA into a complex in
vitro. Particularly, the study investigates the dynamics of the complex
formation in real time and reveals biophysical properties of the Dps-DNA
interaction. In this research, we propose a new model of cooperative binding
that reveals the intrinsic features of Dps-Dps and Dps-DNA neighboring
interactions in response to the environmental changes. These experiments
give a detailed biophysical view of Dps binding to DNA and gives us a better
insight into the process of cell functioning. Elucidation of the properties of Dps
may have important medical impact for treatment of the bacterial diseases.
Further characterization and modeling of the processes of DNA compaction by
Dps provide substantial information to the whole picture of genome
organization together with other proteins.

1.6 Thesis overview

In this study, we developed two single-molecule assays to resolve the process
of DNA compaction by Dps: fluorescent microscopy and magnetic-tweezers
measurements, which are described in Chapter 2. Utilizing these techniques,
the interaction between DNA and Dps were recorded in real time in vitro.

Chapter 3 is devoted to the nature of the interactions between Dps and DNA.
Probing the binding activity of Dps to DNA, we find that Dps is a highly
cooperative protein. Moreover, we surprisingly discovered a reproducible
hysteresis in the process of compaction and decompaction of the Dps-DNA
complex. Further, we point out that this process cannot be fit to standard
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cooperativity models. Inspired by the Ising model of ferromagnetism, we
describe the observation of cooperative Dps binding that exhibits hysteresis
with a modified Ising model of cooperativity.

The obtained data on Dps binding and unbinding processes provide us with
kinetic features of Dps-DNA complex formation. In Chapter 4 we examine
these processes by following DNA compaction dynamics and tuning various
factors that affect Dps activity. Utilizing fluorescent assays, we compare how
different amounts of monovalent salt change the affinity of Dps for DNA.
Applying magnetic tweezers, we measure the mechanical forces that
characterize the interactions between Dps and DNA and testing how tension
applied to the DNA molecule modulates binding and dissociation rates of Dps.
In order to understand why our modified Ising model gives rise to hysteresis,
we discuss hysteresis in a scope of kinetics by comparing the energy diagrams
between several other cooperative models.

In Chapter 5, several buffer variations that mimic changes in the cellular
environment upon a stress, were applied in order to probe electrostatic
interactions between Dps and DNA. With the developed Ising model for Dps-
DNA complex we relate the amount of hysteresis to each of the tested
conditions.

In the previous chapters, we demonstrate that torsionally relaxed DNA is
compacted by Dps through a cooperative Ising mechanism. In Chapter 6, we
focus on the affinity of Dps for other DNA conformations, paying particular
attention to plectonemic DNA. Using fluorescence microscopy, we test
preferences of Dps in binding to different DNA shapes and if the preformed
Dps-DNA complexes can bind an additional amount of free DNA. With
magnetic tweezers we examine how presence of Dps influences DNA coiling
under constant tension. Further, we explore how preformed supercoiled DNA
state influences Dps activity.

Lastly, after we characterized the process of DNA compaction by Dps from
kinetic, physiological and biophysical perspectives at single- molecule level,
we modified a magnetic tweezers assay particularly in order to characterize
the dynamic process of RNAP transcription through preformed Dps-DNA

10
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complexes in Chapter 7. We apply an assisting force (AF) to the RNAP

molecules and allow it to transcribe through Dps-DNA complexes located

downstream of RNAP. A second configuration allows us to apply an opposing
force (OF) to the RNAP while transcribing through stretched bare DNA with
Dps-DNA complex located upstream of RNAP. Further, we compare dwell-time

distributions for these two configurations. We also examine the degree to

which RNAPs can transcribe through completely compacted Dps-DNA

complex at very low opposing force.
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Chapter 2

In vitro single-molecule techniques:
from technology to biology







2.1 Introduction

2.1 Introduction

(Y tarting from the last decade of the nineteenth century, in vitro
S measurements have been used to perform procedures in a controlled
\)environment outside of a living organism. These measurements have
provided valuable knowledge about the structure and function of biological
systems. However, further understanding of them required deeper
knowledges in physics and chemistry of biologically important molecules that
build the cell and interact with each other. Only by measuring microscopic
forces of interactions between the individual molecules and detecting
molecular intermediates, we can provide additional information about
thermodynamics and kinetics of biomolecular processes. This information
could not be obtained via traditional bulk assays. Therefore, the possibility of
manipulating individual molecules inspired the scientist and has eventually
become a major research topic in modern biophysics.

The great progress made in molecular biology and biochemistry in twentieth
century afforded the resolution for the direct observation of interaction
between individual molecules. Nowadays, we are able to build complex
scientific instruments of high resolution and manipulate molecules one at a
time, making it possible to ask and answer entirely new types of biological
questions. Therefore, these novel techniques have been applied more and
more frequently to study various DNA-binding proteins (1-4).

What makes long DNA short? How does the Dps protein compact DNA
molecule? What are the kinetic features of Dps binding to DNA? In fact, the
answers to these questions can be found if the interaction between isolated
DNA and Dps molecules is studied at the single-molecule level. This chapter
offers a detailed description of the experiments carried out utilizing two
single-molecule techniques: fluorescence microscopy and magnetic-tweezers.
These experiments for the first time were developed specifically to allow
thorough study of the dynamic process of DNA compaction by Dps.

In this chapter we describe the experimental techniques and methods that
were used in the research. Section 2.2 provides DNA isolation and Dps
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purification protocols together with the chemical modification protocols on
DNA and Dps molecules designed practically for the single-molecule
measurements. The activity of the Dps protein after performed modifications
was validated with control experiments that presented in the section 2.3.
Sample preparations, special experimental procedures and details of setup
configurations are described in the sections 2.4. Concluding remarks are
represented in section 2.5.

2.2 Preparing DNA and Dps for interaction

Both single-molecule assays used in this research, fluorescent microscopy and
magnetic tweezers, required additional chemical modifications on isolated
molecules in order to make them suitable for the experiments. Here, we
provide the protocols for DNA plasmids isolation and Dps protein purification.
Subsequently, we describe the methodology of modifications on DNA and wild
type Dps protein specifically designed for the measurements with single-
molecule techniques.

2.2.1 DNA isolation and labeling

A 20.6 kb DNA was isolated from E.coli cells carrying the pSupercos lambda
1,2 plasmid (kindly provided by S. Hage from TU Delft, the Netherlands) by
midiprep (Qiagen). The construct was made by digestion of the plasmid with
Xhol (New England Biolabs) and fill-in of the 5’-overhang by the Klenow
fragment of DNA polymerase I with dCTP, dGTP, dTTP and Biotin-labelled-
dATP (Invitrogen/Life Technologies). Further, the plasmid was digested with
Notl-HF (New England Biolabs). To create the handle, a 1200 bp fragment was
amplified by PCR from pBluescript Sk+ (Stratagene/ Agilent Technologies, Inc,
Santa Clara, CA) in the presence of Digoxigenin-11-dUTP (Roche Diagnostics)
using forward primer GACCGAGATAGGGTTGAGTG and reversed primer
CAGGGTCGGAACAGGAGAGC. This fragment was digested with Notl-HF (New
England Biolabs), ligated to the Notl-HF-digested 20.6 kbp fragment and gel-
purified. The construct was made by Theo van Laar (TU Delft, the
Netherlands). The biotin and digoxigenin labels provided the DNA binding to
the surface of the flow cell at one or to the magnetic particles at another end,
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depending on experimental setup requirements (Fig.1A). For DNA labeling an
intercalating dye was used at ratio about 1 molecule of YOYO-1 (Thermo
Fisher Scientific) per 200 bp of DNA (Fig.1B).

Fig.1. DNA construct and labeling. (4) Cartoon of the DNA construct with digoxigenin handle
(blue circles) at one end and single biotin molecule (orange circle) at another end designed for the
magnetic tweezers assay. (B) Cartoon of the DNA construct with a digoxigenin handle (blue) at
one end and a single biotin molecule (orange circle) at another end designed for the fluorescent
assay. The construct is labeled with intercalating fluorescent dye YOYO-1 (green stars).

2.2.2 Dps purification and labeling

Dps monomers have a molecular mass of 19 kDa and assemble into a
dodecameric shell (Fig.2) (5). We expressed and purified wild-type Dps
protein from E. coli BL21(DE3) cells carrying the pET17b-dps plasmid (6).
This plasmid was designed for high expression of proteins under the T7
promotor. Cells were grown at 37°C with shaking at 250 rpm 0.D.s00 0.4-0.6.
The production of Dps was induced by addition of 0.3 mM IPTG. After the cells
were disrupted with a French press, Dps protein was precipitated with
ammonium sulfate from cell lysates that were passed through a DEAE
Sepharose CL-6B column (GE Healthcare) equilibrated with 50 mM Hepes-
KOH, 100 mM NacCl, pH 7.3. Further buffer exchange to 50 mM Hepes-KOH, 0.1
mM EDTA, pH 7.3 using a PD-10 column, lowered the ionic strength. Sample
was loaded onto SP-Sepharose column (GE Healthcare), and Dps was eluted
with a 0 mM to 1 M NaCl gradient followed by buffer exchange with 50 mM
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Hepes-KOH, 100 mM NacCl, pH 7.3. The monomer concentration of purified
Dps sample was determined by measuring the absorbance at 280 nm, using a
molar extinction coefficient of 15470 M- cm! (6).

Fig.2. Dps spherical dodecamer T79C. Fluorescent dye is attached to a cysteine residue (red) at
position 79 (T79C) facing a 4-5 nm internal cavity of Dps. The crystal structure of the Dps
dodecamer has been solved by Grant R.A. et al (5).

For Dps labeling, plasmid encoding the dps gene pLysS pET17b dps 2-1 was
modified to insert a cysteine at position 79 (T79C) (Fig.2), then expressed and
purified as described for wild-type Dps. Cy5 Maleimide (GE Healthcare) was
incubated at room temperature for 45 min with Dps monomers at a molar
ratio of 1:15 Dps monomer to dye in a buffer of 50 mM Hepes-KOH, 400 mM
NacCl, 10% glycerol, 5 M GdmCl, pH 7.3. Labeled Dps was subsequently diluted
5x with unlabeled Dps. Then, the sample was dialyzed against 50 mM Hepes-
KOH, 100 mM NacCl, pH7.3, resulting in a labelling efficiency of ~10% (~1 dye
per Dps dodecamer).

2.3 Activity of Dps on DNA molecule tested in bulk
experiments

The chemical modifications performed on isolated DNA and Dps molecules
made them suitable for the single-molecule experiments. All of them were
designed with an aim of introducing as little distortion in the interaction
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between DNA and Dps as possible. Even though, such modifications might still
affect activity, properties and functions of the molecules of interest. Here we
present control experiments that were carried out in bulk in order to validate
activity of Dps protein on DNA molecule after each step of introducing a
modification.

Activity of Dps protein is defined as its ability to bind and compact DNA.
Therefore, before we started the major experiments at single-molecule level,
we determined the base condition suitable for all future measurements. A gel
shift assay is a straightforward way to quantify the binding affinity of Dps
protein for DNA in bulk. Different amounts of Dps monomers were incubated
with 2.5 nM of 331 bp DNA in 100 mM NaCl, 50 mM Hepes-KOH pH 7.3,
allowing binding for 30 min. Directly after incubation, Dps-DNA complexes
were loaded and ran on an agarose gel. For the visualization of the DNA bands,
the agarose gels were washed in SYBR Gold (Thermo Fisher Scientific) for 30
min and directly scanned with Typhoon Trio (GE Healthcare). The amount of
bound DNA was monitored by the fluorescence at the position on the agarose
gel corresponding to non-bound DNA (Fig.3A,C). Through comparison to a
reference DNA sample incubated without Dps, the bound DNA fraction was
determined, calibrated from 0 to 100% and fit with a Hill equation (7)
(Fig.3B,D).

First, using the gel shift assay we probed binding affinity of wild type Dps
protein for DNA molecules labeled with YOYO-1 at different ratios of dye per
DNA base pairs (Fig.3A). We showed that the ratio of 1 dye molecule per
more than 100 base pairs of DNA has a minor effect on binding affinity of Dps
for DNA (Fig.3B).

Second, using the gel shift assay we probed binding affinity of T79C Dps
mutant, labeled T79C Dps mutant (dye:monomer 1:12) for non-labeled and
labeled with YOYO-1 DNA molecules (dye:bp 1:100) (Fig.5C). We showed that
each step of inducing a modification to the molecules slightly reduced the
binding affinity of Dps for DNA. (Fig.3D).
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Fig.3. Binding affinity of Dps for DNA tested with DNA gel shift assay and fit to Hill equation.
(A) Different amounts of Dps were incubated with YOYO-1 labeled DNA molecules and run on an
agarose gel. The fluorescent signal on the agarose gel (lines) corresponds to non-bound DNA.
From the top to bottom the ratio of YOYO-1 molecules to DNA base pairs equals: non-labeled,
1:100, 1:20, and 1:10. (B) The fraction of Dps-bound DNA (circles; mean, SE) were fit with a Hill
equation (lines) and the effective dissociation constant for each dye:bp ratio was determined:
non-labeled (K, = 50 nM, black), 1:100 (K, = 67 nM, light green), 1:20 (K, = 150 nM, green), and
1:10 (Kp = 210 nM, dark green). (C) Different amounts of wild type Dps and Dps mutant T79C
were incubated with DNA and ran on an agarose gel. The fluorescence signal on the agarose gel
(lines) corresponds to non-bound DNA. From top to bottom: wild type Dps, T79C Dps, T79C Dps
labeled with Cy5 incubated with non-labeled DNA, and T79C Dps labeled with Cy5 (dye:monomer
1:12) incubated with YOYO-1 labeled DNA molecules at ratio (dye:bp 1:100). (D) The amounts of
bound DNA (circles; mean, SE) were fit with a Hill equation (lines) and the effective dissociation
constant was determined: wild type Dps (K}, = 35 nM, black), T79C Dps (Kp = 42 nM, blue), T79C
Dps labeled with Cy5 (K}, = 59 nM, red), T79C Dps labeled with Cy5 and incubated with YOYO-1
labeled DNA (K}, = 85 nM, orange).
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Lastly, we checked if labelling of Dps affected the binding affinity of Dps for
DNA with magnetic-tweezers assay (see section 2.5.3 for the details) in a
buffer of 100 mM NaCl, 50 mM Hepes-KOH pH 7.3 (Fig.4). The DNA force-
extension curve measured in the presence of 2 uM wild type Dps almost
completely overlapped with the force-extension curve measured at the same
concentration of labelled T79C Dps mutant. This result demonstrates that
neither generated point mutation in Dps monomers nor Dps labelling, do not
influence Dps affinity for DNA.

w0 a ~

DNA extension (um)
-

Force (pN)

Fig.4. Binding affinity of fluorescently labeled Dps mutant T79C for DNA tested with
magnetic tweezers. Decreasing and increasing force records are represented by solid and
dashed lines respectively. Force-extension curves recorded in the presence of 2 pM Dps mutant
T79C (red) are compared to force-extension curves recorded with 2 uM wild type Dps (blue). The
DNA force-extension curve without Dps (black) is shown. Each curve is generated from the mean
of 5 to 10 molecules and the bars correspond to standard errors in the mean.

Therefore, all performed control experiments validated activity of the labeled
Dps protein, as it still remained able to bind labeled DNA and compact it
sufficiently for further investigation. To make the binding of Dps even more
efficient, we have chosen lower salt condition than used for tests described
above andperformed most of the experiments in the reaction buffer
containing 50 mM NacCl, 50 mM Hepes-KOH pH 7.3 unless noted otherwise.
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2.4 Sample preparation and experimental
configuration

The glass surfaces of the microfluidic chambers used for in vitro
measurements were cleaned and functionalized prior to all experiments. Here
the cleaning and functionalization protocols are provided. The attachment
protocols of individual DNA molecules to the glass surfaces described
accordingly to the fluorescence and magnetic tweezers assays. Specific
strategy of surface passivation was developed in order to reduce the
nonspecific binding of Dps protein. Lastly, sample preparation, experimental
procedures and setups configurations are described.

2.4.1 Preparation of glass slides and coverslips for
fluorescent measurements.

Cleaning procedure and functionalization of the glass slides and coverslips
were performed in the Kavli Nanolab Delft research facility in two steps. First,
the microscope glass slides (Thermo Fisher Scientific) and coverslips (VWR)
were loaded into the teflon holder. The holder was placed into the glass
beaker filled with a pure nitric acid HNOs (Sigma Aldrich) and sonicated for 20
min. After sonication the slides and coverslips were thoroughly rinsed with
MiliQ water and dried with a nitrogen pistol. Second, plasma cleaning was
used to remove left organic or mineral oil residues and activate chemical
bonds on the glass surfaces for further functionalization. The glass surfaces of
the slides and coverslips were functionalized by incubating them for 20 min in
1.5% APTES, 94% methanol and 4.5% acetic acid (Sigma Aldrich). All the
actions above should be taken in the fume hood (except of plasma cleaning).

Further, the slides and coverslips were coated with a mixture of mPEG and
biotin-PEG at ration 3:1 (5K, Laysan Bio) diluted in 2 ml of 100 mM sodium
bicarbonate buffer (Sigma Aldrich) and incubated overnight in a high
humidity. Subsequently, a second layer of 10x diluted MS(PEG)4 (Methyl-PEG-
NHS-Ester Reagent, Thermo Fisher Scientific) was introduced overnight in
order to improve surface quality from the nonspecific binding of proteins.

24



2.4 Sample preparation and experimental configuration

After all the preparation steps the slides and coverslips were thoroughly
rinsed with MiliQ water and dried with a nitrogen pistol.

2.4.2 Fluorescence assay: imaging Dps binding to DNA

We developed a novel fluorescence assay to directly visualize the process of
Dps-DNA complex formation at the single-molecule level without applied
tension. Linear DNA molecules were attached to the surface of a flow cell and
were labeled with YOYO-1 (Fig.5, green stars). To induce DNA compaction, a
reaction buffer with Dps labeled with Cy5 (Fig.5, red stars) was added.

Fig.5. Cartoon of the fluorescent assay showing an immobilized DNA molecule labeled with YOYO-
1 (green stars) and diffusing Dps dodecamers labeled with Cy5 (red stars).

All experiments were carried out in the flow cells assembled by hand from
microscope slides (Thermo Fisher Scientific) and coverslips (VWR) with
double-sided sticky tape spacers. To reduce the nonspecific binding of Dps
protein, the surfaces of the flow cells were passivated with blocking aid
solution (Invitrogen) for 1 hour followed by 0.2 mg/ml streptavidin coating
(Sigma Aldrich) for 3 min. Unbound streptavidin was washed with 100 pl of
buffer T50 (10 mM Tris-HCI pH 8.0, 50 mM NacCl). 100 pl of the DNA molecules
(150 pg/ul) were injected into the flow cell and attached to the surface via the
biotin-streptavidin linker, leaving the remaining DNA end unbound. Further,
T50 buffer was substituted with reaction buffer containing 50 mM NaCl, 50
mM Hepes-KOH pH 7.3 and intercalating dye YOYO-1 (Thermo Fisher
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Scientific) for DNA visualization at molar ratio less than 100:1 respectively.
After injection of a given concentration of Cy5 labelled T79C Dps mutant in
reaction buffer (50 mM NaCl, 50 mM Hepes-KOH pH 7.3 unless noted
otherwise) into the flow cell, the process of DNA compaction was immediately
recorded. To prevent bleaching all the buffers used during the imaging
contained scavenger system: 10% glucose, glucose oxidase (0.3 pg/ul),
catalase (40 ng/ul), and 2mM trolox (Sigma Aldrich).

Single-molecule fluorescence measurements were performed on a total
internal reflection fluorescence microscope (IX81, Olympus). Cy5 and YOYO-1
molecules were excited using 640 nm and 488 nm lasers, respectively (CMR-
LAS-640-100-D, CMR-LAS-488-150, Olympus). Fluorescence signals of Cy5
and YOYO-1 were collected through an oil immersion objective (U
Apochromat 150X TIRF, NA 1.45, Olympus) by exciting the sample with two
lasers simultaneously in epi (488 nm) and TIRF (640 nm) modes.

A series of images with 100 ms exposure time were recorded at 1 Hz using
dual EMCCD cameras (iXon 3 897, Andor Technology) with a TuCam adapter.
The image series was read using custom-made Matlab (MathWorks) software.
After a linear drift correction, the Cy5 and YOYO-1 signals were co-localized
by summing intensities over all frames and finding the linear transformation
between spot locations of Dps and DNA. Individual spots were selected and
cropped (ROI of 30x30 pixels). For each ROI the positions of the center of
mass of DNA fluorescence and the maximum fluorescence intensities of Dps
were extracted. Fluctuations in the DNA center of mass between frames were
calculated. For measurements of DNA collapse, records were time-shifted so
that the collapse occurred at t=0, and a 5-point median filter was applied to
the DNA fluctuation data. Records were then averaged over many molecules.

2.4.3 Magnetic tweezers assay: controlling DNA
compaction by Dps with force

We made use of a magnetic tweezer instrument (8-10) that allowed us to
modulate the force applied to individual DNA molecules in the presence of
Dps (Fig.6). We developed a protocol for probing Dps-DNA complexes for the
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assembly and disassembly, which consisted of applying a slowly decreasing
force (from 15 to 0.01 pN over >40 min) followed by a slowly increasing force
(from 0.01 to 15 pN over >40 min). The choice of this experimental timescale
was based on the characteristic timescales of bead fluctuations at each applied
force that define the minimum measurement time for a desired statistical
accuracy (8).

Fig.6. Cartoon of the magnetic tweezers assay showing a DNA molecule attached by one end to a
microscope coverslip and by the other end to a magnetic bead. A pair of small permanent magnets
controls the magnetic field.

The magnetic tweezers apparatus used in this study has been described
previously (8-10). Briefly, light transmitted through the sample was collected
by an oil-immersion objective (CFI Plan 50XH, Nikon) and projected onto a
12-Mpixels CMOS camera (12M Falcon2, Teledyne Dalsa). The images were
acquired at a frequency of 25 Hz. The magnetic field was generated by a pair
of horizontally aligned permanent neodymium-iron-boron magnets
(SuperMagnete) separated by a distance of 1 mm, vertically translated by a
motorized stage (M-126.PD2, Physik Instrumente) above the flow cell. Images,
collected by the camera, were processed in real-time to create records of the
bead positions in Cartesian coordinates with a custom written software in
C++, CUDA and LabView (National Instruments) (10). The forces experienced
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by the DNA tethers have previously been calibrated using a custom routine (8,
9).

The sample preparation used in this study has been described in detail
elsewhere (8-12). In short, the DNA molecules were mixed and incubated for 2
min with 20 pl streptavidin-coated superparamagnetic beads with a diameter
of 2.89 um (M270 Dynabeads, Invitrogen/Life Technologies) at room
temperature in Tris buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM
EDTA, 0.01% Triton X-100). The mixture was then incubated for 30 min in
flow cell coated with anti-digoxigenin (0.5mg/ml) (Roche Diagnostics) and
overnight passivated with BSA (10 mg/ml) (New England Biolabs). Non-
tethered beads were removed by flushing the flow cell with 5 ml Tris buffer.
Tris buffer was then replaced with reaction buffer containing 50 mM NacCl, 50
mM Hepes-KOH pH 7.3 and 0.1 mg/ml BSA unless noted otherwise. After a
careful screening of beads tethered by multiple DNA molecules using magnet
rotation-extension records, we acquired a full DNA force-extension cycle by
changing the vertical position of the magnet and applying a force ramp down
(from 15 to 0.01 pN) followed by a force ramp up (from 0.01 to 15 pN). The
force-extension relationship of DNA was measured and fit to the worm-like
chain model (persistence length L, = 43.4 nm, contour length L, = 6.97 um)
(13). Further, we injected a reaction buffer containing a given concentration of
wild-type Dps protein. During the buffer solution exchange, the force applied
to the beads was maintained at 15 pN to prevent DNA compaction by the Dps.
Reagents used in the buffers were purchased from Sigma Aldrich (hepes,
sodium chloride, magnesium chloride) and Promega (PEG 8000).

2.5 Conclusions

The molecules of interest for this study Dps and DNA were specifically
modified to be able to be manipulated with two powerful single-molecule
techniques: fluorescent microscopy and magnetic-tweezers. The activity of the
protein Dps was validated with bulk experiments and the most suitable
condition for future experiments was determined. All these adjustments made
it possible to test easily wide range of different conditions by simply varying
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few parameters (i.e. buffer conditions, Dps concentration or force) one by one

and explore the process of Dps binding to DNA and Dps-DNA complex

formation at the single-molecule level in real time.
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3.1 Introduction

3.1 Introduction

J/ ooperativity has been a fundamental concept in the understanding of

( biological systems for over one hundred years. Nature uses
cooperative interactions to accelerate or enhance specific processes.

For instance, ecosystems like flocks of birds or a hive of bees act cooperatively
in order to achieve the common task more efficiently. On a smaller scale of
biological systems cooperativity has “as much variety as it has ubiquity” (1). It
is important in cell-cell signaling (2) and collective survival strategies of
cancer cells (3). If we zoom in even more, to the microscopic level, we find

evidence that individual molecules can also act cooperatively.

In the cooperative process of a molecule binding, the first binding event,
increases the affinity of the second binding event providing highly efficient
and rapid reaction. Therefore, a minimal concentration shift of binding
molecules causes a much bigger change in activity of the system, thus it reacts
very sensitively.

Cooperative interactions enable and regulate function of the system at many
different levels of organization, from single-molecules to multimolecular
complexes. The higher the complexity of the cooperation among the
interacting molecules, the more difficult it is for understanding, but the
greater the role of cooperativity in regulating system’s functions. Without
cooperativity many biological events would be simply imposed by physical
and chemical laws when considered at the molecular level. Therefore,
cooperativity allows the system to circumvent the energetic, spatial and
temporal constraints and become essential for its functioning (4).

The classic example of cooperativity at molecular level is the binding of
oxygen to hemoglobin (5). Later, cooperativity was found as a key emergent
property in protein folding (6), transcriptional control (7, 8) and replication of
many eukaryotic viruses (9, 10). The self-interacting properties of Dps protein
have also been reported previously (11, 12) and binding mechanism of Dps to
DNA was characterized as cooperative (13, 14). However, despite of this
curious fact and the ability of Dps to protect DNA, no efforts have been done in
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order to probe these mechanisms further and expand it neither
experimentally nor theoretically.

In this chapter, we describe a cooperative process of DNA compaction by Dps
that was probed by fluorescent microscopy and magnetic-tweezers (see
Chapter 2). In section 3.2, real-time in vitro records demonstrate a highly
cooperative nature of Dps binding to DNA characterized by an abrupt collapse
of the DNA extension, even under applied tension. Surprisingly, following Dps-
mediated DNA compaction and subsequent decompaction, we discovered that
the Dps-DNA complex exhibits reproducible hysteresis (i.e. memorization)
between these two processes. In section 3.3, we provide a detailed view of
Dps binding transitions and show that the observed hysteresis is extremely
stable over timescales ranging from seconds to hours. Unfortunately, the
presence of cooperative hysteresis makes it very difficult to fit the system to
the standard models of cooperativity (discussed in section 3.4). Instead, in
section 3.5, we theoretically develop a simple way to explain and fit an
observed hysteresis by modifying an Ising model from ferromagnetism
specifically for our Dps-DNA system. Concluding remarks are represented in
section 3.6.

3.2 Dps induces DNA compaction via cooperative
binding

3.2.1 Bulk experimental data of Dps binding to DNA

The transition into a compact Dps-DNA state has been reported to be
cooperative (14) based on bulk gel shift assays, where Dps forms a massive
complex with DNA and shows few intermediate sized complexes (15). In our
gel shift assay different amounts of Dps monomers were incubated with 40
pM of 20.6 kbp DNA in the reaction buffer (50 mM NaCl, 50 mM Hepes-KOH
pH 7.3). Directly after incubation, Dps-DNA complexes were loaded and ran on
an agarose gel (Fig.1A). Through comparison to a reference DNA sample
incubated without Dps, the bound DNA fraction was determined, calibrated
from 0 to 100% and fit with a Hill equation (16) (Fig.1B). The effective
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3.2 Dps induces DNA compaction via cooperative binding

dissociation constant K, = 0.63+0.17 uM and cooperativity coefficient Ny =
2.20%0.53 (N=2, mean, SD) were determined.
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Fig.1. Dps-DNA gel shift assay fit to Hill equation. (4) The amounts of bound DNA monitored
by the fluorescence at the position on the agarose gel corresponding to non-bound DNA (lines)
and bound DNA (wells). (B) The amounts of bound DNA (yellow circles) fit with a Hill equation
(green line).

3.2.2 Tracking Dps binding to DNA under fluorescent
microscope

Applying a single-molecule fluorescent microscopy (see chapter 2) we were
able to observe in real time Dps binding to DNA and subsequent transition
from long, flexible DNA molecule into compact Dps-DNA complex without

applied tension (Fig.2).

Fig.2. Cartoon of the fluorescent assay showing an immobilized on a glass slide 20.6 kbp DNA
molecule (blue) and diffusing Dps dodecamers (gren circles). After binding of Dps to DNA a
compact Dps-DNA structure forms.
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Chapter 3: Cooperativity and hysteresis combined in Ising model

To induce DNA compaction, a reaction buffer with 0.2 pM Dps labeled with
Cy5 was added into the flow cell. We followed the binding of Dps proteins
onto DNA molecules over tens of minutes using fluorescent microscopy. We
deliberately chose low Dps concentrations, as determined by a bulk gel shift
assay (Fig.1), to slow down the arrival of Dps and resolve the process of DNA
compaction in real time. A sequence of frames for one such DNA molecule is
shown in Fig.3. Initially, the DNA molecule moved freely around the
attachment point (0-720 s). The binding of Dps to the DNA (frames 900-1620
s) resulted in a rapid co-localization of these two molecules into a smaller,
immobile Dps-DNA complex.

180s 360 s 540 s 720 s

900 s 1080 s 1260 s 1440 s 1620 s

Fig.3. DNA compaction by Dps observed with fluorescence in real time. Fluorescent images
show a single DNA molecule (green) in the presence of 0.2 pM Dps undergoing thermal
fluctuations in position (0-720 s). When Dps (red) binds to the DNA, these molecules co-localize
into an immobile Dps-DNA complex (900-1620 s).

To further analyze the transition of the DNA into an immobile state, we
measured the fluctuations of the DNA between frames and the maximum
fluorescence intensity of the Dps in individual complexes (Fig.4A,B). We
attribute the uniform increase in Dps brightness and abrupt decrease in DNA
fluctuations to the binding of labeled Dps and compaction of the DNA. For
each DNA molecule, a variable delay of 200 + 230 s (mean * SD) was
observed prior to the collapse (Fig.4A). In order to visualize the compaction
at high time resolution, we aligned the traces at the time point of collapse
(Fig.4C). An averaged trace for all observed molecules after alignment shows
that the majority of Dps molecules bound in a 6 s window, with DNA
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3.2 Dps induces DNA compaction via cooperative binding

compaction occurring nearly simultaneously (Fig.4D). This sharp transition
suggests a highly cooperative binding mechanism and a tight coupling
between Dps binding and the compaction of DNA.
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Fig.4. DNA compaction by Dps observed with fluorescence in real time. (4) Fourteen
normalized traces show the abrupt decrease in DNA positional fluctuations (green) and the sharp
increase in the maximum fluorescent intensity of Dps (red) that define DNA compaction.
Compaction occurred rapidly after a variable wait time of 200 + 230 s (mean #* SD). (B) Three
normalized example traces (1,3,7 from A) show the abrupt decrease in DNA positional
fluctuations between frames (green) and the sharp increase in the maximum fluorescence
intensity of Dps (red) that define DNA compaction. (€) Three normalized example traces (1,3,7
from A) time-shifted so that collapse in DNA positional fluctuations (green) and increase in Dps
maximum fluorescence intensities (red) occurred at t=0 (trace 1,3,7 from Fig.A). (D) Individual
records (N=14), time-shifted so that collapse occurred at t=0, were averaged. The majority of Dps
(red) bound and compacted the DNA (green) in less than 6 s. All measurements are done in the
reaction buffer: 50 mM NaCl, 50 mM Hepes-KOH pH 7.3.

Taking into account the labelling efficiency of Dps, the concentrations used,
and the penetration depth of the evanescent wave we calculated the
fluorescent intensity per Dps dodecamer in the flow cell. Based on this
calculation we estimated that 4 + 1.6 (mean * SD) Dps dodecamers are bound
per 1 kbp of DNA. These data, combined with our bulk gel shift assays (Fig.1),
demonstrate that Dps indeed binds DNA in a very cooperative manner.
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Chapter 3: Cooperativity and hysteresis combined in Ising model

3.3 Reversible DNA compaction by Dps reveals
hysteresis

3.3.1 Past concentrations of Dps influences DNA
compaction

Once Dps has assembled on DNA, we were interested in observing the
dissociation of the Dps-DNA complex as well. Therefore, we analyzed five
consecutive records of DNA molecules in the absence and presence of Dps
under different ionic conditions. We first measured the average fluctuations of
DNA molecules in the absence of Dps (Fig.5A, DNA only). Addition of 0.75 uM
Dps in the reaction buffer resulted in a compaction of the DNA molecules (i.e.
decreased fluctuations) and an abrupt increase of the peak Dps fluorescence
(Fig.5A, Flush in Dps). Upon flushing out Dps with 5 volumes of reaction
buffer, we observed that the Dps intensity decreased but the Dps-DNA
complexes remained a static structure (Fig.5A, Flush out Dps). Addition of 3
mM MgCl: to the buffer weakened the affinity of Dps for DNA. This caused a
sharp drop in Dps fluorescence intensity and a marked increase in DNA
fluctuations, indicating the release of Dps from the DNA (Fig.5A, Flush in
MgClz). Subsequent removal of the MgClz by flushing in 5 additional volumes
of the reaction buffer demonstrated that the DNA remained flexible (Fig.54,
Flush out MgClz). Dps could also be released by raising the pH to 8.1 (Fig.5B).
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Fig.5. DNA compaction by Dps observed with fluorescence in real time. (4) Average DNA
fluctuations (green) and Dps intensity (red) of a set of molecules (N=53) were recorded under five
successive buffer conditions: DNA in reaction buffer without Dps (0-120 s); addition of 0.75 uM
Dps (120-240 s); flushing with reaction buffer to remove Dps (240-360 s); addition of 3mM MgCl.
(360-480 s); flushing with reaction buffer to remove MgCl. (480-600 s). (B) Average DNA
fluctuations (green) and Dps intensity (red) of a set of molecules (N=23) were recorded under
three successive buffer conditions: DNA in reaction buffer (pH 7.3) without Dps (0-60 s); addition
of 0.45 puM Dps (60-660 s); flushing with reaction buffer at pH 8.1 to remove Dps (660-1000 s). All
measurements are done in the reaction buffer: 50 mM NaCl, 50 mM Hepes-KOH pH 7.3.

In these experiments, preformed Dps-DNA complexes remain stable even
after we lowered the Dps concentration to below 0.075 pM by flushing the
flow cell with buffer (this estimation was made based on the reduction in the
fluorescent background). In contrast, initially bare DNA did not collapse even
after the addition of up to 0.1 uM Dps. These experiments establish that DNA
compaction by Dps is history-dependent rather than being a simple function
of the current Dps concentration. In order to probe this hysteresis in more
detail, we decided to use tension to perturb Dps-DNA assemblies.

3.3.2 Tracking Dps binding to DNA under tension

We developed a magnetic tweezer assay (17-19) that allowed us to modulate
the force applied to individual DNA molecules in the presence of Dps (see
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chapter 2). By applying a slowly decreasing force (from 15 to 0.01 pN over
>40 min) followed by a slowly increasing force (from 0.01 to 15 pN over >40
min) we probed for hysteresis between the assembly and disassembly of Dps-
DNA complexes.

First, we consider the force-extension curves when the force is gradually
decreased. For DNA molecules without Dps in the solution (black solid line,
Fig.6A), the measured extension at a given force can be approximated by the
worm-like chain (WLC) model (grey solid line, Fig.6A) (20). In contrast, for
DNA molecules in the presence of 8 uM Dps, a sharp compaction of the DNA is
observed. Three example DNA traces (blue, orange and green solid lines,
Fig.6A) show an abrupt collapse that occurs at a critical force F; = 1.5 pN.
This result demonstrates that the Dps molecules can perform work on the
magnetic bead to compact DNA.

Next, we consider the force-extension curves when the force is gradually
increased. Without Dps present, the DNA extension (black dashed line,
Fig.6A) again follows the WLC model (grey solid line, Fig.6A), as expected.
However, in the presence of Dps the DNA extension follows a new pattern. The
DNA molecules remain highly compacted until they reach a second critical
force F, =~ 6 pN. At this force, the Dps-DNA complex breaks, and the DNA
returns to the extension predicted by the WLC model (blue, orange and
green dashed lines, Fig.6A). We define F: and F: as the forces that
correspond to a DNA extension of half the contour length (~3.5 pm) (Fig.6A).

Plotting the average of multiple force-extension curves (N=11), we observe
that the DNA extension is roughly homogeneous among the different
molecules with a reproducible hysteresis (Fig.6B). The variation of F; and F,
between molecules ranged from 10-25% in different conditions. We attribute
this variation to experimental uncertainty, since the actual force applied to
beads across the field of view can vary by as much as 24% (21).

To illustrate this behavior further, we replot the decreasing force-extension
data from Fig.6A near the critical force F;as a function of time (Fig.6C). We
observe that around F; the DNA extension decreased monotonically until it
reached a fully compact state. We also replot the increasing force-extension
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3.3 Reversible DNA compaction by Dps reveals hysteresis

data near the second critical force F, (Fig.6D). The DNA extension exhibits an
almost monotonic increase in extension until it is fully extended, indicating
that DNA compaction is reversible. This result demonstrates that outside of
the critical force region, the DNA extension converges to a single equilibrium
fairly rapidly, with hundreds of Dps dodecamers binding or releasing over the
course of 200-300 s. We also note that on short timescales (~1 s) the DNA
extension can exhibit small (<50 nm) reversible fluctuations (Fig.6C inset
and 6D inset).
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Fig.6. DNA force-extension cycles show hysteresis. (4) Force-extension curves for a DNA
tether without Dps (black) and for three DNA tethers in the presence of 8 uM Dps (blue, orange,
green). The force-extension relationship of bare DNA is compared to the worm-like chain model
(grey) (20). Solid lines correspond to decreasing force and dashed lines to increasing force. (B)
Average DNA extension (N=11, mean, SEM) in the absence (black) and presence (red) of 8 uM Dps.
Solid lines correspond to decreasing force and dashed lines to increasing force. Hysteresis is
demonstrated by the 5 pN gap between critical forces F; and F,. (C) Extension of a single DNA
molecule (blue) plotted as a function of time as the force is decreased near the critical force F;.
Reversible fluctuations in the extension were limited to less than 100 nm (inset). The WLC
extension (grey) is also plotted at each force. (D) Extension of the same DNA molecule plotted
while the force is increased near the critical force F,. The WLC extension (grey) is also plotted at
each force. All measurements are done in the reaction buffer: 50 mM NaCl, 50 mM Hepes-KOH pH
7.3.
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3.3.3 Hysteresis remains extremely stable over hour-
long timescales

Interestingly, in every recorded force-extension cycle in the presence of Dps
we observe a distinct hysteresis in the DNA extension, with F, > F;. In
principle, this hysteresis could be a function of the pulling rate, as has been
observed for RNA hairpins and other two-state systems near equilibrium (22,
23). However, additional experiments demonstrate that the observed
hysteresis in our system is nearly independent of the pulling rate. First, we
repeated the measurement with both a four-fold increase and a two-fold
decrease in the pulling rate and observed essentially no change in the amount
of hysteresis defined by F;, and F, (Fig.7A). Second, we performed
experiments where we shifted from a high force (Fp;4, > F,) directly to an
intermediate force (F; < Fj,; < F,) and did not observe collapse of the DNA
extension over the course of 30 min. Similarly, when we shifted from a low
force (Fiow < F;) directly to the same intermediate force, the DNA remained
stably collapsed for 30 min (Fig.7B). Therefore, we conclude that under
identical conditions the Dps-DNA complex can be trapped in one of two stable
conformations, even on time scales exceeding the doubling time of bacteria.
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Fig.7. Hysteresis in Dps-DNA complexes is stable over many timescales. (4) Repeated force-
extension cycles with 2uM Dps present in the reaction buffer were performed at the standard
pulling rate (95 min, red) as well as a 4x increase (24 min, green) or 2x decrease (190 min, blue) in
the pulling rate. Force-extension curves are compared to the force-extension curve without Dps
(black). Each curve is generated from the mean of 10 to 20 molecules and the bars correspond to
standard errors in the mean. (B) A time-trace of DNA extension was measured with 8 uM Dps
(red) present in the reaction buffer. First, the force (dashed blue) was raised above the critical
range (Fp;g, > F,), then brought to an intermediate force (F; < Fy,, < F,) for 30 minutes Second,
the force was lowered below the critical range (F),,, < F;), then brought back to an intermediate
force (F; < Fy < F,) for 30 minutes. All measurements are done in the reaction buffer: 50 mM
NacCl, 50 mM Hepes-KOH pH 7.3.
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3.3.4 Artificial point mutation changes Dps
cooperativity

Previously, it has been proposed that interactions between Dps and DNA is at
major role attributed to the N-terminal lysine residues (24). Therefore, in the
Dps-DNA complex, DNA is assumed to be threaded to interact with the lysine
residues (15). In accordance with this hypothesis, based on agarose gel
mobility assays (14), those members of the Dps family that do not possess a
positively charged N-terminus do not appear to bind DNA.

In this section using magnetic tweezers assay we tested the binding affinity
for DNA of Dps mutant K5A with replaced lysine residue in the disordered N-
terminal tail (kindly provided by Dr. Anne Meyer). The K5A Dps mutant
almost could not bind to DNA under the tension even at concertation twice
higher than the wild type Dps (Fig.8). However, it still showed a small
hysteresis loop, indicating presence of very weak Dps-Dps and Dps-DNA
interactions. It is intriguing in this connection that an artificial point mutation
changes Dps from cooperative to non-cooperative and non-binding protein.
Therefore, cooperativity in a multisubunit Dps protein depends on a delicate
balance between many forces and configurations. It seems likely that a small
change in amino acid mutation can change the cooperative and binding
properties of the whole enzyme. Then, it becomes apparent how difficult it is
for evolution to obtain the appropriate cooperativity.

~
T

o
T

)
T

-
T

DNA extension (um)

o
e
o
-
-
o

Force (pN)

Fig.8. Point mutation in the N-terminal Dps tail changes affinity for DNA binding. Force-
extension curves for DNA without Dps (black), in the presence of 8 uM Dps (red) and in the
presence of 16 uM K5A Dps mutant (green). Solid lines correspond to decreasing force and dashed
lines to increasing force. All measurements are done in the reaction buffer: 50 mM NaCl, 50 mM
Hepes-KOH pH 7.3.
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3.4 Standard cooperativity models

We considered several possible models to explain the history-dependent
mechanism of complex formation between a long, flexible polymer and a large
number of self-interacting proteins. Cooperative binding is frequently
modeled with the Hill equation (16). The resulting binding curve shows a
characteristic sigmoidal shape that transitions sharply from low to high
occupancy compared to a non-cooperative binding curve. The Hill equation
has been used to characterize Dps binding previously (14), and it reasonably
fits our own bulk experimental data (Fig.1). However, the Hill model assumes
that the system can equilibrate to find the global minimum in free energy,
which precludes hysteresis. Other standard models of cooperativity, such as
the Koshland-Némethy-Filmer (KNF) (25), Monod-Wyman-Changeux (MWC)
(26), and Conformational Spread (CS) (27) models, can potentially be used to
model hysteresis, although almost all of the current literature focuses on their
predictions at equilibrium. To better understand how a system can be trapped
in non-equilibrium states, we turned to the Ising model of ferromagnetism.

3.5 A modified Ising model of cooperativity predicts
hysteresis

3.5.1 Ising model from ferromagnetism

The Ising model was first developed to describe interactions between
magnetic dipoles that are arranged in an array and placed in an external
magnetic field, giving rise to ferromagnetism (28). A ferromagnet is a lattice of
coupled dipoles that without an applied magnetic field are equally likely to
point up or down (Fig.9A). In the Ising model, a cooperative interaction
between adjacent dipoles lowers each of their energies when both dipoles
have the same sign (29). Consequently, neighboring dipoles tend to align with
each another (Fig.9B). The magnetic properties of the array of dipoles depend
on the magnitude of the coupling energy. Below the critical value, the array is
paramagnetic (i.e. magnetized only when an external field is applied). Close to
the critical point, the propagation of nearest-neighbor interactions causes one
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dipole to influence other dipoles over a wide range. Then, a weak external
field gives rise to a strong magnetization. Above a critical value, a high
proportion of the dipoles all point in the same direction, and the array is
ferromagnetic (i.e. magnetized without an external field is applied). Therefore,
in an idealized ferromagnetic system, a strong magnetic field can lock the
dipoles predominantly in a single orientation, creating a stable magnetization
that persists when the magnetic field is reduced.

Inspired by the Ising model of ferromagnetism, we make an analogy to our
observations that Dps can lock DNA in a stable complex that persists when the
concentration of Dps is reduced or the tension is increased. Below we describe
hysteresis in Dps-DNA system as a consequence of cooperative binding in the
limit of large complexes. Further, we provide a method to relate the amount of
hysteresis to the strength of the neighboring interactions between bound
proteins and DNA.
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Fig.9. Representation of the Ising model of a ferromagnet. (4) Without magnetic field an
isolated magnetic dipole is equally likely to point up (blue) or down (red). (B) When magnetic
field is applied, the dipole tends to point in the direction of the field in order to have a lower
energy.
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3.5.2 Derivation of the binding probability of non-
cooperative ligands

To apply the Ising model to Dps-DNA interactions we posit that a DNA strand
contains N Dps binding sites that can exist in an empty or occupied state.
Further, we assume that Dps binding and DNA compaction at the binding site
are tightly coupled, so that the number of occupied binding sites is
proportional to the DNA extension. The protein at concentration [A] in
solution quickly adopts a thermodynamic equilibrium with the binding sites.
The free energy of an unoccupied site is set as zero. First, we derive a standard
equation for the probability of a binding site being occupied in order to
simplify comparisons between the models. Second, we extend this derivation
to understand the effects of the Hill model (16) and Ising model (28)

The probability of binding on DNA is a function of the protein concentration
[A]. This enters into the expression for the chemical potential of the system
U = g +kgTIn([A]/cy), where u, is the potential at a standard concentration
Co, kp is Boltzmann'’s constant, and T is the absolute temperature. The binding
of one Dps protein reduces the free energy of the system by AG = (e — p),
where € accounts for interactions between the protein and DNA. The
probabilities of a given site having a bound protein depends on the free
energy difference between the two states:

e~AG/kpT e—(e-w)/kpT 1
= 3o B0/kET = Tye-(e-m/ksT = TyoCe-m/isT - |

1]

The dissociation constant K}, (the protein concentration at which the binding
probability is 0.5) can be defined by the concentration where (¢ — u)=0:

Kp = coe(€H)/kBT  [2]
The non-cooperative probability of occupying a binding site on a DNA

molecule is then given by the familiar equation:

1
Pne =7y [3]
Al
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The binding curve for non-cooperative protein binding to DNA has a
hyperbolic shape (Fig.10).
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Fig.10. The binding probability of non-cooperative ligands. The probability of occupying a
binding site on DNA as a function of the effective Dps concentration in the case of no cooperativity

(grey) (eq.[3]).

3.5.3 Derivation of the binding probability using the
Hill model

The binding curve of a cooperative protein has a sigmoidal shape (Fig.11).
This curve can be obtained if we assume that groups of Ny binding sites can
only alternate between a completely occupied or completely unoccupied state.
The probability of Ny binding sites being occupied is then given by the
equation:

e—NHAG/KRT 1

Py = =
1+e—NHAg/kBT Kp
1+(W)

v 4]

where Ny is the Hill coefficient.
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Fig.11. The binding probability using the Hill model. The probability of occupying a binding
site on DNA as a function of the effective Dps concentration in the case of Hill cooperativity (Ny =

8, green) (eq.[4]).

3.5.4 Derivation of the binding probability using the
Ising model

The Ising model considers the contribution of an additional energy term - the
interaction energy between nearest neighbor proteins - in the overall binding
probability (Fig.12). We model these interactions by adding the cooperativity

parameter [ = ky—T, where y is the energy constant that characterizes sum of
B

the neighboring interactions between Dps proteins in the completely compact
state. The free energy difference between the occupied and unoccupied states
for a given binding site depends on how many neighboring sites are already
occupied by Dps. When no neighboring sites are occupied by Dps, the free
energy difference is identical to the non-cooperative case, or AG/kgT =

In (%). If all the neighboring sites are occupied then the free energy

difference shifts to become AG/kgT = In (%) —[. When an intermediate

number of neighboring sites are occupied, the free energy difference adopts a
value intermediate between these two limits.
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Fig.12. Dps dodecamer interacting with neighboring Dps and DNA. A cartoon representation
of the possible interactions between a Dps dodecamer (dark purple), and neighboring Dps (light
purple), and DNA.

In principle, we could enumerate all the possible intermediate binding
configurations to calculate the binding probability. However, this would
require us to make numerous assumptions about what intermediate states
can exist and what energy to assign each of these states. Instead of this
approach, we choose to make the model more general and more
computationally tractable by using the mean field approximation (30). In the
mean-field approximation, we assume the shift in energy is proportional to
the probability that the neighboring sites are occupied so that AG/kgT =

In (%) — P - I. The probability of Dps occupying a given binding site on the
DNA would then be given by equation (Fig.13, red):
e—0G/kgT 1
Pising = 1te-BG/kET — 1+%9_P, . [5]

Note that the Hill model predicts that the higher the cooperativity (i.e. as Ny
increases), the more steeply P([A]) increases near the concentration [A] =
Kp. As Ny approaches oo (i.e. as cooperativity is maximized) the curve has a
vertical slope near [A] = Kp. In the Ising model, the concentration where half
the binding sites are occupied occurs not at Kj, but at [A] = Kpe™/? = Kepr. In

contrast to the Hill model, the slope of the curve can be positive, infinite, or
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negative depending on the strength of the parameter I. When the slope is
negative, the system exhibits hysteresis.
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o
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Fig.13. An Ising model describes hysteresis in DNA compaction by Dps. The probability of
occupying a binding site on DNA as a function of the effective Dps concentration in the case of: no
cooperativity (grey) (eq.[3]), Hill cooperativity (Ny = 8, green) (eq.[4]) and Ising cooperativity
(1 = 8, red) (eq.[5]).

In a non-cooperative binding curve (I = 0), only one local equilibrium exists
and P smoothly increases as a function of Dps concentration (Fig.13, grey). In
a cooperative binding curve where the system can globally equilibrate, we
expect P to increase sharply as a function of concentration (Fig.13, green).
However, our Ising model predicts that there is a region where three solutions
for P exist for a given Dps concentration (Fig.13, red). In this region, the high
and low solutions represent stable local equilibria of the system. The
intermediate solution is an unstable equilibrium that corresponds to the
energetic barrier between the stable solutions. Therefore, our model predicts
that Dps-DNA complexes can exist in either a highly compact or extended
conformation depending on the path used to bring the concentration into the
critical region.

3.5.5 The effects of DNA tension in each binding model

Next, we consider the effects of a changing tension applied to the Dps-DNA
complex. When DNA is under tension we must include another parameter
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when calculating the binding probability: the applied force F. To model the
effects of force, we set the size of each binding site to 60 base pairs of DNA
based on titration measurements of Dps dodecamers (15). Compaction of
these 60 base pairs by Dps decreases the DNA extension by a distance §(F)
that is dependent on the force applied to the DNA molecule. At a given force F,
this translates to a reduction in the DNA extension of §(F) which we calculate
using the worm-like chain model (WLC) (20):

X(F) = XWLC(F)(l - P(F)) ., [6]
where Xy, is the DNA extension predicted by the WLC, X (F) is the reduced

DNA extension.

8(F)
kBT'

Dps shifts by an additional amount AG/kgzT = In (ET’;) — P+ I+ FD. Then, the

If now we define the constant D = the free energy change upon binding

probability of occupying a binding site is a function of the protein
concentration and applied force. For each model, the probabilities become
(Fig.14):

1

Pye = w575, [7]
1+ﬁe”’

, (8]

Phiy =

Kp\NH
1+([A[])) ef®
P([ALF) = KDl =K - . [9]
L4 fefP=PI 1+[ET/;feFD—(P—0A5)I

Here, K rr = Kpe~'/? is the Dps concentration associated with 50% occupancy
of the binding sites at zero force. The dimensionless parameter I is analogous
to the Hill coefficient and serves a measure of cooperativity, while K
describes how tightly Dps binds bare DNA. Summarizing, all of these
parameters give rise to a transcendental equation for the probability P of a
given DNA binding site being occupied by a Dps dodecamer [eq.9] that defines
our model.
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Fig.14. Force-extension curves measure cooperativity and hysteresis. Force-extension
predictions for Dps binding on DNA with different cooperative models: no binding (black), non-
cooperative (grey) (eq.[6], [7]), Hill (green) (eq.[6],[8]) and Ising (red) (eq.[6], [9]). Sharp
transitions can occur at critical forces F; (compaction) and F,(decompaction).

Similar to the case without tension, our model predicts the existence of two
highly stable local equilibria and one unstable equilibrium within a critical
range of forces between F;and F,. The path used to bring the DNA into the
critical force range determines which equilibrium is adopted. Above F, the
DNA has an extended conformation. As the force is decreased below F,, the
DNA remains trapped at the extended local equilibrium. However, below F; no
extended equilibrium exists. Therefore, when the force is then dropped below
F, the Dps-DNA complex rapidly transitions to a compact conformation.
Similarly, a compact DNA molecule suddenly transitions to an extended
conformation only when the force is increased above F,. In terms of the global
free energy calculations, critical forces F; and F, correspond to the forces
where the energetic barrier between the stable equilibria vanishes.

3.5.6 Derivation of inflection points for Ising model

From eq.[9] we cannot write the probability P explicitly in terms of the force
F. However, at each critical force F; and F,, a Dps dodecamer that binds DNA
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performs a fixed amount of work W = F - §(F) that we can write as an explicit
function of P:

w —
&eme_lal = Q
[4] P
w —
eksT = Qemﬂ
P K,
W o_ pr_ _ Al
or=Pl—In(P) +In(1 ~P) +1In (KD) .

If P(W) contains inflection points (Fig.14), slope of W (P) must go to zero at
these points. Setting the slope of W (P) to zero and solving for the inflection
probabilities Py, ¢ gives:

Solving quadratic equation:

4
1__
Pig =3+ o [10]

2

The derivation for P,; shows that the total energetic contribution of the

nearest neighbor interactions around one Dps dodecamer must be greater
than I = 4 in order to observe hysteresis. Below this value there are no real
solutions for the inflection points.

Next, using the formula for W (P) we can relate Py, to the two corresponding
critical forces F; and F, (Fig.14):
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F,D=|2 @ I—In iﬁ +1n(ﬂ).
1-[1-7

Kp
We define Wy as the difference in work performed by Dps at the two critical

N

forces F; and F, and show that it is a function of the parameter I:

4
' 1+ [1-
WdlffZFZD_FIDZIh—f—Zln 2. [11]
kpT I 1-f1-3

We see that Wy;sr depends only on the nearest neighbor interactions / and not

on Kp. Therefore, Wy;¢f can be used to quantify the strength of the hysteresis.

Further, we expect that changes in Dps concentration should not affect work
difference.

We can also define W,,,,, the average of the work performed by Dps at the two
critical forces F; and F,, and show that it is given by:

Bove - B2BD Ly m(BW) = (—[A] ) . [s12]

kpT 2 2 Kp Kerr
We see that W,,, depends on the nearest neighbor interactions I, Dps-DNA
interactions Kj, and the Dps concentration [A]. A change in Dps concentration
is predicted to cause a logarithmic increase in the average work.

3.6 Conclusions

We performed real-time in vitro measurements to study the biophysical
properties of Dps-DNA complex formation at the single-molecule level. We
find that a rate-limiting nucleation event stimulates the rapid incorporation of
multiple Dps dodecamers on DNA, resulting in extensive compaction (Fig.4).
Moreover, the degree of DNA compaction by Dps is influenced by past
concentrations of Dps (Fig.5), i.e. the system exhibits hysteresis. By changing
the tension applied to Dps-DNA complexes, we show that hysteresis is also
observed in force-extension curves and can be characterized by the critical
forces F1 and F2, which define the onset of DNA compaction and decompaction,
respectively (Fig.6). This hysteresis is nearly independent of the pulling rates
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(Fig.7A). Instead, we find that within the range of forces between F; and F2
the DNA is trapped in one of the two stable local equilibria, i.e. compact or
extended (Fig.7B). These data, combined with bulk gel shift assays (Fig.1),
demonstrate that Dps binds DNA cooperatively. Further, we successfully
applied a modified Ising model to explain observed phenomenon of hysteresis
in the complex Dps-DNA system.

We find that long-lived hysteresis arises naturally as a consequence of strong
protein cooperativity in the limit of large complexes. This feature provides a
useful mechanism for cells to adopt unique epigenetic states and is likely to be
observed in other systems as well. For example, other proteins that condense
DNA could exhibit similar dynamics, providing a new mechanism for
epigenetic regulation. Alternately, replication of some eukaryotic viruses
requires many copies of self-interacting proteins to assemble into large viral
factories (9). Cooperative hysteresis could provide a useful gating mechanism
to prevent premature assembly of these replication factories. More generally,
any large protein complex could exhibit hysteresis in assembly, especially
when a 2D or 3D lattice can be identified. This provides a framework for
modeling other biological systems involving large assemblies of
macromolecules.
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4.1 Introduction

4.1 Introduction

” nzymes are biologically active proteins that speed up (catalyze)
biochemical reactions in the cells. The properties of enzymes have
AA.., intensively studied for almost a century, starting with the
demonstration of alcoholic fermentation as a chemical process (1). The overall
regulation of cellular metabolism can also be understood from a chemical
point of view. By studying the kinetic behavior of individual enzymes, we can
gain insights into an enzyme’s mechanism of action and its significance in the
overall metabolic pattern. Further, these knowledges can be used in
performing research, clinical diagnosis, food analysis and also serve as a
prerequisite for the design of inhibitors (drugs) directed against a certain
enzyme. Therefore, establishing enzyme Kkinetics is a first step towards our
understanding of the chemistry of life.

In addition to enzymes, kinetic equations can be useful for studying the
binding of macromolecules like proteins and DNA. Recent progress in
experimental techniques, particularly at single-molecule level, makes it
possible to collect information about the binding rates of proteins and their
local dynamical activities. Here, fluorescent microscopy and magnetic-
tweezers techniques that can provide these data become irreplaceable. Using
these techniques, it is possible to measure microscopic forces of interactions
between the molecules, characterize the kinetics of biomolecular association
and detect structural intermediates. These experiments provide additional
information about equilibrium and non-equilibrium thermodynamics and
kinetics of biomolecular processes.

Little is understood about the intrinsic kinetic properties of Dps binding to
DNA, since only static structures of Dps-DNA complexes have been
documented and previous studies have focused on the equilibrium behavior
(2, 3). However, characterization of Dps kinetics will shed a light on the role
that this protein occupies in the metabolic processes of bacteria.

In the previous chapter we defined a key activity of Dps: its ability to bind to
DNA, to self-interact (i.e. cooperativity) and to induce conformational changes
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to the DNA. We established the phenomenon of hysteresis in the process of
DNA compaction by Dps and derived a model to fit experimental data by
modifying an Ising model. In this chapter we examine these processes from a
kinetics perspective by following DNA compaction dynamics and tuning
various factors that affect Dps activity.

Utilizing fluorescent assays, in section 4.2, we compare how different
amounts of monovalent salt change the affinity of Dps for DNA. We find
elevated ionic strengths greatly slow the arrival of Dps dodecamers to the
DNA. Applying magnetic tweezers in section 4.3, we then measure the
mechanical forces that characterize the interactions between Dps and DNA
and test how tension applied to the DNA molecule modulates binding and
dissociation rates of Dps. In order to understand phenomenon of hysteresis in
the process of DNA compaction by Dps and why our model gives rise to it, in
section 4.4 we discuss hysteresis in a scope of kinetics by plotting global free
energy diagram. Since hysteresis might also rise from several other models of
cooperativity we show why our model is the most convenient for a Dps-DNA
system by comparing energy diagrams for these models in section 4.5.
Concluding remarks are represented in section 4.6.

4.2 Salt modulates cooperativity of Dps

Using our single-molecule fluorescence assay (chapter 2) we were able to
observe Dps binding to DNA at two salt concentrations and the resultant
transition from a long, flexible DNA molecule into a compact Dps-DNA
complex. To induce DNA compaction, a reaction buffer with various
concentrations of monovalent salt and labeled Dps was added into the flow
cell. Initially, the DNA molecule moved freely around the attachment point.
The binding of Dps to the DNA resulted in a co-localization of these two
molecules and a smaller, immobile Dps-DNA complex. We measured the
transition of the DNA into an immobile state by recording the fluctuations of
the mean DNA position between frames and we measured the arrival of Dps
by recording the maximum fluorescence intensity of the Dps signal in
individual complexes. We note that active compaction was only observed in a
very narrow range of Dps concentrations for each buffer condition. Lower
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concentrations produced no observable compaction events and higher
concentrations resulted in complete compaction during the buffer exchange.

Below we focus on the DNA compaction process recorded in high salt reaction
buffer (1.5 uM Dps, 70 mM NacCl, 50 mM Hepes-KOH pH 7.3). For each DNA
molecule, a variable delay of 192 + 169 s (mean * SD) was observed prior to a
rapid collapse collapse (Fig.1A). In order to visualize the compaction at high
time resolution, we aligned the traces at the time point of collapse (Fig.1B).
An averaged trace for all observed DNA molecules shows that the majority of
Dps bound in a ~20 s window, with DNA compaction occurring concurrently
(Fig.1C). We attribute the sharp increase in Dps intensity and the abrupt
decrease in DNA fluctuations to the cooperative nature of Dps binding. Once
the rapid binding phase was finished, little additional Dps bound to the
complex. We followed the maximum fluorescence intensity of the preformed
Dps-DNA complexes for 30 additional minutes and did not observe significant
changes (data not shown).

This concurrent transition to compacted DNA is much slower at 70 mM NacCl
in comparison with the transition observed at lower salt (0.2 uM Dps, 50 mM
NacCl). There Dps bound in a ~6 s window (Fig.1D). This is consistent with our
previous estimates that high salt weakens Dps-DNA interactions as well as
Dps-Dps interactions and lowers Dps cooperativity. Therefore, even with an
elevated Dps concentration, increased salt makes the Dps binding mechanism
slower. We also tried to measure Dps compaction at higher salt
concentrations (80 mM), but at this ionic strength we could not observe
compaction at the highest Dps concentrations we could test (2.5 uM).
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Fig.1. DNA compaction by Dps observed with fluorescence in real time. (4) Six normalized
traces show the decrease in DNA positional fluctuations (green) and the increase in the maximum
fluorescent intensity of Dps (red) that define DNA compaction. Compaction occurred rapidly after
a variable wait time of 192 + 169 s (mean * SD). (B) Six normalized example traces time-shifted
so that collapse in DNA positional fluctuations (green) and increase in Dps maximum fluorescence
intensities (red) occurred at t=0. (C) Individual records (N=6), time-shifted so that collapse
occurred at t=0, were averaged. The majority of Dps (red) bound and compacted the DNA (green)
in about 60 s. The measurements are done in the reaction buffer: 1.5 uM Dps, 70 mM NaCl, 50 mM
Hepes-KOH pH 7.3. (D) Individual records (N=14), time-shifted so that collapse occurred at t=0,
were averaged. The majority of Dps (red) bound and compacted the DNA (green) in less than 6 s.
The measurements are done in the reaction buffer: 0.2 pM Dps, 50 mM NacCl, 50 mM Hepes-KOH
pH 7.3.

Taking into account the labelling efficiency of Dps, the concentrations used,
and the penetration depth of the evanescent wave we calculated the
fluorescent intensity per Dps dodecamer in the flow cell. Based on this
calculation we estimated that at 1.5 pM Dps and 70mM NacCl, Dps dodecamers
bound at 14 + 7 (mean * SD) per 1 kbp of DNA. This estimate is 3.5-fold higher
than the one made at 0.2 uM Dps and 50 mM NaCl, where 4 + 1.6 (mean * SD)
Dps dodecamers are bound per 1 kbp of DNA. Therefore, at high salt more Dps
molecules are needed in order to compact the same amount of DNA. Because
Dps does not require a fixed stoichiometry to compact DNA, we conclude that
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Dps-DNA complexes can exhibit heterogeneity over different buffer
conditions.

4.3 Tension modulates the affinity of Dps for DNA

Previously, we established that tension offers a complimentary parameter to
Dps concentration that can be used to modulate the compaction of DNA. Here
we again turn to our magnetic tweezers assay (see chapter 2) in order to
resolve the dynamics of DPS compaction in detail. In order to determine the
critical forces associated with compaction and decompaction at 1 pM Dps, we
recorded time-traces of DNA extension as the force was gradually lowered
and then increased again (Fig.2). Having identified the critical forces F; and
F,, we then focused on Dps-DNA dynamics near these forces.
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Fig.2. DNA force-extension cycle defines critical forces. Force-extension curves for a DNA
without Dps (black) and for three DNA tethers in the presence of 1 uM Dps (blue, green and
yellow). Solid lines correspond to decreasing force and dashed lines to increasing force.

We developed a new force-jump assay to follow compaction and
decompaction. Using this assay, we have plotted time-traces for DNA
compaction mediated by 1 uM Dps (Fig.3A) in a widow of 2 min. Prior to
applying the force of interest we stretch the DNA molecule to its full length at
40 pN to remove bound Dps. Next, we lower the force to the values where we
expect to observe DNA compaction. We observe that around critical force F; =
1 pN the DNA extension undergoes a monotonic decrease until it reaches a
fully compact conformation. However, we can clearly detect that full DNA

65




Chapter 4: Kinetics of Dps binding to DNA

compaction by Dps occurs at different time point depending on applied force.
The speed of wrapping changes noticeably even with 0.2 pN differences in
tension. The lower the tension applied to the DNA molecule the faster Dps
compacts it.

We also plot time-traces for the DNA decompaction process mediated by 1 uM
Dps on the same traces (Fig.3B) in a widow of 2 min. Prior to applying the
force of interest we lower the tension to 0.01 pN to assure full DNA
compaction. Next, we increase the force to the values where we expect to
observe DNA decompaction. We show that around the critical force F, = 3 pN,
the DNA extension exhibits an almost monotonic increase until it is fully
stretched. Here, we can also clearly detect a dependency of the speed of Dps
dissociation on the applied force. The higher the tension applied to the DNA
molecule, the faster the Dps-DNA complex breaks apart.

These results demonstrate that outside of the critical force region, the DNA
extension converges to a single equilibrium fairly rapidly, but slowly enough
to observe the dynamics of the process. To completely condense the DNA
hundreds of Dps dodecamers must bind or release DNA over a timescale of
seconds to a few minutes. We also note that on short timescales (~1 s) the
DNA extension can exhibit small (<50 nm) reversible fluctuations, but the
overall processes are nearly monotonic.
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Fig.3. Force-jump experiments reveal dynamics of DNA compaction and decompaction. (4)
Three DNA tethers (blue, green and yellow) undergo compaction as a function of time. Extension
was recorded at constant tensions (dashed line) near the critical force F; (from left to right): 1.28
pN, 1.07 pN, 0.9 pN and 0.75 pN. Reversible fluctuations in the extension were limited to less than
100 nm. The WLC extension (grey) is also plotted at each force. (B) Three example DNA tethers
initially in a fully compacted state (blue, green and yellow) undergo decompaction as a function of
time. Extension was recorded at constant tensions (dashed line) near the critical force F,. The
WLC extension (grey) is also plotted at each force. All measurements are done in the reaction
buffer: 1 uM Dps, 50 mM NaCl, 50 mM Hepes-KOH pH 7.3.

Having identified a narrow range of forces where we are able to detect the
speed of DNA compaction and decompaction, we now examine how force
influences the velocity . Further, we characterize these processes by
calculating velocities for different Dps concentrations as a function of force

(Fig.4).
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Fig.4. Velocity of DNA compaction and decompaction. Velocities (mean N=15, SE) are
calculated as a function of force for different Dps concentations: 0.5 uM Dps (green circles), 1 pM
Dps (vellow circles) and 8 pM Dps (red circles). Velocity of decompaction are fit to eq.[1] (solid
lines).

The velocity of DNA compaction can be fit with truncated exponential

function:
V(F) = max(Voe ™™ — Vjyp0r, 0). [1]
Here, V, is the velocity of compaction without applied force, F is the applied
force, D = % is the normalized change in DNA extension, and Vs the
B

threshold. We assume that because the DNA starts in a fully compact or fully
extended state, any net negative velocity will be measured as zero. The
hysteresis of the Dps-DNA system creates a zero velocity plateau between the
critical forces at each Dps concentration.

By fitting DNA compaction velocities with eq.[1] we can extract an average
step size of wrapping characterized by § (F) for different Dps concentrations:
29.4 + 11.5 bp (0.5 uM Dps), 18.6 + 1.2 bp (1 uM Dps) and 9.5 = 0.5 bp (8 uM
Dps). By fitting DNA decompaction velocities with eq.[1] we can extract an
average step size of unwrapping characterized by &(F) for different Dps
concentrations: 4.4 + 11.8 bp (0.5 uM Dps), 2.0 £ 0.8 bp (1 uM Dps) and 3.2 +
0.4 bp (8 uM Dps). The weighted average of these distance parameters for
wrapping and unwrapping were calculated as 37.5 bp and 8.4 bp respectively.
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4.4 Kinetic interpretation of the hysteresis

4.4.1 Global free energy diagram for an Ising
mechanism

In this section we develop our model further (see chapter 3), using the new
information on the dynamics of the Dps-DNA system. Experimental results
described above show that kinetics of Dps-induced compaction vary
depending on ionic strength and tension applied to DNA. Ionic strength affects
cooperativity by changing the interaction between neighboring Dps
dodecamers and tension affects affinity of Dps for DNA. Moreover, we find that
tension affects Dps association and dissociation rates differently, suggesting
the transition state for individual Dps dodecamers lies close to the fully
wrapped state. lonic strength and tension also modulate two critical forces
F; and F, that establish the amount of hysteresis. Therefore, hysteresis is a
great part of Dps-DNA system’s kinetics. Here we show why our model gives
rise to the kinetic phenomenon of hysteresis and what role tension and ionic
strength plays in this system. Below we derive an equation for the change in
the global free energy of the system as a function of bound protein and the
cooperativity parameter.

In chapter 3 we derived a transcendental equation for the probability P of a
given DNA binding site being occupied by a Dps dodecamer that defines our

model:
1 1
P([A]l,F) = = . 2
([ ] ) 1+%eFD—P1 1+%9FD—(P—OAS)I 2]
Here, [A] is the concentration of Dps, F is the applied force, D = % is the
B

normalized change in extension, and K¢r = Kpe~'/? is the Dps concentration

associated with 50% occupancy of the binding sites at zero force. The
dimensionless parameter I is analogous to the Hill coefficient and serves a
measure of cooperativity, while K, describes how tightly Dps binds bare DNA.
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Therefore, our model contains only two free parameters, which are defined in
limiting cases:

1. the DNA is fully extended and the affinity of Dps for DNA is
characterized by a dissociation constant K},

2. the DNA is fully compacted, the sum of all the energetic interactions
between one dodecamer and its neighbors defines the cooperativity
parameter .

3. for intermediate conformations some binding sites are empty, so the
number of interactions between bound dodecamers will be lower
than in the fully compacted conformation.

Because the DNA can fold in many possible conformations, we cannot predict
the exact number of interactions stabilizing a specific bound dodecamer.
Instead, we use a mean-field approximation (4) to estimate that this number
scales with the mean probability of Dps occupying the other binding sites.
While the Ising model and the mean-field approximation have been applied to
study cooperative binding in other systems (5), our approach focuses
specifically on how these assumptions can give rise to hysteresis.

To understand why our model gives rise to hysteresis from the point of
kinetics, we examine a concentration where the binding sites are equally
likely to be occupied or empty ([A] = KeffeFD). When no cooperativity exists
(I = 0), the occupancies of the binding sites are independent of each other,
much like individual coin tosses. Then for a DNA molecule containing N-
binding sites, there are 2V possible binding configurations. We can group
these configurations based on the total number of occupied binding sites, n.
Here n can take any value from 0 to N. The number of configurations that
correspond to a given value of n is given by the binomial coefficient, (2’)
When writing the global free energy as a function of n, these configurations
translate to an entropic contribution to the free energy proportional to S(n) =
kg ln(z). The global free energy predicted by our Ising model then becomes:

gglobal (m)/kgT = G(n)/kgT —S(n)/kg. [3]
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Here G(n) is the sum of AG from 0 to n. If we set P = %, then we can

approximate G(n) as an integral:
G = [y AG)ydn.  [4]

For our Ising model, this becomes:

G(n)/kyT = fon <ln (éf]) (Z) -I+FD) dn

=n(nGg) +F0) - (55). 1

This leads to a formula for the global free energy:

Ggtonat M/ ksT =7 (In (22) + FD) =2 (35) = In(}). (6]

It is instructive to consider the case when G(0) = G(N), i.e. when the DNA is
equally likely to be completely empty of completely bound. This occurs at the
Dps concentration [A] = KeffeFD, giving us a global free energy that is purely
a function of n, N, and I:

Gatopar ) /ksT = (n="2) (2) =n(¥) = 2 = P () = In( ). [7]

This equation is plotted for N = 360 and I = 0,4, 8, and 12 in Fig.5. We have
added small peaks to the curve to represent the barriers related to the binding
and dissociation rates of individual Dps dodecamers, k,,, and k. In the limit

of zero cooperativity, the system reaches equilibrium at a rate of k., = ko, +

k,¢. From these curves, it is clear that the global free energy can become bi-
stable if the cooperativity is strong. If we substitute x =§— n and expand

around x = 0, we obtain:

Gumaiat = (454 (55) ) §) - (w'} )

NI 211\,1211N7z 2x?
~(8) v )t *n()__*n( )J’T
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= (&) =N em@ - () + 5 (1- () 18

Therefore, if we plot the global free energy as a function of the number of

bound dodecamers, it scales with the logarithm of the binomial distribution,
creating an entropic minimum at P = 0.5 (Fig.5; eq.[8]).

When I > 0, a quadratic term is added to the global free energy proportional
to %IP(l — P), penalizing states near P = 0.5. At the critical value of I = 4 the

solution at P = 0.5 switches from a stable equilibrium to an unstable
equilibrium. For values of I > 4 a global energetic barrier arises between the
majority bound/unbound states, and the Dps-DNA complex behaves
collectively as a two-state system.

~ 300
200
100

0
-100

-200

0 0.5 1.0
Fraction bound

Free energy (kB

Fig.5. Kinetic interpretation of the hysteresis for an Ising mechanism. Global free energy
AGg10par (€9:[8]) plotted as a function of bound Dps for various values of cooperativity parameter
G demonstrates that high cooperativity creates two local equilibria: no cooperativity /=0 (grey),
I = 4 (blue), 1 = 8 (red), and I = 12 (black).

Before this transition to a two state system, the Dps-DNA complex reaches
equilibrium at a rate of roughly k., = ko, + koff, Where ko, and k,zf are the

individual binding and dissociation rates of Dps dodecamers (represented by
the small saw-tooth peaks in Fig.5). After the transition, for values of I > 4,

we see the global free energy function is peaked at n = g and two stable local

equilibria arise. When the function is peaked, the binding transition closest to
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4.4 Kinetic interpretation of the hysteresis

the peak becomes rate limiting for transitions between the local equilibria.
The system equilibrates at a timescale of keq = e‘”(kon + koff), where H is
the height of the global barrier in units of kzT. For I > 4, the height of this
barrier scales with both the number of binding sites N and with cooperativity
I:
NI 1 Nm

i~ (g) = nem@ -5 ()
When the barrier at P = 0.5 is very high, we are unlikely to observe
transitions over the barrier so the positions of the local equilibria become
more important than the global equilibrium. Therefore, for large Dps-DNA
complexes (e.g. kilobases of DNA) even small changes in the cooperativity
dramatically increase the barrier height. For the ~300kzT barrier shown in
Fig.4, k., will be approximately 10"° times slower than k,, and k.

4.4.2 Tilting the global free energy with force and
ionic strength

Further, if [A] # K,;re™, then we can define an energy difference U =

% + FD. The global free energy can then be rewritten as:

In

Ggiovar (M) /kpT = (Tl - %2) (é) —In(l)+nU. [9]

Therefore, change in the force or concentration of Dps adds a linear term to
the global free energy. For large positive or negative values of dU this term
can remove one of the two stable solutions from the global free energy
diagram. This corresponds to the inflection points in F; and F,. If we define
the force F,,, = (F; + F,)/2, then for F = F,,, we find U(F,,.) = 0. In Fig.6
we calculate the global free energy for forces spanning between F,, and F;
with I = 12. Note that the model predicts the barrier to vanish at U(F;), which
is equal to F,,,D — F;D = 2.61 whenI = 12.
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Fig.6. Tilting the global free energy with force. The global free energy curves Ggiopq as a
function of the number of bound Dps dodecamers at different forces (eq.[9]): % (black), @
5Fy+F,

(dark purple), 0 (purple), and F; (light purple).

In an Ising mechanism this tilt of global free energy induced by force is similar
to the tilt induced by ionic strength since it weakens Dps-Dps and Dps-DNA
interactions. Therefore, high monovalent salt also creates a barrier for Dps
binding and much more Dps is needed to overcome it. This is consistent with
data experimentally observed in section 3.4.

4.5 Hysteresis in other models of cooperativity.

4.5.1 Ising and KNF mechanisms of hysteresis

To examine whether hysteresis is unique to an Ising mechanism, we compare
our model to other models of cooperativity. The Koshland-Némethy-Filmer
(KNF) model (6), like our model, assumes a tight coupling between the
occupancy of the DNA binding site and its conformation. Unlike our model, the
KNF model assumes cooperative interactions are mediated through the
conformation of neighboring DNA binding sites rather than through Dps-Dps
contacts. However, given that occupancy and conformation are tightly
coupled, these two interpretations produce equivalent energetic predictions.
Therefore, our model can be viewed as a modification of the KNF model
tailored to the flexible geometry of the Dps-DNA system.
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4.5 Hysteresis in other models of cooperativity

4.5.2 Global free energy diagram for an MWC
mechanism.

The Monod-Wyman-Changeux (MWC) model makes a very different physical
assumption, requiring a concerted switch between a completely extended and
a completely compacted DNA molecule (7). This concerted switching is not a
physically realistic model of DNA dynamics, which should be uncorrelated
over distances larger than the persistence length. Nevertheless, like our model
the MWC model would give rise to a large global energetic barrier between
two local binding equilibria and, therefore, to hysteresis.

In the MWC model (7), at a given value of the occupied binding sites n we
must consider all the possible states in the relaxed (i.e. extended)
conformation and all the possible states in the tight (i.e. compact)
conformation of the DNA when calculating the free energy. Each conformation

is governed by a different dissociation constant, K or K;. By convention we

define C = i—R. We also define L, the ratio of time spent in the compact versus
T

extended conformations when no ligand is bound. With these parameters, we

can calculate the global free energy exactly:

CKT

Guwc(M)/kgT = —In ((m)_n +L (ETT])_”) + ln(?{). [10]

The three free parameters of the MWC model give us one more degree of
freedom than the two free parameters used in the Ising model. To compare
the models, we can constrain the value of L and the concentration [A] to

ensure the function is symmetric about n = g This gives us [A] = K+V/C and

L = (€)™V/2, and the global free energy function becomes:

For n < N, Gyuwc approaches the Ising free energy if we set C = e’. In Fig.7,
we plot Gy for € = e e*, e®, and e'?. For all values of C > 1 we find that

the function is peaked at n = %
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Fig.7. Hysteresis in MWC cooperative model. The MWC model is characterized by the three
parameters C, L, and K; (eq.[10]). The model predicts a sharp barrier in the global free energy for
large N. The strength of the cooperativity is set by C = Kp/Ky: C = 1 (grey), C = e* (blue), C = e®
(red) and C = e*? (black). N = 360.

4.5.3 Global free energy diagram for a CS mechanism

The Conformational Spread (CS) model (8) is also derived from the Ising
model, but it contains as many as five free parameters (9) compared to the
two used in our model. With these additional parameters, CS model can
approximate the KNF model, the MWC model, or our own model when applied
to a fixed lattice. The CS model assumes that the binding substrate exists in an
explicit geometry, such as a 1D ring or a 2D lattice (9). Traditionally the CS
model avoids a mean-field approximation, so for 2D and 3D lattices the global
free energy and binding probability must be computed numerically rather
than by deriving explicit equations (e.g. eq.[2]). In our system, there is no
fixed lattice since the DNA can fold in many potential conformations.
Therefore, an exact comparison of our model to the CS model is not possible.
Instead we consider below a fixed 3D lattice (27 binding sites) and
demonstrate that both models predict hysteresis.

The CS model is characterized by up to five parameters (9). If we impose a

symmetry condition about n = g, we can reduce this to three parameters,
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4.5 Hysteresis in other models of cooperativity

E;, E4, and E. Like the KNF model (6), the CS model posits that cooperativity
arises from repulsive interactions between DNA binding sites that are not in
the same conformation. As such, the CS model is a less physically realistic
model for our specific system. However, in the limiting case when DNA

conformation and Dps binding are tightly coupled (E; >> 0), the CS model

produces equivalent energetic predictions to our model. In this limit, ﬁ = zij,

where j is the number of nearest neighbor contacts. For a 1D ring j=2, for a
square lattice j=4, and for a cubic lattice j=6. We can also relate the ligand

binding energy to our effective dissociation constant as kE—L—l (1( )
BT eff

However, in order to write an explicit formula for the global free energy for a
substrate with N binding sites, we must perform a sum of the Boltzmann
factors over all (’D possible states. This becomes impractical for large N.
Therefore, we performed a Markov Chain Monte Carlo (MCMC) algorithm (10)
to derive the global free energy on a 3x3x3 cubic lattice. The results are
compared with the free energy predicted by our model in Fig.8.

Below the critical coupling energy ( =1= 4) we find that the models are

in close agreement. At higher coupling energies, the CS model predicts that a
barrier arises with a height that is smaller than the barrier predicted by our
model. The difference comes from the fact that CS model allows the system to
find favorable clusters of bound sites rather than assuming the occupancy of
neighboring binding sites should be uncorrelated (i.e. the mean field
approximation). While the exact height of the barrier is more accurately
approximated on a cubic lattice using the CS model, both models qualitatively
predict the existence of a large energetic barrier. The transition to a regime
dominated by hysteresis occurs at nearly the same coupling energy for 3D and
2D lattices. On a 1D lattice, the mean field approximation is less accurate, and
the critical coupling energy begins to scale with In(N) (8).
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Fig.8. Hysteresis in CS cooperative model. The global free energy is estimated for the CS model
using a Markov Chain Monte Carlo algorithm on a 3x3x3 lattice (open circles). For comparison we
plot our mean field approximation for N = 27 (solid circles). I = 0 (grey), | = 4 (blue), I = 8 (red),
and / = 12 (black).

4.6 Conclusions

The overall regulation of cellular metabolism can only be understood through
the kinetic study of proteins that represent working parts of the metabolic
machine and define its performance. Dps is known for its ability to initiate a
massive change in the chromosome and, therefore, in the metabolic processes
of the cell during life-threatening conditions. In this chapter we characterized
the kinetic properties of Dps and defined limits of its activity depending on
ionic strength of the buffer and DNA tension. We demonstrated that Dps
compacts DNA by reducing the amount of energy that is needed to overcome
an energy barrier between two local equilibria. We show how ionic strength
and DNA tension may tilt this energy barrier by affecting cooperativity of Dps
or its binding affinity for DNA. These findings helps us to understand
hysteresis as a kinetic biological phenomenon that monitor time for the cell
adaptation when it undergoes stress.

Also, we conclude that cooperativity can lead to hysteresis for a variety of
mechanistic assumptions. However, we find our modified Ising model is
particularly well-suited for modeling Dps-DNA complexes: it directly accounts
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for Dps-Dps interactions that are implied by the crystal structure (11), it

provides an explicit prediction of the free energies and equilibria using a

minimal set of free parameters, and it allows for partially collapsed states.

Further, the mean field approximation allows our model to be applied easily

to a range of systems that might also be fit with a KNF or CS model while

remaining agnostic about the exact geometry of the lattice. This makes our

model particularly attractive when the lattice structure is undefined or too

complex to precisely calculate the intermediate states.
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Electrostatics drives
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5.1 Introduction

5.1 Introduction

1l molecules inside of the cell have a charge. Therefore, electrostatics
iplay a major role in protein-protein complex formation, DNA binding
mechanisms, conformational adaptabilities, protein movements and
many others. The electrostatic properties are evolutionally selected by a
protein to perform a specific function. In general rigid regions of the protein
have stronger electrostatic interactions rather than functional hinges or
flexible regions. Increase in binding specificity and affinity of certain protein
involve optimization of electrostatics. For instance, monovalent salt and
magnesium concentrations control structure of the bacterial chromosome by
changing binding modes of many nucleoid-associated proteins (1-3). These
changes substantially contribute to the regulation of gene expression in
bacteria.

The affinity of Dps for DNA is also electrostatically dependent. Dps is known to
be very sensitive to buffer conditions. Like many DNA-binding proteins, Dps
binds DNA more weakly in the presence of higher salt concentrations. Less
typically, divalent cations such as Mg?* can substantially weaken the affinity of
Dps for DNA (4, 5). It has been proposed that fluctuations in divalent cation
concentrations act as a trigger for biocrystal assembly in vivo (5, 6). Dps
dodecamers have an overall negative surface charge that electrostatically
repels the DNA backbone, while positively charged lysine residues located in
the disordered N-termini play an important role in DNA binding (4, 7, 8). Any
additional knowledges of how Dps-DNA complex formation is controlled by
electrostatic changes in the intracellular environment, can shed a light on
motifs of cellular stress response in energy limited conditions.

In the previous chapters, we established hysteresis in the process of DNA
compaction by Dps and derived the model that predicts this phenomenon. In
this chapter we address the significance of electrostatic interactions in DNA
compaction mediated by Dps and its link to hysteresis. In section 5.2 we
explore the effects of salinity, magnesium, crowding, and pH on this process
utilizing magnetic tweezers assay. In section 5.3 we report that these
physiological states can influence critical forces and change amount of
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hysteresis. Further, we demonstrate how to determine the model parameters:
cooperativity and dissociation constant of Dps, based on amount of hysteresis
measured experimentally. Lastly, in section 5.4, we discuss possible
implications of cooperative hysteresis as a cellular mechanism for survival.
Concluding remarks are represented in section 5.5.

5.2 Dps-induced compaction of DNA is influenced by
salt, magnesium, pH, and crowding conditions

In order to compact DNA, Dps must do work on the bead and in order to break
Dps-DNA complex, bead must do work on the Dps. The amount of work done
in each case is a function of the strength of the Dps-DNA and Dps-Dps
interactions. To explore what role electrostatics play in these interactions how
they can be altered, we measured the compaction of DNA molecules exposed
to Dps under a variety of buffer conditions. We performed force-extension
cycles with the same pulling rate paying particular attention to the total width
of the hysteresis loop, defined as the difference between critical forces F; and
F, and shifts in the average of F; and F,.

We recorded the compaction and decompaction of DNA at several Dps
concentrations (2, 4, 8 puM). Surprisingly, varying the Dps concentration over
this range yielded relatively minor changes in the mean values of F; and F,,
and in the width of the hysteresis loop (Fig.1A). Increasing the concentration
of monovalent salts from 50 to 150 mM destabilized the Dps-DNA complex, as
demonstrated by the progressive reduction of F; and F, and the narrowing of
the width of the hysteresis loop (Fig.1B). The addition of magnesium (2 mM)
to the buffer caused a similar destabilization of the Dps-DNA complex
(Fig.1C). We also tested whether crowding can affect DNA compaction.
Interestingly, the addition of PEG 8K caused a sharp increase in the stability of
the Dps-DNA complex (Fig.1D). Finally, we observed that increasing the pH
weakened the Dps-DNA complex (Fig.1E).
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Fig.1. Buffer conditions affect DNA-Dps stability. Decreasing and increasing force records are
represented by solid and dashed lines respectively. (4) Force-extension cycles with different Dps
concentrations in the buffer: 2 uM (light blue), 4 uM (dark blue) and 8 pM (dark grey) (50 mM
NaCl, pH 7.3). (B) Force-extension cycles with different NaCl concentrations in the buffer: 50 mM
(dark grey), 100 mM (dark purple), and 150 mM (light purple) (8 uM Dps, pH 7.3). (C) Force-
extension cycles with different MgCl: concentrations in the buffer: 0 (dark grey) and 2 mM
(orange) (8 uM Dps, 50 mM NaCl, pH 7.3). (D) Force-extension cycles with different 8K PEG
concentrations (w/v) in the buffer: 0 (light green) and 5% (dark green) (0.5 pM Dps, 50 mM NacCl,
pH 7.3). (E) Force-extension cycles in the buffer at different pH levels: pH 6.9 (dark pink), 7.3
(pink), and 8.1 (light pink) (2 pM Dps, 100 mM NaCl, 50mM Hepes-KOH). For all conditions we
also recorded force-extension curves for bare DNA (black), which did not vary significantly. Each
curve is generated from the mean of 10 to 20 molecules and the error bars correspond to
standard errors of the mean.

Overall, our results revealed that Dps-induced compaction and decompaction
of DNA is strongly influenced by tension applied to the DNA, ionic strength,
magnesium, macromolecular crowding, and pH. These results are consistent
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with the trends observed in a recent single-molecule study of Dps-DNA
interactions (9).

5.3 Compare an Ising model to empirical data

In this section we provide a method to relate the amount of hysteresis to the
strength of the neighboring interactions between bound proteins and DNA. In
chapter 3 we derived a transcendental equation for the probability P of a
given DNA binding site being occupied by a Dps dodecamer that defines our
model:

1 1
KD ,FD—PI Kefr :
1+—= _¢JJ ,FD—(P-0.5)I
+[4]€ 1+ Tl e ( )

P([AL,F) = (1]

Here, [A] is the concentration of Dps, F is the applied force, D = % is the
B

normalized change in extension, and K,;; = K,e~'/? is the Dps concentration
associated with 50% occupancy of the binding sites at zero force. The
dimensionless parameter [ is analogous to the Hill coefficient and serves a
measure of cooperativity, while K, describes how tightly Dps binds bare DNA.

From eq.[2] we cannot write the probability P explicitly in terms of the force
F. However, at each critical force F; and F,, a Dps dodecamer that binds DNA
performs a fixed amount of work W = F - §(F) that we can write as an explicit
function of P:

kl%: Pl —In(P) +In(1 — P) +1n (%) (2]

We estimate F; and F, by identifying where the DNA reaches 50% of its full
extension (~3.5 pm) in the decreasing and increasing force-extension curves.
At each critical force, a Dps dodecamer that binds DNA performs a fixed
amount of work W = F - §(F). We define Wy;sr as the difference in work
performed by Dps at the two critical forces F; and F, and show that it is a
function of the parameter I:
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4
' 1+ [1-7
Wdlffz(pz-p_pl-p)zl/1—1—21n = | [3]
kgT 1 1- J1-7

We can also define W,,,,, the average of the work performed by Dps at the two
critical forces F; and F,, and show that it is given by:
Wae  OED) 1y (1) = gy (191 g

Next, we compare this model to our empirical findings. When we change the
concentration of Dps, W;¢¢ remains roughly constant, as predicted by eq.[3].
However, if we change the ionic strength of the buffer, we observe large
changes in Wy, indicating that I is influenced by electrostatic interactions
between neighboring Dps molecules (Fig.2A). We also find that W,,, can be
roughly fit to a logarithmic function of Dps concentration as predicted by
eq.[4] and exhibits a strong dependence on electrostatic interactions
(Fig.2B). The magnitude of the change in Wy, relative to Wy;sf requires that
both I and K, are dependent on salt concentration. Low salt leads to tighter
binding on bare DNA and strengthens neighboring interactions between Dps
dodecamers.

N
o

25

_;
o
Lo

[~

|

-
1
DNA extension (um) O
o ~
L E— T

Ll
-

Work difference (ksT) 1
Average work (keT)

2 4 [3 8 2 4 3 8 . 1
[Dps] (HM) [Dps] (M) Force (pN)

of

10

Fig.2. Ising model fits empirical data. (4) Work difference as a function of Dps concentration for
different NaCl concentrations (mean, SD): 50 mM (dark grey circles), 100 mM (dark purple
triangles) and 150 mM (light purple squares). These values were fit to eq.[3] (solid lines). (B)
Average work as a function of Dps concentration for different NaCl concentrations (mean, SD): 50
mM (dark grey circles), 100 mM (dark purple triangles), and 150 mM (light purple squares). These
values were fit to eq.[4] (solid lines). (C) Ising model force-extension curves (bold solid lines) are
superimposed on the experimental data (thin solid and dashed lines) for different NaCl
concentrations: 50 mM (dark grey), 100 mM (dark purple), and 150 mM (light purple) at 8 uM Dps.
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Having determined the model parameters I and K}, at each salt concentration,
we compare three experimental force-extension curves (Fig.2C, dashed
lines) to the predictions of our model (Fig.2C, solid lines). Within the critical
region between F; and F,, we observe that the experimental curves track one
of the two stable solutions. Outside this critical region, we find the
experimental curves converge to the single stable solution.

A quantitative summary of the interaction parameters / and Kj (as derived
from Wy; ¢ and Wy,,.) for all buffer conditions tested is presented in Table 1.

We find that the neighboring interactions are weakened dramatically by salt,
magnesium, and increasing pH. This result emphasizes that electrostatics play
an important role in the binding of Dps dodecamers to each other. Conversely,
the addition of crowding agents strengthens the neighboring interactions.
Given that macromolecular crowding favors complexes with a smaller
exposed surface area (10) this finding supports the idea that Dps dodecamers
form a compact geometry on the DNA. The affinity of Dps for extended DNA,
as measured by In(K}), is affected by buffer conditions in a similar manner to
the neighboring interactions. Therefore the overall stability of the complex, as
measured by W,,., correlates with the amount of hysteresis, as measured by
Waiss (Fig.3).
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Fig.3. Correlation between work difference and average work. Work difference (Wg;s,) and
average work (W,,,) performed by Dps dodecamers in order to bind DNA were derived at various
buffer conditions. These values are plotted against each other (red) and a linear regression was
applied (blue). The two variables exhibit a strong correlation (Pearson’s r=0.89). Bars correspond
to standard deviations, as shown in Table 1.
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5.3 Compare an Ising model to empirical data

Table 1. List of values for W g;s, W oy, I, and In(K ) derived from the Ising model for

different buffer conditions (mean, SD).

Work
difference,
KgT

Work
average,
KgT

Cooperativity,
1

In(Kpo)

Buffer
condition

E 0 23.91+6.49 | 19.87+3.25 32.83+6.94 -1.37+3.25 Dps=8 pM;
. NaCl=50 mM;

S PEG=0;

| 2 6.59+1.50 7.02%0.75 13.66%1.78 1.88+0.75 pH=7.3

| O 6.77+1.45 5.52+0.73 13.87+1.72 0.72+0.73 Dps=0.5 uM;

= NaCl=50 mM;

2 MgCl.=0;

“l s 46.83+8.76 | 32.464.38 56.87+9.09 -4.72+4.38 pH=7.3
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5.4 Biological implication of cooperative hysteresis

The hysteresis described here for Dps-DNA complexes could be advantageous
to bacterial survival for several reasons. First, this novel form of protein
cooperativity and cooperative hysteresis allows cells to create a binary
response to small changes in external conditions. This property makes it
possible for the bacteria to maintain a subcritical concentration of Dps
without substantial DNA compaction. Small alterations in the pH, crowding,
salinity, or magnesium concentration in the cell could then greatly increase
the overall affinity of Dps for DNA, quickly inducing compaction and
protecting the chromosome. Cooperative hysteresis allows cells to maintain a
memory of past conditions, therefore, cells may tailor their response to
current stress conditions. For example, a previous report suggests that Dps
mediates a phase transition allowing starved cells to guard against additional
stresses more effectively (5). Further, a population of cells could engage in
bet-hedging strategies through hysteresis, allowing otherwise identical cells
to become locked into different states. The variety of responses of these cells
to new stress conditions would be more robust than adopting a single
response.

5.5 Conclusions

In this chapter we identified electrostatic interactions that drive DNA
compaction by Dps. We found that Dps affinity for DNA is strongly affected by
salinity, magnesium, crowding, and pH. By fitting experimental data with our
model we demonstrate that these intracellular conditions influence the
strength of the neighboring interactions between bound Dps proteins and
DNA. Therefore, it leads to the change in the amount of hysteresis. Based on
this relation for each tested condition we define cooperativity parameter and
dissociation constant of Dps. We note that this type of cooperative hysteresis
might be used by biological systems as a relatively simple mechanism of
protein binding to DNA that can readily and very fast be achieved, maximizing
the cell’s ability to grow and minimizing energy consumption. However, there
is still much to understand and there are some basic questions about
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consequence of this type of cooperativity for cellular metabolism. These

questions provides a framework for modeling other biological systems

involving large assemblies of macromolecules.
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6.1 Introduction

6.1 Introduction

(Y upercoiling of the DNA molecule is a major force driving the
S\ compaction of bacterial genome (1-4). DNA supercoiling occurs in a
\)topologically closed DNA when the helix undergoes over- or under-
winding due to increased writhe. While over-winding leads to positive
supercoiling, under-winding leads to negative supercoiling. Additionally,
supercoiled DNA may form three possible structures: a plectoneme, a toroid,
or a combination of both. Plectonemes are more common in nature and take
part in shaping most bacterial chromosomes.

Bacterial genomes consist of a single circular DNA molecule that is negatively
supercoiled contributing to the one thousand-fold compaction of the
chromosome inside the cell (5). Additionally, the chromosome is constrained
by different nucleoid associated proteins (NAPs) into topological domains of
10-100 kbp size (1, 2). By binding to multiple DNA sites, NAPs stabilize
particular supercoil-dependent structures of the DNA, and also create
different local conformations through twisting, bridging, and DNA bending

(1).

Despite the complex bacterial genome packaging, regulatory sites of the DNA
that are essential for life processes must be made accessible to the
transcription and replication machineries. Because of the interplay between
supercoiling and genome packaging, any large variations in the supercoiled
state of DNA can affect gene expression with severe consequences for the
bacterium (3). Therefore, DNA supercoiling should be recognized as a vitally
important component of chromosome packaging and the regulation of the
cellular processes.

It was found that the extent to which each of the NAPs contributes to DNA
supercoiling depends on the growth phase and physiological state of the cell
(4, 5). This feature makes the level of DNA supercoiling very dynamic and
environmentally regulated (4, 6). For instance, in response to environmental
stresses, the physiological states of the bacterial cell change for the sake of
survival and adaptation. One of the responses includes an upregulation of one
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of the NAPs, Dps, that compacts DNA yet keeps the genome accessible for life
sustaining processes like transcription. Another response includes a change in
DNA supercoiling state and, subsequently, was found to influence expression
of genes (7-9).

As both DNA supercoiling and Dps contribute to the physiological response of
bacteria on the environmental changes, a detailed understanding of interplay
between DNA supercoiling and Dps protein is required. These findings can
shed a light on the mechanisms that modulate transcription during
challenging conditions for bacterial survival and provide insights on overall
metabolic regulation. We therefore developed two new assays to examine
how Dps-DNA complexes are influenced by supercoiling and topology. The
first is a fluorescence-flow assay that traps DNA in curved or plectonemic
topologies while Dps binds. The second is a magnetic tweezers assay that
allows us to measure Dps-induced compaction of DNA as the linking number
is increased or decreased by rotating the magnetic bead. The assays
demonstrate Dps preferentially binds to plectonemes and enhances the
torsional compaction of DNA.

In the previous chapters, we demonstrated that torsionally relaxed DNA is
compacted by Dps through a cooperative Ising mechanism. In this chapter, we
focus on the affinity of Dps for other DNA conformations, paying particular
attention to plectonemic DNA as one of the DNA supercoiling states. Using
fluorescence microscopy, we test preferences of Dps in binding to different
DNA shapes in section 6.2. Additionally, we show in section 6.3 that
preformed Dps-DNA complexes are able to engulf more DNA and
accommodate it inside these complexes. With magnetic tweezers in section
6.4 we examine how presence of Dps influences DNA coiling under constant
tension. Further, we extend our force-extension measurements on stretched
DNA at zero twist (described in the chapter 2) to similar studies but on
supercoiled DNA. Thus, in section 6.5 we explore how preformed supercoiled
DNA state influences Dps activity. We summarize our observations with the
model presented and make conclusion remarks in section 6.6.
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6.2 Affinity of Dps for DNA supercoils, U-shape and
stretched DNA

In this section we stretched DNA under flow and examined Dps binding to
several different conformations of DNA molecules: DNA plectonemes, U-
shaped and linear DNA molecules. To visualize the various DNA
conformations and subsequent Dps binding on a single-molecule level, we
developed the fluorescence assay described below.

We introduced a linear 20.6 kbp DNA biotinylated at both ends (Fig.1A) into a
streptavidin-coated flow cell at a flow rate of 30 ul/min. After one end of the
DNA attached to the surface the molecules became stretched in the direction
of applied flow. While the flow continued, the other end of the DNA attached
to the surface at different location. Thus, in the field of view we observed DNA
molecules variously tethered to the surface and visualized them along its
length using epi-fluorescence. We choose the intercalating dye SYTOX orange
(Invitrogen) for DNA labeling due to the high quantum yield of this dye
coupled with high binding and unbinding rates (10) that ensured a rapid
equilibrium of DNA-dye complexes and reduced the photo-induced damage of
DNA molecules.

We found that some of the DNA molecules attached to the surface became U-
shaped upon application of flow (Fig.1B). We conclude that these molecules
were nicked or tethered via only a single biotin at one end, allowing them to
torsionally relax. The relative location of the two DNA attachments points also
varied among the molecules, creating a range of broader and narrower U-
shaped DNA under flow. In the same field of view we also observed DNA
molecules that simply stretched in the direction of applied flow (Fig.1C).
Presumably, these were attached to the surface at one end only due to the lack
of one of the biotin handles.

Lastly, we observed that on some fraction of the DNA molecules plectonemes
spontaneously formed (Fig.1D). These DNA molecules were tethered with
both biotin handles to the surface forming topologically closed molecules.
Binding of many intercalating dye molecules to topologically closed DNA
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locally introduced changes in the base stacking of double helix. This resulted
in decrease in the sum of number of helical turns of the DNA (T,,) due to
partial unwinding of the of two neighboring bases by an angle of around 30°
as well as additional separation of around ~0.3 nm (11). These effects were
compensated by the increase in the number of spatial crossings of DNA to
itself (W,). Increase in W, corresponds to plectoneme formation, while the
sum of T,, and W, remained fixed giving the linking number L, = T,, + W, (12,
13). Upon an applied flow, plectonemic DNA stretched in the direction of the
flow but remained intertwined.

Fig.1. DNA shapes and design of the construct for the fluorescence assay. (4) Cartoon of the
DNA construct with biotin handles (orange circle) at both ends designed for the fluorescence
assay. The construct is labeled with intercalating fluorescent dye SYTOX orange (green stars).
(B,C,D) Cartoon of the DNA shapes obtained upon applied flow: plectonemic DNA, U-shape and
linear DNA.

In this experiment we recorded a movie with the acquisition rate of 10 Hz
before and after injection of 200 nM of Cy5-labelled Dps in a buffer containing
40 mM Tris-HCl, 50 mM NaCl, pH 7.3. Thus, during the flow the central part of
the DNA molecules adapted one of three conformations: U-shaped, linear DNA
and plectonemic DNA (Fig.1B, C and D).

While reducing the flow (frame 50-275) we observed Dps binding to DNA and
compacting U-shaped DNA faster than linear DNA but slower than
plectonemic DNA. Qualitatively the distinction in time of the DNA compaction
by Dps for various DNA shapes can be seen if we focus on the alternate snap-
shots of DNA molecules at different time points (Fig.2). The binding of Dps to
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U-shaped DNA was detected at frame 175 (Fig.2A), while Dps binding to
plectonemic DNA was detected already at frame 125 (Fig.2C). At last
stretched DNA was compacted by Dps when the flow was reduced almost
completely at frame 275 (Fig.2B)

A U-shaped DNA
1 25 50 75 100 125 150 175 200 225 250 275

Linear DNA

100 125 150 175 200 225 250 275

Plectonemic DNA
75 100 125 150 175 200 225 250 275

Fig.2. Real-time observation of Dps interacting with U-shape and plectonemic DNA. All the
images were acquired at 100 msec intervals simultaneously for all molecules. The frame number

is indicated on each snap-shot. (4) Snap-shots showing DNA compaction due to binding of Dps to
U-shaped DNA formed during the flow as both ends were anchored to the surface. Full
compaction of the DNA occurred at frame number 225. (B) Snap-shots showing DNA compaction
due to binding of Dps to linear DNA formed during the flow as one end was anchored to the
surface. Full compaction of the DNA occurred at frame number 275. (C) Snap-shots DNA
compaction due to binding of Dps to plectonemic DNA. Plectonemes can be seen as a tip pointing
out during the flow in frames 75 and 100. Full compaction of the DNA occurred at frame 150.

By the time the flow was completely stopped (frames after 275), we did not
observe any fluctuations across the DNA length that are typical to a doubly
tethered DNA without Dps, meaning all the DNA molecules were tightly
compacted by Dps. The DNA-Dps complexes can be readily seen as a bright
fluorescence spots on image obtained by overlapping fluorescence from DNA
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and Dps channels (Fig.3A). Strikingly, Dps was not detected along the entire
length of stretched DNA expect of the binding site where it nucleated,
stabilized and compacted DNA.

To demonstrate this further, we performed quantitative analysis of the
distribution of Dps along DNA molecules. An example molecule for analysis is
shown in rectangular on Fig.3A. The average fluorescence intensities of DNA
and Dps were calculated along the length of the DNA molecules and plotted on
the same graph for comparison (Fig.3B). This result clearly indicated that Dps
is only bound to one site of the DNA.
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Fig.3. Distribution of Dps molecules along stretched DNA. (4) Overlaid fluorescence signals
obtained from DNA labelled with SYTOX orange (comet like structures in grey color) and Cy5-
labelled Dps (bright spots in red color) after the formation of Dps-DNA complexes. An example of
stretched DNA molecule with Dps-DNA complex formed on one sight (shown in rectangular). (B)
Plot showing the intensity distribution of Cy5-Dps (red) along labelled DNA with SYTOX orange
(grey) obtained by averaging the intensity of Cy5 and SYTOX orange from 90 different structures.
Inset represents an example molecule from (4) illustrating direction of pixels used in the plot.

Therefore, this fluorescence assay not only facilitated to observe DNA
compaction mediated by Dps but also provided insights into the nucleation of
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Dps on DNA of various conformational states in real time. Overall, our results
strongly suggest that Dps binds and makes a complex with DNA only if two
DNA strands are close to each other. Thus, the preferential for Dps DNA
conformation is plectoneme or a kinked DNA. Additionally, Dps has no affinity
for stretched DNA.

6.3 Dps-DNA complex accommodates excess of the
DNA

Above we observed and quantified the process of Dps-DNA complex
formation. However, it remains unclear whether Dps-DNA complexes have an
amount of Dps proportional to the amount of wrapped DNA. Here we
hypothesized that stable Dps-DNA complexes can form at various ratios of Dps
to DNA. Thus, we tested if the preformed Dps-DNA complexes can bind an
additional amount of free DNA in the absence of additional Dps.

Before adding free DNA to the flow cell containing preformed Dps-DNA
complexes, we performed buffer exchange (~50 times the volume of the flow
cell) to make sure that there is no free Dps diffusing in the solution. After this
step Dps-DNA complexes remained in completely stable and compacted
conformation. Then, while recording, we added 100 pl of ~100 fM 20.6 kbp
DNA plasmid labelled with SYTOX orange.

Before binding to the Dps-DNA complex, plasmid DNA remained flexible with
no Dps bound (shown in red circle in Fig.4A). A difference in fluorescence
intensities detected for Dps-DNA complexes before and after addition of
plasmid DNA demonstrates that some of the complexes bound freely moving
DNA plasmid and incorporated it inside of them. Thus, on the plotted time
trace of the intensity of those Dps-DNA complexes that engulfed additional
DNA plasmids, a sharp intensity increase is observed (Fig.4 B). These time
traces with single step fluorescent increment confirmed the binding of
plasmid DNA inside of the preformed Dps-DNA complexes.

The ability of a fixed amount of Dps to integrate various amounts of DNA into
a complex suggests that rather than adopting a single rigid structure, the Dps-
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DNA complex is flexible and can adopt multiple geometries. This might allow
enzymes moving along the DNA, such as RNAP, to actively rearrange Dps-DNA
complexes, providing access to hidden sequences. Further investigation of this
possibility is presented in chapter 7.
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Fig.4. Binding of DNA plasmid to preformed Dps-DNA complex. (A) DNA plasmid (shown in
red circle) freely moving towards preformed Dps-DNA complex (frame 1-8) and permanently
binding to it (frame 9). Each frame is a snapshot taken at a 200 msec interval. (B) Normalized time
traces of six events when a single step sharp increase in fluorescence intensity of the DNA-Dps
complexex indicated binding of extra DNA plasmid.

6.4 Coiling of DNA at constant stretching forces and
presence of Dps

6.4.1 Rotation-extension DNA curves are influenced
by Dps

Many enzymes can over- and under-wind DNA dynamically in the cell. It is
therefore interesting to see how Dps interacts with DNA molecules with
different linking numbers. In order to examine this behavior, we developed a
magnetic tweezer assay (14-16) that allowed us to perform experiments on
rotationally constrained single DNA molecules (Fig.5A). By rotating a pair of
small vertically aligned permanent magnets, we modulated the supercoiling
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state of the 20.6 kbp DNA under constant tension (Fig.5B). In all the
experiments, we generated positive plectonemes on the DNA molecules (from
0 to +310 turns and back over 16 min) followed by generating negative
plectonemes (from 0 to -310 turns and back over 16 min). Further, we
compare DNA rotation-extension curves measured for the same range of
stretching forces in the absence and in the presence of Dps. Based on this
comparison we analyze how presence of Dps influences DNA coiling under
constant tension.

A B

“Magnetic bead E “Magnetic bead H

Fig.5. DNA construct for rotation-extension experiments. (4) Cartoon of the DNA construct
with a digoxigenin handle (blue circles) at one end and a biotin handle (orange circle) at another
end designed for the rotation assay performed with magnetic tweezers. (B) Cartoon of the
magnetic tweezers assay showing a DNA molecule attached by one end to a microscope coverslip
and by the other end to a magnetic bead. Rotation of a pair of small vertically aligned permanent
magnets controls plectonemes formation.

To visualize experimentally measured DNA rotation-extension curves, we plot
the DNA extension as a function of applied turns for the range of stretching
forces between 0.5 and 7 pN (Fig.6A). First, we consider rotation-extension
curves measured in the absence of Dps as DNA is gradually twisted towards
+310 turns. Consistent with previous reports, no compaction due to
plectoneme formation is observed at 7 pN stretching forces (Fig.6A, top
curve). At such a high force, overwound DNA instead forms an alternative
conformation termed P-DNA (17), and overall the rotation-extension curve
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looks nearly flat. However, we clearly detect a linear decrease in the DNA
extension indicating the formation of positive plectonemes at lower stretching
forces (5, 2.5 and 0.5 pN) (Fig.6A, three lowest curves). When we return the
DNA to its natural linking number (0 turns), the extension follows exactly the
same values with no observed hysteresis. These results are consistent with
the trends observed in other single-molecule studies of DNA coiling (13, 17,
18).

Second, we consider the rotation curves without Dps measured when DNA is
gradually twisted towards -310 turns (Fig.6A). We observe that in this regime
at high stretching forces (7, 5 and 2.5 pN) (Fig.6A, three top curves) DNA
does not form negative plectonemes but denatures locally instead, consistent
with previous reports (17, 19). This results in the absence of a significant
decrease of the tether length and overall the rotation-extension curves look
almost flat. At a low stretching force of 0.5 pN (Fig.6A, lowest curve),
rotation-extension curves exhibit a linear decrease in the extension and a
buckling transition occurs at the same amount of turns as when positively
twisted. Therefore, at low forces we observe a symmetric pattern in the DNA
rotation-extension curve. When we bring DNA back to its natural twist, the
extension again follows the same values. To summarize all observed
topological patterns of the rotation-extension curves measured on bare DNA,
we plot them in correspondence with the range of tested stretching forces and
predicted DNA extensions without twist (Fig.6B).
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Fig.6. Effect of Dps on the DNA rotation-extension cycles. (4) Average DNA extension (N=10,
mean, SE) without Dps as a function of turns at different stretching forces (top to bottom): 7 pN, 5
pN, 2.5 pN and 0.5 pN. (B) All observed DNA rotation-extension curves without Dps are classified
in accordance to their patterns and plotted together with the force-extension curve (black) in
three force regions: I (flat: F > 7 pN), II (plectonemes are limited to positive supercoiling: 1 pN <
F <7pN), and III (symmetric plectoneme formation: F < 1 pN). (C) Average DNA extension
(N=6, mean, SE) with 2 uM Dps as a function of turns at different stretching forces (top to bottom):
7 pN, 5 pN, 2.5 pN, and 0.5 pN. The direction of rotation is depicted by arrows (blue): increasing
turns (closed arrow) and decreasing turns (open arrow). (D) All observed DNA rotation-extension
curves with Dps are classified in accordance to their patterns and plotted together with the force-
extension curve (red) in four force regions: I (flat extended F > 7 pN), II (only positive coiling
3pN < F <7pN), I (symmetric coiling F = F,,;qqe = 2.5 pN), and IV (flat compacted F <
2 pN). All measurements are performed in the reaction buffer: 50 mM NaCl, 50 mM Hepes-KOH
pH7.3.

Next, we consider the rotation-extension curves in the presence of 2 uM Dps
measured when DNA is gradually twisted towards +310 turns or -310 turns
(Fig.6C). Similar to the absence of Dps, at stretching forces around 7 pN we
did not detect the formation of neither positive nor negative plectonemes
(Fig.6C, top curve). At such a high force, the DNA rotation-extension curve is
flat. When we return DNA back to its natural twist, the extension follows
exactly the same values. This result suggests that that Dps is unable to
compact DNA at such a high force and no plectonemes formed on the DNA.
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At 5 pN stretching force in the presence of Dps, we detect a linear decrease in
the DNA extension under positive supercoiling, consistent with the formation
of plectonemes. Under negative supercoiling no plectonemes are formed
(Fig.6C, second from the top). Qualitatively, this curve looks similar to the
equivalent 5 pN rotation curve taken in the absence of Dps. However, while
the buckling transition occurs at a similar point (~80 turns), Dps causes the
extension to decrease by a larger amount per turn as we continue rotating
(110 bp/turn with Dps compared to 78 bp/turn without Dps). As a result of
this, the end-to-end extension of bare positively coiled DNA reaches zero at
around 60 turns later than positively coiled DNA in the presence of Dps at the
same force (Fig.6A and C, second from the top). These results, combined
with our previous observation that Dps does not bind to extended DNA (Fig.
3B), imply that at tension of 5 pN Dps can bind only to plectonemic DNA.
Further, bound Dps seems to alter the plectoneme structure to incorporate
more DNA. Moreover, when we unwind DNA from +310 turns to its natural
twist, the extension does not return to the same values observed while
winding the DNA. Instead, it increases with slightly lower rate (92 bp/turn).
This result is reminiscent of the hysteresis observed in DNA force-extension
curves taken in the presence of Dps (Fig.6D, red).

We next examine a lower stretching force of about 2.5 pN in the presence of
Dps. As before, the DNA extension exhibits an enhancement in the linear
decrease per rotation (Fig.6C, second from the bottom). On bare DNA the
extension first reaches zero at +220 turns compared to +120 turns in the
presence of Dps. Additionally, at this force the presence of Dps enhances the
linear decrease in the DNA extension for both positive and negative rotations
of the bead resulting in a nearly symmetric pattern (Fig.6C, second from the
bottom). We note that at the same force of 2.5 pN (Fig.6A, second from the
bottom) the rotation curve looks qualitatively different for bare DNA: it is
asymmetric, with no plectonemes formed under negative supercoiling. Again,
the presence of Dps leads to hysteresis in the DNA extension. When we bring
return the DNA back from +£310 turns to its natural twist, the DNA extension
remains fixed at zero (Fig.6C, shown with red arrows). Only after the
tension was briefly increased to 7 pN the DNA extension returned to its full
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length. This demonstrates that twisting DNA allows Dps to bind DNA and form
a stable complex that would be kinetically inaccessible when the DNA is
torsionally relaxed.

Lastly, we consider the DNA rotation-extension curve at 0.5 pN stretching
force and presence of Dps (Fig.6C, lowest curve). As soon as this force was
applied, Dps compacted the DNA and we were able to detect only the average
DNA extension while it was falling to collapse at zero twist. Further rotations
did not result in any changes of the DNA extension. This result is consistent
with DNA force-extension curves measured in the presence of Dps (chapter 3)
and shows DNA rapidly enters a fully compacted state at any forces lower
than 2 pN in this buffer. To summarize the observed topological patterns of
the DNA rotation-extension in the presence of Dps, we plot them in
correspondence with the tested stretching forces and measured DNA
extension at zero twist (Fig.6D).

Overall, we find that Dps can readily bind to DNA plectonemes even at forces
above critical in contrast to extended DNA that can be bound by Dps only
below the critical force. Therefore, DNA rotation can be used to control the
formation of Dps-DNA complexes on DNA under tension. Enzymes that induce
supercoils in the cell could therefore trigger Dps complexes to assemble or
disassemble locally.

6.4.2 Dps compensates force and stabilize
plectonemes

Returning to the rotation-extension patterns observed: flat, asymmetric, and
symmetric (i.e. I, II, and III, respectively) in the absence and presence of Dps
(Fig.6B and D), we find that the presence of Dps creates qualitatively similar
curves that are consistent with plectoneme formation. However, Dps seems to
shift the divisions between different rotation-extension patterns to higher
stretching forces (Fig.6B and D). To probe this idea further, we overlay
rotation-extension curves measured on bare DNA with the curves measured
at various forces in the presence of Dps but buckle at approximately the same
amount of turns (Fig.7). This striking overlap between the rotation-extension

107




Chapter 6: How does DNA supercoiling affect Dps affinity?

curves at different forces implies that Dps stabilizes plectonemes, allowing
them to be maintained at forces ~2 pN higher than bare DNA at the equivalent
linking number. We also note that there is the gradual rise of hysteresis
between increasing and decreasing turns as we lower the stretching force,
suggesting that Dps forms more stable complexes with DNA at lower forces.
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Fig.7. Dps enchases DNA plectonemes formation by compensating force. (4) Average DNA
extension (N=10, mean, SE) measured at stretching force of 3 pN (green) without Dps compared to
the average DNA extension measured at stretching force of 5 pN (red) with Dps as a function of
turns. (B) Average DNA extension (N=8, mean, SE) measured at stretching force of 1 pN (green)
without Dps compared to the average DNA extension measured at stretching force of 3 pN (red)
with Dps as a function of turns. (C) Average DNA extension (N=10, mean, SE) measured at
stretching force of 0.5 pN (green) without Dps compared to the average DNA extension measured
at stretching force of 2.5 pN (red) with Dps as a function of turns. (D) Average DNA extension
(N=6, mean, SE) measured at stretching force of 0.18 pN (green) without Dps compared to the
average DNA extension measured at stretching force of 2 pN (red) with Dps as a function of turns.
All measurements are done at 2 pM Dps in the reaction buffer: 50 mM NaCl, 50 mM Hepes-KOH
pH 7.3.

6.5 Force-extension curves of coiled DNA

In the bacterial cell the chromosome exists in a supercoiled state with locally
preformed plectonemes. It is therefore intriguing to observe how Dps binds to
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plectonemic DNA and compacts it. In this section we investigate in vitro how a
preformed supercoiled DNA state influences Dps binding. To explore this, we
extend our force-extension measurements on stretched DNA at zero twist to
similar studies but on supercoiled DNA. Briefly, we stretched DNA molecules
at 7 pN force, twisted them by 100 turns, and measured force-extension
curves in the presence and absence of Dps. We applied a slowly decreasing
force (from 19 to 0.03 pN over >40 min) followed by a slowly increasing force
(from 0.03 to 19 pN over >40 min). For comparison we also plot force-
extension curves measured at zero DNA twist without and with Dps (Fig.8).
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Fig.8. Dps affects force-extension curves of supercoiled DNA. (4) Average extension of relaxed
DNA (0 turns) (N=15, mean, SE) measured as a function of force without Dps (black) and
compared to the force-extension curve in the presence of 4 uM Dps (red). (B) Average extension
of positively coiled DNA (+100 turns) at 7 pN (N=6, mean, SE) measured as a function of force
without Dps (green) and compared to the force-extension curve in the presence of 4 uM Dps
(blue). (C) Average extension of negatively coiled DNA (-100 turns) at 7 pN (N=6, mean, SE)
measured as a function of force without Dps (green) and compared to the force-extension curve in
the presence of 4 uM Dps (blue). All measurements are done in the reaction buffer: 50 mM NacCl,
50 mM Hepes-KOH pH 7.3.

For both positively and negatively coiled DNA, the force-extension curves
reveal a similar trend (Fig.8A and B). We again observe hysteresis between
the compaction and decompaction processes in the presence of Dps. However,
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the application of either positive or negative supercoils causes the hysteresis
to shrink significantly. Thus, force-extension curves of supercoiled DNA lie
within the hysteresis loop measured for torsionally relaxed DNA. We also
identify differences in positive and negative DNA supercoiling. When the force
is decreased, the extension of positively coiled DNA collapses at higher forces
in comparison with torsionally relaxed DNA. Since this effect is not observed
as strongly for negatively coiled DNA, we conclude that positive plectonemes
enhance DNA compaction by Dps. When we increase the force, supercoiled
DNA transitions to an extended conformation at lower forces compared to
torsionally relaxed molecules. This result suggests that Dps-DNA complexes
formed on supercoiled DNA are not as stable as those formed on relaxed DNA.

Another interesting feature we observe on these force-extension curves is that
there is no abrupt collapse of the DNA extension in the presence of Dps when
it is coiled in comparison with relaxed DNA. The coiled Dps-DNA complex
gradually follows the pattern of bare non-coiled DNA with a lot of
intermediate points between compacted and extended DNA conformations.
This shows that Dps only compacts a fraction of the DNA at a time,
proportional to the number of plectonemes formed. Supercoiling can
therefore be used to partition DNA into Dps-accessible plectonemes
surrounded by DNA regions resistant to Dps binding under intermediate
tensions. Such a partitioning could be useful in vivo to keep some DNA
sequences accessible to other binding proteins.

6.6 Conclusions

In this chapter we investigated how different DNA conformations and
supercoiling states affect Dps binding, nucleation and subsequent DNA
compaction. Also we looked at influence of Dps on DNA coiling and pre-coiled
DNA. Utilizing a fluorescence assay, we showed that Dps has no affinity for
stretched DNA and requires two DNA strands to be close to each other in
order to nucleate on DNA. We considered three different DNA shapes and
found that as closer the DNA strands are, as faster Dps mediates DNA
compaction. First, Dps nucleates on DNA plectonemes (Fig.9A), then on bent
DNA (Fig.9B) and the last on linear DNA but only after its released from
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tension (Fig.9B and C). Nucleation of Dps leads, therefore, to Dps-DNA
complex formation (Fig.9D). Additionally preformed Dps-DNA complexes can
accommodate excess of free DNA plasmid (Fig.9F).
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Fig.. Schematic representation of Dps nucleating on DNA and forming Dps-DNA complex.
(A) Plectonemic DNA acts as nucleation point for formation Dps-DNA complexes. (B) Nucleation
of Dps is favorable on a kinked or flexible DNA due to two strands located close to each other. (C)
Dps does not bind to an inflexible or taut DNA. If the DNA is held at constant force, formation of
Dps-DNA complex is hindered. (D) Schematic showing Dps-Dps interactions are prevalent in the
initial Dps-DNA complex. (E) A DNA plasmid binds to preformed Dps-DNA complex.

Using magnetic tweezers assay we showed that presence of Dps also affects
DNA rotation-extension curves and enhances plectoneme formation
stabilizing them on the DNA. Dps-DNA complexes follow the same patterns
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with gradual linear decrease in the extension as bare DNA while rotating the
molecules, however, the rotation-extension curves are shifted to higher forces
that compensates about 2 pN of tension. At the force located in the middle of
the hysteresis loop of the force-extension curve in the presence of Dps, we
observe plectonemes formation on the Dps-DNA complexes that are
symmetric in regard to the number of negative and positive turns. Any shifts
from the middle force generate stochasticity in plectonemes formation within
Dps-DNA complexes and rotation-extension curves lose its symmetry. Dps-
DNA complexes also exhibit hysteresis between increasing and decreasing
turns relatively to the natural DNA twist without regard to positive or
negative supercoiling DNA states. Surprisingly, under tension, the presence of
preformed pectonemes on the DNA enhances rather gradual decrease in DNA
extension and shrinks the hysteresis loop observed for the Dps-DNA
complexes at zero twist.

The achieved results demonstrate how DNA supercoiling states can influence
Dps binding and change overall affinity as well as activity of this particular
protein. Overall, in the presence of DNA supercoils Dps acts less cooperatively
in compare with flexible DNA, therefore, compacting DNA in the way leaving
more room for free DNA strands. Perhaps, this feature allows access to
proteins regulating other processes in the cell like transcription and
replication. Thus, even though Dps compacts DNA extremely tightly and it is
not easy to break the Dps-DNA complex afterwards, there are many
mechanisms inside of the cell that can tune strongly the activity of Dps
depending on physiological state of the cell. Therefore, in living cell the
dynamic interplay between Dps and supercoiling DNA states must be vitally
important rising curiosity to this process and can be explored much further.
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7.1 Introduction

7.1 Introduction

1l the information needed to synthesize the proteins that function
iinside of the cell is stored in the genome. To launch the first step in

the expression of a particular protein, the sequence of the
corresponding gene must be converted into messenger RNA (mRNA). This
conversion process is called transcription. Subsequently, the mRNA produced
is used as a template when its sequence is translated into the amino acid
sequence of the protein. This principle of protein synthesis is common to all
living organisms and is described in the central dogma of molecular biology

(1).

In this chapter we focus on the process of transcription that takes place on the
bacterial nucleoid. The transcription of genetic information stored in DNA to
mRNA is carried out by molecular motor proteins called RNA polymerases
(RNAP). Thus, RNAPs play a crucial role in the regulation of gene expression.
Their kinetics have been studied extensively using several techniques ranging
from gel electrophoresis (2-4) to single-molecule approaches (5, 6) to deep
sequencing (7). It has been established that during transcription, RNAP
unwinds a 14-nucleotide bubble in the double stranded DNA helix (dsDNA)
and subsequently translocates along the DNA while elongating the RNA chain
(8-10). The elongation phase is influenced by gene regulatory processes that
synchronize transcription and translation. Therefore, it is important to
characterize the transcriptional pausing dynamics during elongation.

Many previous studies have analyzed the transcriptional pauses during
elongation of individual RNAPs translocating along linearly stretched dsDNA
molecules (6,9, 11-13). RNAP can pause due to sequences encoded in the DNA
template (14, 15), mis-incorporation of non-complimentary nucleotides (16,
17), stochastic changes in the polymerase conformation (18), or because of
protein “roadblocks” bound to the downstream DNA (19-21). Inside the
bacterial cell the transcription process is also influenced by different DNA
topological states that are controlled by nucleoid-associated proteins (NAPs)
(22). Nevertheless, the molecular mechanism by which topological alterations
on the DNA affect RNAP transcription in bacteria is poorly understood. Dps
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protein is one of the NAPs that compacts the bacterial genome, particularly
during stress conditions. By changing the DNA topology and promoter
accessibility, Dps could influence cellular metabolism. A detailed study of how
transcription occurs in the presence of Dps can therefore shed light on the
coordination of gene expression with DNA topology.

In the previous chapters, we characterized the process of DNA compaction by
Dps alone at the single-molecule level utilizing the magnetic tweezers assay.
In this chapter, we modified a magnetic tweezers assay in order to
characterize the dynamic process of RNAP transcription through preformed
Dps-DNA complexes (section 7.2). Specifically, we focus on the RNAP
dynamics e.g. change in elongation rate and pausing frequency of RNAP that
occur in different tested configurations. We perform dwell time analysis
(section 7.3) to investigate the enzyme dynamics in the presence and absence
of Dps. In section 7.4, we apply an assisting force to the RNAP molecules and
allow it to transcribe through Dps-DNA complexes located downstream of
RNAP. A second configuration allows us to apply an opposing force to the
RNAP while transcribing through stretched bare DNA with Dps-DNA
complexes located upstream of RNAP. This second configuration enables us to
test if Dps prevents backtracking of RNAP. We compare dwell-time
distributions for these two configurations. In section 7.5 we examine the
degree to which RNAPs can transcribe through completely compacted Dps-
DNA complexes at very low opposing force. Concluding remarks are
represented in section 7.6.

7.2 Methods for tracking RNAP translocation along
the DNA

In this magnetic tweezers assay, dsSDNA molecules were tethered at one end to
the surface of the flow cell via a digoxigenin handle (Fig.1A). A streptavidin-
coated superparamagnetic bead was attached to the singly biotinylated RNAP
stalled near the promoter region of the dsDNA forming the RNAP:DNA ternary
complex. The magnetic beads and thus the RNAP:DNA complexes were
manipulated by a pair of vertically aligned permanent neodymium-iron-boron
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magnets (SuperMagnete) separated by a distance of 1 mm that controlled the
applied magnetic force (Fig.1B).
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Fig.1. DNA and RNAP labeling for magnetic tweezers assay. (A) Schematic representation of
the DNA construct with digoxigenin handle (blue circles) at one end and used in the magnetic

g

A

tweezers assay. (B) Cartoon of RNAP (green) labeled with a single biotin molecule (grey) and
attached to the streptavidin-coated magnetic bead (purple).

7.2.1 DNA constructs and RNAP labeling for magnetic
tweezers assay

For the assisting force (AF) configuration, a double-stranded DNA 9.5 kbp
linear construct was designed to contain a digoxigenin-enriched DNA handle,
a random 4bk spacer sequence of pbluescript plasmid, a rpoB coding
sequence, a T7A1 promoter sequence with the RpoB sequence and its
transcription terminator (Fig.2A). The fragments were prepared by PCR and
linearly ligated together. Further, this linear dSDNA was at one end ligated to a
digoxigenin-labelled DNA handle of 643 base pairs. The other end was ligated
to a 4.5 kb DNA rpoB-encoding fragment containing a T7A1 promoter.

For the opposing force (OF) configuration, a 7.5 kbp linear double-stranded
DNA construct was designed to contain a digoxigenin-enriched DNA handle
and a T7A1 promoter sequence with the RpoB sequence (Fig.2B). The
fragments were prepared by PCR and ligated together. The sequence was
generated by amplification of a 5143 bp fragment containing a T7A1l
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promoter. Further, this linear double-stranded DNA was at one extremity
ligated to a digoxigenin-labelled DNA handle of 643 base pairs and a spacer
sequence of 1268 bp. The constructs were made by Theo van Laar (TU Delft,
the Netherlands).

A
pT7A1
| DIG handle pbluescript1, 2, 4 | I > rpoB
643 bp 4015 bp 397 bp 4080 bp
B pT7A1
| | > rpoB | pbluescriptl, 2,4 | DIG handle]
400 bp 5143 bp 1268 bp 643 bp

Fig.2. DNA constructs for assisting and opposing force configurations. (4) Schematic of the
9.5 kbp linear DNA construct used in the AF configuration visualizing the lengths and the
positions of the different DNA segments. (B) Schematic of the 7.5 kbp linear DNA construct used
in the OF configuration visualizing the lengths and the positions of the different DNA segments.

Wild-type E. Coli RNA polymerase holoenzyme containing transcription factor
07% and a biotin-modification at the ’-subunit was kindly supplied by Prof.
Dr. Irina Artsimovitch (Ohio State University, USA). Approximately 60 % of
elongation complexes formed by this holoenzyme showed activity (23).

7.2.2 Flow cell preparation

The flow cell preparation protocol used in this study has been described in
detail elsewhere (9, 24-27). In short, polystyrene reference beads of 1.5 pm in
diameter (Polysciences GmbH, Germany) were diluted 1:4000 in PBS buffer
(pH 7.4; Sigma Aldrich) and then adhered to the nitrocellulose (Invitrogen)
surface of the flow cell. Further, digoxigenin antibodies (Roche Diagnostics) at
concentration of 0.5 mg/ml were incubated for 4-5 hours within the flow cell,
following overnight incubation of 10 mg/ml BSA (New England Biolabs)
diluted in preparation buffer containing 20 mM TRIS, 100 mM KCl and 10 mM
MgClz adjusted to pH 7.9.
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7.2.3 RNAP transcription assay

A mixture of 31 nM RNAP and 3 nM DNA was prepared in the buffer
containing 20 mM TRIS, 100 mM KCI, 10 mM MgClz, 1 mM DTT, pH 7.9 and left
to incubate for 10 min at 37 °C. Further, 50 uM ATP, CTP, GTP (GE Healthcare
Europe ) were added to the solution and left to incubate for additional 10 min
at 30 °C. Presence of the initiation factor ¢’° and ATP, CTP, GTP
ribonucleoside triphosphates enabled RNAP binding to the T7A1 promoter
and initiated elongation and transcription. The elongation proceeded until the
adenosine base A29 on the DNA sequence is reached and then transcription
stopped due to the lack of the complementary nucleotide uracil. This reaction
resulted in the formation of a DNA:RNAP ternary complex with RNAP stalled
at the position A29 after the promoter sequence. In the last step, the solution
was diluted with 250 pl of preparation buffer to obtain a 0.25 nM RNAP:DNA
ternary complex. The complex was introduced into the flow cell and incubated
for 30 min. Addition of 400 times diluted streptavidin-coated
superparamagnetic beads (MyOne Dynabeads, Invitrogen/Life Technologies)
with a diameter of 1 um resulted in the attachment of the beads to
biotinylated RNAP stalled on the DNA (Fig.1B).

Before the re-initiation of transcription for tracking, we exchanged the
preparation buffer for a transcription buffer containing 50 mM Hepes, 100
mM KCl, 4 mM MgClz, pH 7.3 and 5 % PEG 8K (Promega). At this step, for the
experiments with Dps, we added 1 uM of Dps protein to the transcription
buffer while DNA is stretched to its full length at force of 5 pN. This force
prevents compaction of the DNA by Dps in the region between RNAP and the
surface attachment point. Further, we re-initiate transcription by adding all
nucleotides - including uracil triphosphate (IBA Lifesciences GmbH)- at
concentration of 1 mM to the stalled ternary complexes and instantly starting
the measurements with a sampling frequency of 25 Hz. Since transcription re-
initiates in a fraction of all the stalled ternary complexes, we define the
efficiency of transcription re-initiation as the ratio between the number of
transcribing tethers and the number of all the stalled ternary complexes that
were tracked.
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7.3 Analyzing RNAP translocation along the DNA

7.3.1 RNAP transcription traces

The number of magnetic beads that we are able to track in the field of view in
an individual experiment ranges from 100 to 250. By tracking the bead z-
position, we are able to observe the upward translocation of RNAP on the DNA
during the transcription process for the assisting force configuration and
downward translocation for the opposing force configuration. For all
performed transcription experiments, we observe that RNAP re-initiation
efficiencies usually surpass 30 %. Each transcription trace corresponds to the
activity of a single RNAP and reflects the transcription dynamics of a single
enzyme (Fig.3). The transcription traces were processed using custom-
written Igor pro v6.39 (Wavemetrics, USA) based scripts.
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Fig.3. RNAP transcription traces. Example bead z-position traces as a function of time during
elongation measured at assisting force of 7.5 pN and rNTP concentration of 1 mM. Each trace
corresponds to the transcription activity of a single RNAP.

All the transcription traces consist of elongation interrupted by pauses of
different durations, ranging from few tenths of a second to up to an hour.
RNAP traces exhibit extremely heterogeneous dynamics with different pause
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durations and pause frequencies during transcription, in agreement with
previous studies (5, 6, 12). Therefore, the traces were examined for potential
transcription activity and only those were further used in the dwell-time
analysis.

7.3.2 Dwell time analysis

To quantitatively assess the transcription dynamics of E. coli RNAP, we
conduct a statistical analysis of elongation and transcriptional pausing. An
accurate and robust evaluation of pause distributions is performed using
unbiased dwell time analysis, a method employed previously for the
characterization of RNA-dependent RNA polymerases (9, 28, 29). This
technique provides more statistical pause distribution data than the method
using numerical derivation of the velocity slope which led to biasing the data
by omission of shorter pauses (12, 30).

7.4 RNAP transcription at assisting and opposing
forces in the presence of Dps

We use two configurations in order to track RNAPs transcribing along the
DNA in the absence and presence of Dps. First, in the assisting force (AF)
configuration, the generated force facilitates RNAP translocating along the
Dps-DNA complex while no Dps is bound behind it (Fig.4). Second, in the
opposing force (OF) configuration the generated force opposes the
transcription of RNAP on the DNA while the Dps-DNA complex is formed
behind (Fig.5). Further, we perform dwell time analysis on measured traces
and compare them between all the tested configurations in the absence and
presence of Dps (Fig.6).

7.4.1 RNAP transcription at assisting force in the
presence of Dps

In this section we consider configuration with assisting force applied to RNAP
during transcription in the absence and presence of 1 uM Dps (Fig.4A). The
experiment was performed for 1.5 h at a constant force of 5 pN. Then the
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measured traces were analyzed by applying the dwell time algorithm
described above and plotted in Fig.4B.
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Fig.4. RNAP transcription measured at assisting force. (4) In the assisting force (AF)
configuration, the magnetic force applied on the RNAP:DNA ternary complex has the same
direction as the translocation of the RNAP (green) during transcription. The Dps-DNA complex
(purple and red) is located in front of RNAP. (B) Dwell time analysis performed on the traces
measured in the absence (black) and presence of 1 pM Dps (red). Constant assisting force of 5 pN
was applied during the whole measurement. Filtering was performed to 0.5 Hz and dwell time
analysis with dwell time window (DTW) size of 10 nt.

Comparing dwell time analysis performed on the traces measured in the
presence and absence of Dps at assisting force applied to RNAP:DNA complex,
we do not observe any alterations in RNAP dynamics during transcription.
Both curves apparently completely overlap, meaning there is no shift of the
elongation peak, no changes in transcriptional pauses and no significant
changes in the probability of the pause densities that corresponds to
backtracking region. Therefore, DNA compaction by Dps has no influence on
RNAP transcription if we apply assisting force to RNAP:DNA ternary complex.

7.4.2 RNAP transcription at opposing force in the
presence of Dps

In this section we consider configuration with opposing force applied to RNAP
during transcription in the absence and presence of 1 uM Dps (Fig.5A). The
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experiment was performed for 1.5 hours at constant force of 5 pN. Then the
measured traces were analyzed by applying dwell time algorithm described
above and plotted in Fig.5B.
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Fig.5. RNAP transcription measured at opposing force. (4) In the opposing force (OF)
configuration, the magnetic force applied on the RNAP:DNA ternary complex opposes the
translocation of the RNAP (green) on the DNA. The Dps-DNA complex (purple and red) is located
behind RNAP. (B) Dwell time analysis performed on the traces measured in the absence (black)
and presence of 1 uM Dps (blue). Constant assisting force of 5 pN was applied during the whole
measurement. Filtering was performed to 0.5 Hz and dwell time analysis with DTW size of 10 nt.
Filtered was performed at 0.5 Hz with DTW size of 10 nt.

Comparing dwell time analysis performed on the traces measured in the
presence and absence of Dps at opposing force applied to RNAP:DNA complex
we do not observe any alterations in RNAP dynamics during transcription.
Both curves apparently overlap, meaning there is no shift of the elongation
peak, no increase in transcriptional pauses and no changes in the probability
of the pause densities that corresponds to backtracking region. Therefore,
DNA compaction by Dps has almost no influence on RNAP transcription if we
apply opposing force to RNAP:DNA ternary complex.

7.4.3 Comparison of assisting and opposing force
configurations

In this section we compare the dwell time analysis performed on the traces
measured in the presence of 1 puM Dps at two different configurations:
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assisting and opposing (Fig.6). Both experiments were carried out for 1.5
hours at constant force of 5 pN.
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Fig.6. Comparison of RNAP transcription measured at assisting and opposing forces
applying stochastic stepper model. (A) Model of stochastic stepper with elongation rate k.,
pausing entry rate k, and exit rate k.. (B) Dwell time analysis performed on the traces measured
in the presence of 1 uM Dps in assisting (red) and opposing (blue) configurations. Constant
assisting force of 5 pN was applied during the whole measurement. Filtering was performed at 0.5
Hz and dwell time analysis with DTW size of 5 nt. Simulation performed with the stochastic
stepper model for assisting and opposing configurations resulted in completely overlapping
curves (grey dashed line). The extracted kinetic parameters from the model are: elongation rate
k=30 Hz, elongation exit rate k,=2 Hz, pause exit rate k,=0.2 Hz, elongation probability P = 0.12
and pause probability P = 0.01.

Comparing the dwell time analyses performed on the traces measured in the
presence of Dps at assisting and opposing force configurations applied to
RNAP:DNA complexes we do not observe any substantial difference in RNAP
elongation rates and pauses densities during transcription (Fig.4B and
Fig.5B). To determine the kinetic parameters of RNAP in both experimental
conditions, we apply a stochastic stepper model (Fig.6A) to the dwell time
distributions. In this model, the motor can either step forward with a rate k;,
or enter into a pause with a rate k,. When the motor is in a pause state, it can
return to the active state with a rate k,. The probability of pausing is then

k’i”k. Applying this model, we performed simulations for
etkp

given by P =

assisting and opposing configurations and co-plotted them with the according
experimental DWT distributions (Fig.6B). The simulations apparently overlap
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with both experimental data, indicating that the transcription dynamics of
RNAP is unaffected by Dps.

7.5 Tracking RNAP transcription in fully compacted
Dps-DNA complexes

At the high forces used above, we are able to measure the RNAP position
quickly and accurately by preventing Dps from compacting either the
upstream or downstream DNA. However, Dps can compact both portions of
the DNA in vivo. We therefore designed an assay to observe transcription on
fully compacted DNA. We used the OF configuration and lowered the force to
0.7 pN, allowing Dps to bind to the entire DNA molecule (Fig.7A). To measure
the overall progress of RNAP, we briefly extended the downstream portion of
the DNA every 400 s by applying 8 pN force (Fig.7B). A substantial amount of
traces showed a decrease in the length of the downstream DNA during these 8
pN stretching events, indicating RNAP had advanced forward. For instance, a
decrease in the z-position for an example trace shown in Fig.7B was detected
4 times after 8, 16 and 30 min. The overall decrease of Az = 0.6 um was
measured over 80 min.

Evidence of RNAP transcription could also be detected in the fully compacted
DNA. Compacted Dps-DNA complexes without active RNAP form stable
configurations with Brownian fluctuations on the order of 20 nm but little
long-term drift (Fig.7C). However, compacted Dps-DNA complexes with active
RNAP are more dynamic. Slow excursions in the bead height by up to 120 nm
are periodically observed after re-initiation of transcription (Fig.7D). We
attribute these events to RNAP translocation along the DNA molecule within
the Dps-DNA complex forcing the complex to rearrange. These results
demonstrate that even on fully compacted DNA RNAP is capable of
transcription. The Dps-DNA complex must accommodate this motion by
breaking and reforming contacts between Dps and DNA, but the overall level
of compaction is only transiently perturbed.
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Fig.7. RNAP transcription measured in fully compacted by Dps DNA. (4) The magnetic force
applied on the RNAP:DNA ternary complex opposing the translocation of the RNAP (green)
through fully compacted Dps-DNA complex (purple and red). The Dps-DNA complex is located as
behind as well as in front of RNAP. (B) Example time trace (red) show change in RNAP position in
compare with zero time point after RNAP:DNA complex was compacted at low force (blue) and
decompacted at high force every 200 sec. (C) Magnified region from example time trace (red)
demonstrate stability in noise of condensed Dps-DNA complex at constant force (blue). Filtering
was performed at 0.5 Hz (black). (D) Magnified regions from example time trace (red)
demonstrate RNAP activity thorough condensed Dps-DNA complex at constant force (blue).
Filtering was performed at 0.5 Hz (black).

7.6 Conclusions

A magnetic tweezers assay was successfully applied for the study of the E. coli
RNA polymerase (RNAP) transcription in the presence of Dps at the single-
molecule level. Several experimental configurations were designed and
optimized specifically for this study. First, a force assisting RNAP translocation
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was applied to study transcription through downstream Dps-DNA complexes
leaving unbound DNA behind RNAP. Second, a force opposing RNAP
translocation was applied in the presence of Dps, creating unbound DNA
downstream of the RNAP but allowing the upstream DNA to be compacted by
Dps. Lastly, the RNAP transcription was tested in a fully compacted Dps-DNA
complex. The performed dwell time analysis allowed us to characterize the
enzymatic behavior by examining the elongation rate and pause distributions
for dwell times ranging from 0.1 s to more than 1000 s.

Surprisingly, these in vitro experimental results show that the presence of Dps
does not cause any detectable changes in transcriptional dynamics. RNAP is
capable to transcribe DNA without substantial perturbation through the
compacted Dps-DNA complex. This result is unexpected due to our previous
observations showing an extremely tight compaction that Dps forms on the
DNA at low or zero forces. Intuitively, we expected that Dps would act as a
roadblock resulting in decreased elongation rates, increased pause densities,
or backtracking.

However, this finding suggests an important feature of Dps is that it allows
RNAP transcription through compacted DNA molecules, keeping stressed cells
metabolically active. In this way, bacteria can protect DNA with Dps during
periods of high stress while independently regulating transcription. This
makes Dps more useful as a general stress response factor. This strategy
stands in marked contrast to the function of nucleosomes in eukaryotes,
which both compact DNA and block transcription on that region of DNA (31).
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7 ach confined cell created by nature and containing DNA molecule falls
| into the category of “alive organism”. All information about this
A4\

organism is encoded in DNA molecule in genes, except of fate only.

Along with the DNA molecule that represents genetic carrier, the organism
neither the genome could function without proteins. Proteins are the building
blocks from which cells are assembled and capable of activating or disabling
particular genes playing a crucial role in DNA replication, repair and
protection. In order to understand the function of each singular protein and its
role in the overall cellular metabolism, we need to characterize it from
different perspectives. Without this knowledge, we do not possess a complete
picture of the vitally important processes in the cell and might be losing a very
promising pipeline for a treatment of many diseases.

In this thesis, we focused on characterization of the particular type of DNA-
binding protein Dps (DNA-binding protein from starved cells) that physically
interacts with the DNA under conditions of bacterial cell stress and starvation,
playing a major role in DNA protection and chromosome compaction.
However, existing knowledge of Dps mediated DNA compaction does not fully
describe the kinetic features and biophysical parameters of Dps-DNA complex
formation. Thus, this thesis examined how Dps compacts DNA into a complex
in vitro revealing dynamics of the complex formation in real time and
biophysical properties of the Dps-DNA interaction.

We developed two single-molecule assays to resolve the process of DNA
compaction by Dps: fluorescent microscopy and magnetic-tweezers
measurements. In Chapter 2 we described experimental techniques and
methods that were used in the research. The chemical modification protocols
on DNA and Dps molecules were designed practically for the single-molecule
measurements. The activity of the Dps protein after performed modifications
was validated with control experiments.

Chapter 3 was devoted to the nature of the interactions between Dps and
DNA that was probed by fluorescent microscopy and magnetic-tweezers.
Probing the binding activity of Dps to DNA, we found that Dps is a highly
cooperative protein that abruptly collapses the DNA extension, even under
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applied tension. Moreover, we surprisingly discovered a reproducible
hysteresis in the process of compaction and decompaction of the Dps-DNA
complex. In this chapter we provided a detailed view of Dps binding
transitions and showed that the observed hysteresis is extremely stable over
timescales ranging from seconds to hours. Further, we pointed out that this
process cannot be fit to standard cooperativity models. Inspired by the Ising
model of ferromagnetism, we described the observation of cooperative Dps
binding that exhibits hysteresis with a modified Ising model of cooperativity
and found that long-lived hysteresis arises naturally as a consequence of
strong protein cooperativity in the limit of large complexes.

The obtained data on Dps binding and unbinding processes provided us with
kinetic features of Dps-DNA complex formation. In Chapter 4 we examined
these processes from a Kinetics perspective by following DNA compaction
dynamics and tuning various factors that affect Dps activity. Utilizing
fluorescent assays, we compared how different amounts of monovalent salt
change the affinity of Dps for DNA. We found that elevated ionic strengths
greatly slow the arrival of Dps to the DNA.

Applying magnetic tweezers, we measured the mechanical forces that
characterize the interactions between Dps and DNA. By testing different
tension applied to the DNA molecule we modulated binding and dissociation
rates of Dps. Based on this data we estimated speed and average step size of
DNA wrapping and unwrapping in the presence of Dps.

In order to understand phenomenon of hysteresis in the process of DNA
compaction by Dps in a scope of kinetics we plotted global free energy
diagram for our modified Ising model and other models of cooperativity. We
concluded that cooperativity can lead to hysteresis for a variety of mechanistic
assumptions. However, we found that our modified Ising model is particularly
well-suited for modeling the mechanisms of Dps-DNA complex formation.

In Chapter 5, utilizing magnetic-tweezers, several buffer variations that
mimic changes in the cellular environment upon a stress were used in order to
probe electrostatic interactions between Dps and DNA. We found that Dps
affinity for DNA is strongly affected by salinity, magnesium, crowding, and pH.
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With the modified Ising model for Dps-DNA complex we related the amount of
hysteresis to each of the tested conditions. By fitting experimental data with
our model we demonstrated that these intracellular conditions influence the
strength of the neighboring interactions between bound Dps proteins and
DNA. Therefore, it leads to the change in the amount of hysteresis. Based on
this relation for each tested condition we defined the cooperativity parameter
and dissociation constant of Dps.

In the previous chapters, we demonstrated that torsionally relaxed DNA is
compacted by Dps through a cooperative Ising mechanism. However, DNA
supercoiling is a vitally important component of chromosome packaging and
the regulation of the cellular processes. In Chapter 6, we focused on the
affinity of Dps for other DNA conformations, paying particular attention to
plectonemic DNA as one of the DNA supercoiling states. Using fluorescence
microscopy, we tested preferences of Dps in binding to different DNA shapes
and found that Dps has no affinity for stretched DNA but requires two DNA
strands to be close to each other in order to nucleate on DNA. First, Dps
nucleates on DNA plectonemes, then on bended DNA and the last on linear
DNA but only after its released from tension. Nucleation of Dps leads,
therefore, to Dps-DNA complex formation. Additionally preformed Dps-DNA
complexes can accommodate excess of free DNA plasmid.

Applying magnetic tweezers we examined how presence of Dps influences
DNA coiling under constant tension. We showed that presence of Dps affects
DNA rotation-extension curves by enhancing plectoneme formation and
stabilizing them on the DNA. Dps-DNA complexes also exhibited hysteresis
between increasing and decreasing turns with no regard to positive or
negative supercoiling DNA states. Further, we extended our force-extension
measurements on stretched DNA at zero twist (described in chapter 2) to
similar studies but on supercoiled DNA in the presence of Dps. Surprisingly,
under decreasing and increasing tension, presence of preformed pectonemes
on the DNA resulted in rather gradual change in the DNA extension than
abrupt that was previously observed for torsionally relaxed DNA. Also,
preformed supercoiled DNA state caused the hysteresis loop to shrink in
comparison to the hysteresis loop measured for the Dps-DNA complexes at
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zero twist. This suggests, that Dps acts less cooperatively when DNA is in the
supercoiled state than compared to flexible DNA. Overall, the achieved results
demonstrated how DNA supercoiling states can influence Dps binding and
change affinity of this particular protein.

Due to Dps compacts bacterial chromosome very tightly upon a stress, RNAP
must transcribe hyper-condensed nucleoid. However, how RNAPs translocate
through the Dps-DNA complex remains elusive. Knowing biophysical
parameters and kinetics of the Dps-DNA complex formation allowed us to
design the experiments that enabled us to track the process of RNAP
transcription through these complexes. In Chapter 7 we reported direct
measurements of individual Escherichia coli RNAPs as they transcribed DNA
compacted by Dps. Surprisingly, this in vitro experimental results showed that
the presence of Dps does not cause any changes in transcription behavior and
RNAP is capable to transcribe DNA without substantial perturbation through
the compacted Dps-DNA complex.

To conclude, single-molecule approach made it possible to test wide range of
different conditions by varying few parameters and explore the process of Dps
compacting DNA. A new model proposed for cooperative binding revealed the
intrinsic features of Dps-Dps and Dps-DNA neighboring interactions in
response to the environmental changes. These experiments gave a detailed
biophysical and kinetical view of Dps binding to DNA providing us with better
insight into the process of genome packaging and cell functioning. Further
characterization and modeling of the processes of DNA compaction by Dps can
provide substantial information to the whole picture of genome organization
together with other proteins and result in important medical impact for
treatment of the bacterial diseases.
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eder door de natuur gecreéerd afgesloten cellulair volume dat een DNA

molecule bevat valt in de categorie “levend organisme”. Alle informatie

over dit organisme is gecodeerd in DNA molecule in genen, met als enige
uitzondering het lot. Samen met het DNA molecuul dat de genetische drager
representeert, kan zowel het organisme als het genoom niet functioneren
zonder eiwitten. Eiwitten vormen de bouwstenen waaruit cellen zijn
opgebouwd. Daarnaast zijn eiwitten in staat om bepaalde genen te activeren
of buiten werking te stellen, zodoende spelen ze een cruciale rol in DNA
replicatie, alsmede de bescherming en reparatie van DNA. Om de functie van
elk individueel eiwit en zijn rol in het gehele cellulaire metabolisme te
begrijpen, zijn we genoodzaakt om het via verscheidene invalshoeken te
karakteriseren. Zonder deze vergaarde kennis zal het onmogelijk zijn om een
compleet beeld te vormen van de vitale cellulaire processen en blijven er
onherroepelijk zeer belovende trajecten voor de behandeling van velerlei
ziekten onontdekt.

In dit proefschrift richten we ons op het karakteriseren van DNA-bindend
eiwit Dps (DNA-binding protein from starved cells). Dps is een bacterieel eiwit
dat aan het bacteriéle genoom bindt onder de specifieke omstandigheden van
cellulaire stresssituaties zoals uithongering. Dps zorgt er in deze situaties voor
dat het bacteriéle genoom een zeer compacte vorm aanneemt, waardoor de in
het DNA gecodeerde erfelijke informatie beschermd blijft. De bestaande
kennis van Dps-gemedieerde DNA verdichting schiet echter tekort in het licht
van het volledig beschrijven van de Kkinetische aspecten en biofysische
parameters van Dps-DNA complexvorming. Zodoende wordt in dit
proefschrift in vitro onderzocht hoe Dps DNA verdicht. Op deze manier
onthullen we in real time de dynamische aspecten en biofysische
eigenschappen van respectievelijk Dps-DNA-complexvorming en -interactie.

We hebben twee enkel-molecuulonderzoeken ontwikkeld om de Dps-
gemedieerde DNA verdichting te kunnen meten: de een maakt gebruik van
fluorescentiemicroscopie, de ander van de magnetische pincettechniek. In
Hoofdstuk 2 beschrijven we deze in ons onderzoek gebruikte experimentele
technieken en methoden in detail. De chemische modificatieprotocollen voor
de DNA en Dps moleculen zijn specifiek voor deze enkel-molecuulmetingen

143



Samenvatting

ontwikkeld. Verder hebben we de nodige controle-experimenten uitgevoerd
om de natuurlijke activiteit van onze gemodificeerde Dps-eiwitten te
controleren.

Hoofstuk 3 is gewijd aan de beschrijving van de aard van de interacties
tussen Dps en DNA dat we hebben onderzocht door middel van de
bovengenoemde fluorescentiemicroscopie- en magnetische pincettechnieken.
Door de bindingsactiviteit van Dps aan DNA te onderzoeken hebben we
ontdekt dat Dps-binding een zeer codperatief proces is. Dit leiden we af uit
onze observatie dat DNA in uitgestrekte vorm abrupt ineenstort tot de
compacte vorm in aanwezigheid van Dps, zelfs als er een substantiéle kracht
aanwezig is die de ineenstorting tegenwerkt. Bovendien vonden we
verrassend genoeg een reproduceerbare hysterese in het compactie- en
decompactieproces van het Dps-DNA complex. In dit hoofdstuk verschaffen
we een gedetailleerd zicht op deze Dps-bindingstransities en hebben laten
zien dat de geobserveerde hysterese extreem stabiel is over tijdschalen in een
bereik van seconden tot uren. Daarnaast laten we ook zien dat de standaard
gebruikte cooperatieve modellen het Dps-DNA codperatieve proces niet
adequaat kunnen omschrijven. Geinspireerd door het Ising model met
betrekking tot ferromagnetisme, beschrijven we onze observatie aangaande
codperatieve Dps-binding met hysterese daarom gebruikmakend van een
gemodificeerd Ising model. We ontdekten hierbij dat de door ons
geobserveerde langdurige hysterese natuurlijk voortvloeit uit de sterke mate
van coOperatie die het Dps eiwit bezit in de limiet van grote complexen.

Uit de verkregen Dps-bindings- en dissociatiedata hebben we de kinetische
kenmerken van Dps-DNA complexvorming kunnen destilleren. In Hoofdstuk
4 hebben we de hierboven beschreven processen vanuit een Kkinetisch
perspectief bekeken door DNA-verdichtingsdynamiek te volgen en
verschillende factoren die Dps activiteit beinvloeden te variéren. Door gebruik
te maken van fluorescentiemicroscopie-onderzoek hebben we vergeleken hoe
verschillende hoeveelheden van monovalent zout de affiniteit van Dps voor
DNA veranderen. We ontdekten hierbij dat verhoogde ionenconcentraties het
moment waarop Dps aan het DNA binden zeer vertragen.
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Gebruikmakend van de magnetische pincettechniek hebben we de
mechanische krachten gemeten die kenmerkend zijn voor de interacties
tussen Dps en DNA. Door een breed scala aan op het DNA molecuul
aangebrachte trekkrachten te testen hebben we de bindings- en
dissociatiesnelheden van Dps kunnen extraheren. Gebaseerd op deze data
hebben we de snelheid en gemiddelde stapgrootte van DNA wikkeling en
afwikkeling in de aanwezigheid van Dps geschat.

Om het fenomeen van hysterese in het proces van Dps-gemedieerde DNA-
verdichting vanuit een kinetisch perspectief te begrijpen, hebben we het
globale vrije energiediagram van ons gemodificeerde Ising model en andere
coodperatieve modellen geplot. We concluderen hieruit dat codperatie kan
leiden tot hysterese voor een scala aan mechanistische aannames. We
concluderen echter ook dat ons gemodificeerde Ising model bij uitstek
geschikt is voor het modelleren van Dps-DNA complexformaties.

In Hoofdstuk 5 zijn, gebruikmakend van het magnetisch pincet, verschillende
buffervariaties gebruikt die de veranderingen in de cellulaire omgeving bij
stress nabootsen, om zo de elektrostatische interacties tussen Dps en DNA te
onderzoeken. We ontdekten dat de affiniteit van Dps voor DNA sterk wordt
beinvloed door het zoutgehalte, het magnesiumgehalte, de concentratie van
andere grote moleculen en de pH van de oplossing. Met ons gemodificeerd
Ising model voor Dps-DNA complexvorming hebben we de mate van hysterese
gekoppeld aan elk van de geteste omstandigheden. Door experimentele data
met ons model te fitten hebben we gedemonstreerd dat deze intracellulaire
omstandigheden de kracht van de aangrenzende interacties (de mate van
cooperatie dus) tussen gebonden Dps en DNA beinvloeden. Als direct gevolg
hiervan verandert de hoeveelheid hysterese. De mate van hysterese is dus een
mate voor de cooperativiteit van Dps. We hebben daarom een Dps-
codperativiteitsparameter en dissociatieconstante gedefinieerd en deze voor
elk van de geteste omstandigheden bepaald.

In de vorige hoofdstukken, hebben we gedemonstreerd dat niet-getordeerd
DNA door Dps verdicht wordt middels een codperatief Ising mechanisme. Aan
torsiekrachten onderworpen DNA is echter onlosmakelijk verbonden met
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verscheidene cellulaire en chromosomale processen en daardoor van vitaal
belang voor de cel. In Hoofdstuk 6 hebben we ons daarom gericht op de
affiniteit van Dps voor andere DNA conformaties, waarbij we in het bijzonder
aandacht hebben besteed aan plectonemisch DNA als een van de toestanden
van (super)getordeerd DNA. Gebruikmakend van fluorescentiemicroscopie
hebben we de voorkeur van Dps voor het binden aan verschillende DNA
vormen getest. Hierbij ontdekten we dat Dps geen affiniteit heeft voor
gestrekt DNA, maar de nabijheid van twee DNA strengen vereist om een
(bindings)kern te vormen op het DNA. Eerst vormt Dps een kern op DNA
plectonemen, dan op gebogen DNA en pas als laatste op lineair DNA, echter
pas nadat de spanning erop is weggehaald. Nucleatie van Dps leidt daardoor
tot Dps-DNA complexformatie. Dps-DNA complexen kunnen daarnaast ook
nog een overschot aan vrije DNA-plasmide accommoderen.

Gebruik makend van het magnetisch pincet hebben we bekeken hoe de
aanwezigheid van Dps invloed heeft op het door torsie aangebrachte oprollen
van DNA onder een constante trekkracht. We laten zien dat de aanwezigheid
van Dps de DNA rotatie-extensie verhouding beinvloedt door
plectonemevorming te bevorderen en deze te stabiliseren op het DNA. Dps-
DNA complexen hebben ook hysterese laten zien tussen toenemende en
afnemende aangelegde torsie voor zowel positieve als negatieve
(super)getordeerde DNA toestanden. Hiernaast hebben we onze kracht versus
extensie metingen op niet-getordeerd DNA (beschreven in hoofdstuk 2)
uitgebreid met eenzelfde meetserie aan supergetordeerd DNA. Verrassend
genoeg zorgt de aanwezigheid van voorgevormde pectonemes op DNA voor
een geleidelijke afname in DNA uitstrekking, in plaats van de abrupte
ineenstorting zoals eerder bij niet-getordeerd DNA door ons geobserveerd
was. Ook nemen we een verkleining van de hysterese in vergelijking met Dps-
DNA complexen bij nul draaiing waar. In de aanwezigheid van
supergetordeerd DNA gedraagt Dps zich minder codperatief dan het geval is
bij niet-getordeerd DNA. De bereikte resultaten laten duidelijk zien hoe
supergetordeerde DNA toestanden de Dps-binding en Dps-affiniteit
beinvloeden.
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Samenvatting

Doordat de door Dps verdichte bacteriéle chromosomen zeer strak onder
spanning staan, moet de RNA polymerase (RNAP) hyper-gecondenseerde
genomen transscriberen. Hoe de RNAPs dit voor elkaar krijgen en zich een
weg door een Dps-DNA complex weten te banen is tot nu toe een
onopgehelderd vraagstuk. Het kennen van biofysische parameters alsmede de
kinetica van de Dps-DNA complexvorming heeft het mogelijk gemaakt om
experimenten te ontwerpen die het proces van RNAP transcriptie door Dps-
DNA complexen registreert. In Hoofdstuk 7 beschrijven we de metingen aan
individuele Escherichia coli RNAPs op het moment dat ze het door Dps
verdichte DNA transscriberen. Verrassend laten deze in vitro experimentele
resultaten zien dat de aanwezigheid van Dps geen veranderingen in het RNAP
transscriptiegedrag veroorzaken en RNAP in staat is om door Dps verdicht
DNA te transscriberen zonder substantiéle verstoring of vertraging.

In conclusie maakte een enkel-molecuulbenadering het mogelijk om een
breed scala aan toestanden te onderzoeken waarop Dps DNA verdicht, door
een paar parameters te variéren. Een door ons voorgesteld nieuw model voor
cooperatieve binding heeft de intrinsieke kenmerken van Dps-Dps en Dps-
DNA aangrenzende interacties onthuld, alsmede de respons van het systeem
in veranderende omstandigheden. Deze experimenten geven ons een
gedetailleerde biofysische en kinetische kijk op Dps binding aan DNA en
verschaft ons zo een beter inzicht in het proces van genoomverpakking en
cellulaire werking. Verdere karakterisering en modellering van de processen
die gepaard gaan met door Dps gemedieerde DNA verdichting kan
aanzienlijke informatie opleveren voor het totaalplaatje van hoe
genoomorganisatie afhangt van andere eiwitten. Dit kan op zijn beurt weer
een aanzienlijke invloed hebben op hoe we bacteriéle ziekten voorkomen,
bestrijden, en behandelen.
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regardless of whether the researcher is a physicist or a biologist.

7. Only fundamental science can give rise to genuine innovation.

8. Understanding the technique chosen for tackling a scientific problem
provides insight into researcher’s conclusions.
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in Delft by Antonie van Leeuwenhoek and the success of the
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10.

YTBepKaeHus

K JuccepTauuu

Yro genaet agauHHyo JJHK kopoTkoin?
Moayasanua crpykrypsl JJHK nporennom Dps:
KOOINepaTUBHOCTb & peopraHusanms

H. BriopuHa

KoomnepaTuBHOCTb nopox/aeT 3pGeKTUBHOCTb U CUHTYJISPHOCTD.

Cynp6a He xpanutca B JIHK: aBostonus JiniieHa gapa npeaBuaeHUs
Y He CTPOUT IJIAHOB.

Haquble pe3yJibTaTbl BCeraa HMHTEPHPETHPYHTCA 4Yepe3 INPHUu3My
CO3HaHHUA UccjaenoBaTesid.

KosinuecTBO maMsiTh HEOOXO0JUMOE /ISl KOJAUPOBKH BCEX KIETOYHBIX
MPOLIECCOB MPEBbIMIAET KOJUYECTBO MH(OPMALMHK, KOTOPOE MOMKET
00paboTaTh YeJI0BEUECKHUN MO3T.

Buosiorusi - 3TO A3bIK NPOrPaMMHPOBAaHHS, NPUAYMaHHBIN
[Ipupogoil.

3akoHbl QU3UKH PabGOTAOT OJWHAKOBO M BHYTPHU U 3a IpejesiaMu
KJIETKH, HE3aBUCHUMO OT TOTO, SIBJISIETCS JIK UCCJIe/0BaTeNb PU3UKOM
WJIK GUOJIOTOM.

TosbKo yHAaMeHTa/IbHAsA HayKa MOXKET JaThb TOTYOK K HaCTOSIIIIUM
MHHOBaLMAM,.

[loHMMaHUWe TeXHUKH, BBIOPAHHOW [Jid pelleHus Hay4HOHU
po6JieMbl, HO3BOJISIET MOHSAThH BHIBOAbI UCCJIEL0BATEIIS.

CyumecTByeT mnpsiMass CBS3b MeXJy OTKPbITUEM MpPOCTeHIIero
opraHusmMa AHTOHM JleBeHrykoM B [lendte u  ycmexom
OMOHAHOHAYYHOU Kadephl.

BbITb BCce BpeMsi 3aHATHIM sIiBJsieTCs Haubosiee 3PpPEeKTUBHOU U
JeleBod MeIULIMHOMN.

ITU yTBepkAeHUs 0A06peHbl npod., A.¢.-M.H. H.X. [lekkep u A.¢.-M.H. I. A. AGGOHIaH3UEDPH,
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{ The protein Dps protects the bacterial
chromosome from hostile environments. In
one way this protection is achieved through
cooperative Dps binding to chromosomal
DNA that rapidly alters its shape and forms a
protective shell around the genome.

This thesis examines how binding of Dps
modulates the DNA structure in vitro. It gives
a detailed biophysical view of the Dps-DNA
interaction and provides new insights into
bacterial survival strategies.

Elucidation of Dps properties has important
medical impact on the treatment of bacterial
diseases. -
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