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ABSTRACT

MARIA ARANGO. Quantifying the Binding Affinities of the PAI-H19Y Mutant of Sleeping
Beauty Transposase to DNA (Under the direction of DR. IRINA NESMELOVA)

The Sleeping Beauty (SB) transposon system is the leading and only DNA transposon-based
gene-delivery vehicle that has been adapted for human gene therapy. The SB system consists of a
transposon DNA flanked by inverted terminal repeats (ITRs) and a transposase enzyme that
catalyzes gene transfer. SB DNA transposition, a cut-and-paste mechanism, occurs when two
transposase enzymes bind to ITRs of transposon DNA and form a transpososome, in which the
transposon DNA is integrated into the target DNA. The transposase enzyme is comprised of a
DNA binding domain containing two subdomains, PAI and RED, and a catalytic domain. During
transposition, SB transposase binds to different ITRs of the transposon DNA with different
affinities, and this difference must be maintained for efficient transposition; however, the values
of binding constants are not known. Here we use the PAI-H19Y mutant of the SB transposase as
it is structurally stable at biologically relevant experimental conditions. Using several
biophysical methods, such as microscale thermophoresis (MST), and nuclear magnetic resonance
(NMR) spectroscopy, we were able to quantify the binding affinities of the PAI-H19Y mutant to

transposon DNA.
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Chapter 1. Introduction

The development of almost all human diseases, to a certain extent, is influenced by
genetics. When considering the genetic basis of disease, one might think about single gene
disorders such as sickle cell anemia, cystic fibrosis, or certain cancers with a heritable
component. Although these genetic disorders are individually rare, they account for
approximately 80% of rare diseases according to one estimate, of which there are several
thousand, ranging between 5000-8000 [1-2]. It has been estimated that rare diseases affect
between 3.5% and 5.9% of the global population, equating to nearly 263-446 million persons
globally at any time. This translates to roughly 25-30 million in the United States and 18-30
million in Europe [3]. On an individual scale, many rare genetic disorders can become lifelong
debilitating conditions and carry devastating health consequences, including premature death.
Unfortunately, only 5% of the several thousand rare diseases currently have an effective
treatment [4]. Nonetheless, people living with rare diseases are increasingly benefiting from
novel therapeutics, some of which are products of cutting-edge technologies currently emerging
in medicine [5].

Gene Therapy is a leading medical approach for treating incurable genetic and acquired
disorders. This modality focuses on the genetic modification of cells to produce a therapeutic
effect and treat diseases by repairing defective genes in patients by introducing foreign genetic
material (gene addition) or modifying a specific site of the genome (gene editing). In vivo gene
therapy, in which genes are delivered to a patient's cells, has been developed using either viral or
nonviral delivery systems. Viral-based delivery systems employ several virus vectors, including
adenovirus, retrovirus, herpes virus, and adeno-associated virus (AAV) [6]. Because viruses are

naturally evolved vehicles with good cell uptake and intracellular trafficking machinery that



enable efficient gene transfer, they have been widely employed in nearly 70% of clinical trials
[7,8]. However, these viral-based therapies have several drawbacks. Safety is a primary concern
as this approach may produce adverse effects, including fatal immune responses and
oncogenesis. Moreover, their preparation is time-consuming and expensive. In contrast, nonviral
approaches, in which nucleic acid cargo is delivered via polymers, lipids, or inorganic materials,
offer a better safety profile and are relatively inexpensive. However, this approach suffers from a
low delivery rate to target cell nuclei and an unstable integration rate required for long-term
therapeutic transgene expression [9-10].

One nonviral vector approach to gene delivery is to harness the natural ability of DNA
transposons to move (transpose) from one genomic location to another. The Sleeping
Beauty (SB) transposon system, the leading DNA-transposon-based gene delivery vehicle
adapted for human gene therapy, has an increased transposition rate compared to other
transposons [11]. The SB system was derived from the molecular reconstruction of extinct fossil
transposase sequences belonging to the Tcl/mariner class of transposons found in the genomes
of salmonid fish [12]. Tcl/mariner-like transposons are members of a superfamily of eukaryotic
transposons that transpose via a DNA intermediate by a so-called "cut-and-paste™ mechanism.
The SB system consists of transposon DNA flanked by inverted terminal repeats (ITRs) and a
transposase enzyme that catalyzes gene transfer (transposition). SB DNA transposition occurs
when two transposase enzymes bind to the ITRs of the transposon DNA, subsequently forming a
transposome, excising (cutting) the transposon, and finally reintegrating (pasting) into a target
sequence (Figure 1B). The transposase enzyme comprises a DNA-binding domain containing

two subdomains (PAI and RED) and a catalytic domain. The PAI subdomain is SB transposase'’s



primary DNA recognition subdomain, containing a 3-turn helix turn helix (HTH) motif, as

shown in Figure 1A [13].
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Figure 1. The Sleeping Beauty transposable element and its transposition (A) Components of the element (B)
Transposition reaction. Figure created using BioRender illustration software.

In the SB system, ITRs that flank the transposon DNA contain binding sites for the
transposase enzyme to recognize and subsequently bind. Each inverted terminal repeat contains
two inner and outer direct repeats (DRs). The outer DRs, Lo and Ro, are found at the transposon'’s
left and right termini, respectively, while the inner DRs, Li, and Ri, are located further inside the
transposon [13]. The PAI subdomain plays a dominant role in contacting the DRs, associating
differently with the inner and outer binding sites of transposon DNA [14]. Although the PAI

subdomain is the primary DNA recognition subdomain, it has been shown to bind to DNA only in



its folded conformation. The folded conformation can be achieved under non-physiological
environmental conditions, such as low temperature (5 °C), high salt concentration (more than 600
mM NaCl), and pH values greater than 7.0 [15-16]. This problem was addressed in previous
research by inducing a structure-stabilizing H19Y mutation in the PAI subdomain, which improves
DNA binding activity and transposition [17]. Differences between transposase binding sites are
necessary for efficient transposition. However, this requirement is not yet fully understood [18].
To gain a fundamental molecular understanding of this binding difference and to guide the
development of more efficient SB transposon-based applications, this work aims to determine the

binding sites and affinities of the PAI-H19Y mutant of SB transposase to transposon DNA.



Chapter 2. Topic and Motivation

Since it displayed transpositional activity in vertebrates, the synthetic SB transposon
system has risen to become a well-established tool that has been utilized in versatile applications
ranging from somatic and germline transgenesis to functional genomics and gene therapy [19].
Before the resurrection of SB from fossil DNA sequences within fish genomes, there was no
indication that any DNA-based transposon was active in vertebrates [20]. It has been suggested
that this results from selective pressure to avoid insertional mutagenesis of essential genes within
their hosts' genomes [21]. Although the SB elements were reconstructed to become sufficiently
mobilized in vertebrate cells, their limited transpositional activity presented a hindrance in
developing efficient SB transposon-based applications. Nonetheless, multiple efforts have
substantially optimized the SB transposon system in terms of transpositional efficiency and
flexibility, culminating in the current hyperactive transposase, SB100X, demonstrating a 100-
fold increase in transposition activity compared to the original (wild-type) transposase [22].
Regardless of current efforts in developing hyperactive variants with greater transpositional
efficiencies, it has been shown that transposase activity is cell type dependent, and applications
such as gene transfer into medically relevant human cells can significantly benefit from further
enhanced variants [23].

Specific structural and mechanistic information is needed to rationalize novel SB
variants. Previous structural studies have shown that SB transposase binds differently to the inner
and outer DRs of transposon DNA, and this difference must be maintained for efficient
transposition [14,16]. Furthermore, extensive studies done on the ITR/DR interactions with the
PAI subdomain provide valuable insight for SB transposition, including (i) All four binding sites

within the ITR/DR structure are needed for transposition [23], (ii) the paired-like DNA-binding



domain forms tetramers in complex with transposase binding sites (14), (iii) transposase binds
more strongly to inner DRs than to outer DRs [16,18] (iv) PAI subdomain binds to the "half-DR"
(HDR) sequence motif within the left IR which mediate protein-protein interactions with other
transposase subunits [14]. Thus, the PAI subdomain is postulated to have three distinct functions:
interaction with the DRs and HDR motif and transposase oligomerization.

One crucial step during the transposition process is the binding of transposase to its
binding sites within the ITR/DRs of the transposon DNA and the subsequent formation of the
transpososome (synaptic complex). Transpososome assembly is a process by which two
transposon ends are paired and held together by transposase enzymes. The necessary factors for
transpososome formation include all four transposase-binding sites within the ITRs, the HDR
motif, and tetramer-complex transposase. The tetramer complex forms only if all four binding
sites are present and in the correct context. The HDR motif is not necessary but is important as it
acts as a transpositional enhancer working in conjunction with the PAI subdomain to stabilize
complexes formed by the transposase tetramer bound to the ITR/DR. Most importantly, the
observation that SB transposase preferentially binds to inner DRs rather than outer DRs suggests
that the unequal strengths of transposase binding and positions of DRs within the IRs are
required for the ordered assembly of the transpososome, which in turn affects the outcome of the

transposition reaction [24].



Chapter 3. Materials and Methods

Two biophysical technigues, microscale thermophoresis (MST) and nuclear magnetic
resonance spectroscopy (NMR), were employed to study the binding sites and affinities of
transposase to transposon DNA. Both methods help assess biomolecular interactions; however,
each technique has advantages and limitations. For example, MST has several benefits, including
low sample consumption, fast experimental execution, relatively straightforward data
interpretation, and measurement over a large range of binding affinities (nM to mM). However,
MST relies on fluorescently labeling one binding partner, which can alter the binding if the label
locates to or near the binding site [25]. Moreover, the small, ~500 um inner diameter of
capillaries used in MST can cause the adsorption of sample material onto capillary walls and
promote sample aggregation [26]. In comparison, the diameter of tubes used in NMR
spectroscopy is 5 mm, avoiding surface adsorption and aggregation issues. In addition, NMR
does not require invasive dyes eliminating dye-dependent effects as seen with MST and can
provide a structural image of the binding interactions occurring, yielding information on binding
sites [27]. However, despite the strengths of NMR, this technique requires significant time and
sample demands, and the determination of binding affinities is not straightforward if the system

is not in the fast chemical exchange regime on the NMR time scale [27-29].

3.1 Protein Expression, Purification, and Sample Preparation

The PAI-H19Y mutant of SB transposase was purified and expressed using an established
protocol [16]. DNA plasmids encoding the H19YK14K33A mutant His-tagged PAI subdomain of
SB transposase were ordered from GenScript USA (Piscataway, NJ). Plasmids encoding the PAI

subdomain of SB transposase were transformed into competent BL21-Al E. coli cells. Cells were



grown in Luria Broth (LB) or M9 minimal media in the presence of 100 ug/mL ampicillin at 30
°C to an OD600 0.6-0.8 and then induced by adding 0.1 M IPTG and 0.2% L-arabinose for 4 h.
For NMR Experiments, *°N-labeled samples were prepared by growing bacterial cells in M9
medium containing ®NHsCl, as the sole nitrogen source. The cells were collected by
ultracentrifugation and lysed using B-per lysis buffer (Thermo Scientific). The soluble extract
containing protein was prepared by centrifugation of cell lysate at 14,000 g for 1 h. The protein
was purified by immobilized metal chelating chromatography (IMAC) using Ni-NTA (Thermo
Fisher Scientific) or Ni-Penta agarose (Marvelgent Biosciences). After elution from the metal
chromatography column, the protein was diafiltrated against 25 mM sodium phosphate buffer at a
range of 5.0 to 7.0 pH values. The presence and purity of proteins were monitored by SDS-PAGE
electrophoresis using 20% (w/v) polyacrylamide gel. The 18-bp Core-DNA and 32-bp Li and Lo-
DNA sequences synthesized by IDT (Integrated DNA Technologies, Inc.) have been used for DNA

binding experiments, as shown in Figure 2.

Left Inner (Li) DR of ITR : TCCAGTGGGTCAGAAGTTTACATACACTAAGT
Left Outer (Lo) DR of ITRe: CAGTTGAAGTCGGAAGTTTACATACACTTAAG
Core DR: TCGGAAGTTTACATACAC

Figure 2. DNA sequences for Li, Lo, and Core were used for both MST and NMR Binding experiments. Bold partial
sequences in Li and Lo indicate the Core-DNA sequence, the common sequence between the four binding sites on
the transposon DNA.

3.2 Microscale Thermophoresis (MST)
Microscale Thermophoresis is an optical fluorescent method that records the strength of
the interaction (binding affinity) between two biomolecules by quantifying the variations in the

fluorescence signal as a result of an infrared (IR)-laser-induced temperature change. The



fluorescent signal variation corresponds to a ligand's binding to a fluorescently labeled or
intrinsically fluorescent target [30]. Two major effects contribute to the variation in the
fluorescence signal: Temperature-Related Intensity Change (TRIC) and thermophoresis. TRIC is
an effect in which the fluorescence intensity of fluorophores is temperature-dependent. The
fluorescence intensity of most fluorophores diminishes with increasing temperature [31]. Most
notably, the extent of the temperature dependence is strongly related to the chemical environment
of the fluorophore, which can be altered by binding events [32]. On the other hand, molecules
display directed movement through temperature gradients, typically from a hot to cold region, an
effect called thermophoresis. When molecules are subjected to a temperature gradient, those
molecules escape from heat. Mass diffusion drives the flow of molecules along the temperature
gradient. A molecule's thermophoretic properties are determined by charge, size, and
conformation. Upon binding to an interacting partner, one or more of these parameters may be
altered, resulting in a change in its thermophoretic movement. Thermophoresis of fluorescent
molecules in a temperature gradient induces a change in concentration, resulting in a quantifiable
fluorescence variation [32-33]. Thus, TRIC and thermophoresis are influenced by binding events
and contribute to the measured MST signal.

The change in fluorescence of a given sample after IR laser activation is the product of the
concentration of molecules (c) and the fluorescence of an individual molecule (F), given by the

following equation:
L) =cE+Fr& (1)
ar C =cC
The first term ¢ g—i describes the change in fluorescence due to TRIC, whereas the second term
represents the thermophoretic change in concentration [32]. The second term can also be

characterized by F 2—; = —Src [34]. The spatial temperature difference AT leads to a depletion of



solvated biomolecules in a higher to a lower temperature region. This movement is quantified by

the Soret coefficient St:

“hot = exp (—SpAT) (2)

Ccold

where chot IS the molecule concentration in the hot region and ccold is the concentration in the cold
region. The Soret coefficient St is defined by three parameters, charge, size and conformation
which can be expressed by:

Bffgff

A
St =7 (=Shya t+ 2eegT Apn) 3)

where A is the molecule’s surface area, Shyd IS the hydration entropy of the molecule-solution
interface (conformation), and cess is the effective charge. The depletion (Eqn. 2) depends on the
thermophoresis of the ligand-target complex, which is influenced by the three parameters
mentioned previously [35]. As shown above, the fluorescence change measured by MST is a
bipartite signal that consists of TRIC and thermophoresis. The bipartite signal is a strong
advantage of MST measurements, as it allows for the precise analysis of binding events by
monitoring the change of fluorescent molecules along a microscopic temperature gradient in pl-
volumes.

To determine the binding affinities of protein (transposase) to DNA (transposon), we
utilize MST, as shown in the experimental setup in Figure 3. As shown in Figure 3B,
thermophoresis is induced and detected in glass capillaries containing sample with a volume of
~4 ul each. An IR laser is guided through an objective into the capillary to produce a
microscopic gradient spanning 2-6 °C in a volume with a diameter of ~50 um. The applied
temperature gradient excites the fluorophores in solution, and their emitted fluorescence is

collected through the same objective. In Figure 3C, an MST signal showing the thermophoretic
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movement of biomolecules can be observed. Before the IR laser is turned on, molecules are
homogeneously distributed, and a stable initial fluorescence is recorded. As soon as the IR laser
is turned on, a fast "T-jump" is recorded, corresponding to a rapid fluorescence change due to the
quick temperature change. This is followed by thermophoresis, which can be seen as a decrease
in fluorescence. After fluorescence reaches a steady state at 30 s, the IR laser is turned on, and an
inverse T-jump is observed, followed by a back diffusion of molecules [35]. Back diffusion
provides information on the reliability of an experiment by indicating aggregation or
oligomerization of molecules if a change in molecule size is found [36]. To detect a fluorescence
signal, transposon DNA sequences Li and Lo were fluorescently labeled with Cy5 and titrated in

a sequential dilution with unlabeled PAI-H19Y SB Transposase protein.
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Figure 3. (A) Monolith NT.115 MST device (B) Technical optical setup of the MST device. (C) Example MST time
trace captures the movement of fluorescent biomolecules in a temperature gradient. Figure adapted from [37].

To derive the binding affinity from MST signal, a sample solution mounted in 16
capillaries contains a constant concentration of labeled target for all capillaries and decreasing
concentration of ligand by a factor of two for each subsequent capillary. This serial dilution is
shown through the different traces schematically represented in Figure 4A, where the fluorescent

molecule (black trace, "unbound™) changes upon the increasing concentration of non-fluorescent
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ligand (red trace, "bound), resulting in different traces. From the graph of normalized
fluorescence as a function of the ligand concentration, data points are fitted to obtain binding
constants Kp. The change in thermophoresis is expressed as the change in the normalized
fluorescence AFnorm defined as Frorm=Fnot/Fcold in Which the F values correspond to the values

between the defined areas marked by the red and blue cursors in Figure 4A [26,35-37].
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Figure 4. (A) Example results of a typical MST experiment include the fluorescence time traces for 16 capillaries
(B) Normalized fluorescence of MST traces as a function of the concentration of the ligand. Figure adapted from
[37].

All MST experiments were conducted on the Monolith NT.115 instrument at the

University of North Carolina at Charlotte.

3.3 Nuclear Magnetic (NMR) Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a powerful biophysical technique
that facilitates the determination of the three-dimensional structure and interactions of proteins
and protein complexes in solution at an atomic resolution. NMR is based on the fundamental
concept that all nuclei have an intrinsic quantum property known as spin. When sample
containing *H and/or isotopically labeled nuclei *3C or **N is placed in the external magnetic
field, nuclei spins orient parallel (lower energy state) or anti-parallel (higher energy state) to the

field. By irradiating the nucleus with radiofrequency (RF) waves with frequencies corresponding

12



to the difference between lower and higher energy states, a transition from a lower to a higher
energy state can be induced. The absorption of RF energy during this transition forms the basis
of the NMR method. Because all nuclei are in slightly different chemical environments
determined by the protein structure, the transitions between lower and higher energy states will
occur at slightly different frequencies [38]. The frequency change can provide details of a
molecule's individual functional groups and structure. Moreover, chemical shifts produced by
NMR are sensitive probes for structural changes and are used to assess the folded state and
monitor the effects of ligand binding on the protein structure [39]. Thus, this method can provide
a high-resolution image of the binding interface between the PAI-H19Y mutant of SB
transposase to transposon DNA.

For NMR studies, the protein was expressed in cells grown in minimal medium (M9)
where N-isotopically enriched ammonium chloride was used as a sole source of nitrogen and
subsequently purified to obtain pure protein as previously described. [*H-N]-Heteronuclear
Single Quantum Coherence (HSQC) is used, which is a two-dimensional (2D) spectrum with one
axis for proton (*H) and the other for a heteronucleus, in this case, *>N. HSQC correlates the
amide proton attached to nitrogen in the peptide bond, as all residues (except proline) have an
amide proton (Fig. 5). Thus, each residue produces a cross-peak in the HSQC spectra [38].

"H->N HSQC
(®)

0@?

0@@

Y
i

Figure 5. [*H, *N]J-HSQC mechanism scheme for residues in protein
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Proton chemical shifts were calibrated with respect to the water signal. Chemical shifts
were assigned using existing HSQC peak lists obtained from the Biological Magnetic Resonance
Data Bank (BMRB entry 30680) and assigned reference spectra for the PAI-H19Y subdomain to
transposon Core-DNA [17]. All NMR experiments were performed at the Molecular Education,
Technology, and Research Innovation Center (METRIC) at North Carolina State University.
NMR spectra was processed using the NMRPipe software and analyzed with programs SPARKY

and POKY [40-42].

3.3.1 NMR Chemical Exchange Regimes
Chemical exchange is a process in NMR when a molecule of interest is exposed to a

changing environment that results from it populating two or more states, i.e., bound and
unbound. Across a wide range of timescales, NMR spectra are sensitive to chemical exchange.
Chemical exchange between two states can be characterized by the exchange rate kex, which is
the sum of forward and backward reaction rates. For a protein P binding reversibly to a ligand L
at a single site, a complex PL is formed [43]:

P+LsPL (3)
This simple two-state binding reaction is defined by the rate constants for forward and back
reactions of konand kotr. The following equation gives the exchange rate:

Kex = KonlL]+ koss (4)
The forward and backward rates are given by [P][L]konand [PL]Kotf, respectively. At
equilibrium, the forward and back rates are equal, and the dissociation constant Kp, which is the
constant which is commonly used to describe the affinity between a protein P and ligand L, is

defined as

14



ko
Kp = —l (5)

kon

In terms of concentrations of P and L, the dissociation constant can also be defined by

_ [PI[L]
Ky = oI ©)

where [P], [L], and [PL] represent molar concentrations of protein, ligand, and complex,
respectively. Moreover, the Kp value has molar units (M) and corresponds to the free ligand
concentration at which half the protein population is bound to the ligand [27]. Note that the
smaller the Kp value, the more tightly bound the ligand is, or the higher the affinity between
protein and ligand.

A protein in a simple two-state reaction (Egn. 3) will give rise to two species with different
resonance frequencies wp and wpL, and a resonance frequency difference of Aw = wp - wrL (Fig. 6).
The appearance of the different species of the protein in the NMR spectra varies and is strongly
dependent on the concentrations of species (bound PL and unbound P), the Kp value and the
exchange rate (Egn. 4). Chemical exchange regimes, is based on the magnitude of kex relative to
the difference in resonance frequency Aw (or chemical shift) of a given nucleus in P and PL. The

regimes are typically divided into three categories—slow, intermediate, and fast exchange [43].
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Figure 6. Schematic showing exchange rate and frequency differences for a protein-ligand interaction for a 2D
HSQC experiment. Figure adapted from [44].
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If the exchange is slow on the NMR time scale (kex << Aw ), that is, when the exchange
rate is much slower than the observed difference in resonance frequency, each state and the
corresponding resonance frequencies can be individually observed (Fig. 7A-B, top graph).

At the intermediate NMR time scale (kex * Aw), if the lifetimes of the states are very short,
the difference in frequency cannot be measured, resulting in a collapse of measured signals, known
as coalescence. In other words, there is significant interconversion between bound and unbound
states during the NMR detection period, causing signals to broaden and shift simultaneously (Fig.
7A-B, middle two graphs). Moreover, this indicates coupled processes occurring, namely binding
interactions and conformational changes, which make Kp values challenging to obtain [27,43].

Finally, at the fast NMR time scale (kex >> A ), a single peak will be observed with a
population-weighted average position of their respective resonance frequencies given by wobs =
prwp + prLwpL, Where pp and peL are the populations of the free and bound protein, respectively
(Fig. 7A-B, bottom graph). From this case, obtaining the Kp is straightforward by plotting the peak

position as a function of the added ligand concentration.
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Figure 7. (A) Stimulated [*H, >N]-HSQC spectra for a protein-ligand interaction illustrating two-dimensional
lineshapes that may arise under various exchange regimes as indicated. (B) '°N projections of HSQC spectra are
shown in Figure 7A. Figure adapted from [44].
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For a simple two-state binding occurring in the fast exchange regime, the Kp can be fitted

by the function:

([Plo + [L]o + Kp) = y/([P]o + [L]o + Kp)? — 4[Plo[L]o
2[P]o

Abops = Abrmax

where Adobs and Admax are the observed/combined and maximum chemical shift changes,
respectively. Po and Lo are the total protein and ligand concentrations. Additionally, the Kp value
for MST experiments can also be derived with a variation of this equation, not considering the
Admax [26].

Additionally, it is important to note that only kon, kofr, and [L] determine the exchange rate.
On the other hand, the dissociation constant Ko will not determine whether a binding reaction will
appear in slow, intermediate, or fast exchange. Nonetheless, there is still a tendency for strong
binding reactions to be in low exchange and weak binding reactions to be in fast exchange. This
is because a small Kp will result in low free ligand concentrations until the protein becomes

saturated [43].
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Chapter 4. Results

4.1 The association of PAI-H19Y by MST

For protein-DNA binding experiments, the DNA used was left inner and outer direct
repeats (DRs) (Fig. 2) on the transposon DNA where the transposase binds. Two DRs were
labeled by Cy5, a fluorescent dye that is needed to measure the movement of molecules in
temperature gradients, the physical phenomenon on which MST is based. The Monolith 115.NT
instrument used for MST experiments is equipped with two LED lasers, blue and red. The red
laser has excitation wavelengths of 600-640 nm and emission wavelengths of 660-725 nm. Cy5
is a traditional far-red fluorescent label with excitation ideally suited for 633 or 647 nm laser

lines making this fluorophore suitable for labeling and use in MST experiments.
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Figure 8. The binding of the PAI-H19Y mutant of the SB transposase to fluorescent-labeled DNA was determined
using the Monolith NT. 115 MST instrument.
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The four binding affinities were measured using the same buffer, except for varying pH
and temperatures. Buffer used was 25 mM sodium phosphate with 150 mM NaCl, 0.2 mg/mL
BSA, and 0.05% Tween. The binding affinities of PAI-H19Y protein to the left inner (Li) and
left outer (Lo) DRs at temperatures of 25 and 35 °C were quantified as shown in Figure 8A-D.
Binding measurements were taken for different maximum H19Y concentrations at 1.13, 2.8, and
4.2 mM, all at a pH of 7.4. For Figures 8A-B, MST experiments were repeated twice for 2.8
mM; thus, average measurements are shown. A serial dilution was prepared to measure binding
events in which the H19Y non-fluorescent protein is titrated against a fixed concentration at 50
nM of the fluorescent Cy5-labeled DNA (target). Concentration is chosen based on a pretest
experiment to optimize fluorescence signal, and this is a common approach to simplifying Kp
determination in biochemical and biophysical assays. Every sequential dilution in each
successive capillary is two times, consisting of diluted H19Y protein to diluted buffer and Cy5-
labeled DNA. The serial dilution was mounted in 16 capillaries, and with each subsequent
capillary, ligand concentration increases, and the proportion of ligand bound to the target
increases until saturation. The binding constant is the point at which half the ligand is bound to
the target.

Data obtained from MST binding experiments for PAI-H19Y to Li and Lo-DNA was
compared to previous MST experiments for PAI-H19Y to Core-DNA. The previous experiment's
buffer conditions are nearly the same, with the buffer used being 25 mM sodium phosphate with
0.1% Tween and 150 mM NaCl at pH 7 and temperatures of 25 °C and 35 °C. Figure 9 shows

the binding curves for PAI-H19Y to Core-DNA.
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Figure 9. Previous MST binding experiments of PAI-H1Y to fluorescently labeled Core-DNA.

Data analysis was completed using Origin and MST software to obtain the binding
constants. For Figure 8, outliers from the capillary scan and dose-response data were omitted in
MST software as these values indicated nonspecific ligand adsorption to capillaries. Next, data
from each H19Y concentration measurement set was fitted until convergence using the Hilll
function to obtain the background fluorescence value. This value was then subtracted from
fluorescence values. Finally, data sets from different H19Y concentrations were combined
concerning the same target (Li/Lo), pH, and temperature. Using Origin, binding curves and
constants were obtained using Dose-Response fit. For Figure 9, data points were fitted using the
Hilll function. Binding values, Kb, and their corresponding standard error values for Figure 8A-

D and Figure 9 are shown in Table 1.

pH 7.4
DR DNA 25°C 35°C
Li-Cy5 0.93+0.15mM 1.88+2.67 mM
Lo-Cy5 0.72+0.28 mM 1.52+0.93mM
Core-Cy5 251 +£0.45 mM 3.36 £1.19 mM
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Table 1: Using a data analysis software program, Origin, binding curves, and constants were obtained using Dose-
Response and Hilll fits. Kp values and their corresponding standard error values for Figure 8a-d (Li/Lo-Cy5) and
Figure 9 (Core) are shown.

These values indicate low-affinity, millimolar binding of the PAI subdomain to the
transposon DNA DRs. Moreover, as expected, there is also weaker binding at a temperature of
35 °C than at 25 °C. Large experimental errors are due to the inability to record the full binding
curve due to protein aggregation in the capillary. Although the binding constants suggest a
tighter binding occurring between transposase and left outer DR than left inner DR, large
experimental errors do not allow for drawing a statistically significant conclusion [18].
Moreover, protein to Core-DNA displays weaker binding than to Li and Lo-DNA.

Preliminary binding experiments done at a pH of 5.2 indicate that there are dye-dependent
effects. It could be that at low pH values, the histidine tag on the protein becomes charged and
interacts with the fluorescent label (Cy5), which is seen as ligand-induced fluorescence changes
through the capillary scans [25]. Recommendations by the MST software program to improve
the assay are to change the labeling strategy, increase MST power or reevaluate assay conditions.
MST power was increased, to which there was no improvement. Thus, changing the labeling
strategy to have the protein fluorescently labeled instead of DNA is the next step in future MST
experiments. A different dye can also be used to label DNA, e.g. Atto488 or other hydrophilic
dyes. Labeling protein could also allow measurements at a higher ratio of DNA to protein to
cover the full range binding curve and decrease standard error values because such
measurements were not possible due to aggregates and gel formation at higher protein

concentrations (e.g., protein to DNA ratio).
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4.2 The association of PAI-H19Y by NMR

We used NMR spectroscopy to assess the binding sites and affinities by analyzing the
chemical shifts produced during ligand binding. For NMR experiments, a sample with the
constant concentration of 0.2 mM °N-labeled protein was prepared, to which DNA was added at
increasing concentrations. DNA sequences used were the left inner (Li), left outer (Lo), and
Core-DNA (Fig. 2). The 18-base pair (bp) Core-DNA sequence is the minimum required DNA
sequence for SB transposase binding and the common sequence between the four binding sites
on the transposon DNA. The PAI-H19Y protein was prepared and kept in buffer conditions of 25
mM sodium phosphate buffer with 150 mM NaCl at pH 7.4. The protein concentration was
chosen at 0.2 mM to achieve a good signal-to-noise ratio. NMR experiments were done at
temperatures 7, 25, and 35 °C. Temperatures were chosen to maintain consistency with previous
NMR experiments done for PAI-H19Y binding experiments. The highest quality NMR spectrum
of pure PAI subdomain with all peaks present was observed at 7 °C, whereas in the presence of
DNA, the highest spectrum quality was observed at 35 °C. Therefore, these two temperatures
were used to analyze chemical shift changes.

Observed signal broadening in the NMR spectra, collected using a pure PAI subdomain
at different temperatures, indicates intermediate conformational exchange on the NMR time
scale between folded and unfolded protein states. Moreover, current data and previous NMR
studies done on the PAI subdomain of SB show that DNA binding also occurs in the slow to
intermediate regime on the NMR time scale, leading to the broadening of the PAI resonances
[15-16]. The fact that ligand binding to a protein can produce chemical shifts either by direct
interactions at the binding sites or by inducing a conformational change in the protein, makes the

differentiation between shift changes due to these coupled processes impossible [27].
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Figure 10 shows NMR spectra of protein with and without Lo-DNA at different
temperatures of 7 and 35 °C. The highest quality NMR spectrum of pure protein with all peaks
present was observed at 7 °C (Fig. 10A), whereas the highest quality spectra in the presence of
DNA was observed at 35 °C (Fig. 10D). The spectral differences between spectra at 7 and 35 °C
with no DNA added indicates conformational change occurring, between folded and unfolded
protein states. Conformational changes are observed by looking at the range of *H shifts between
spectra. Since most of the peaks in HSQC spectra arise from backbone amides, 'H shifts can be
used to evaluate the environment in which the residues are found, serving as indicators of
whether the backbone state is folded or unfolded. Significant dispersion of peaks in the *H scale
(Fig. 10A) is indicative of most residues residing in different electronic environments. In this
case, the protein is said to be in its folded state. In contrast, an unfolded protein would have most
of its backbone amide groups exposed to an identical environment in which peaks lie in a narrow
range of 'H shift values. We observe a significant signal broadening at 35 °C (Fig. 10B) for some
residues, which is indicative of the intermediate exchange on the NMR time scale between
folded and unfolded states. The fully unfolded state is not observed at 35 °C, but one can expect
to observe it at higher temperatures, at which the protein is predominantly unfolded, if the
unfolding is not followed by protein aggregation.

Coupled processes can be observed by comparing spectra at 35 °C with (Fig. 10D) and
without DNA (Fig. 10B). Shift changes between selected residues for analysis indicate binding
occurring. Moreover, the increase of signal intensity in Figure 10D suggests the presence of
folded protein upon the addition of DNA. Furthermore, the spectral differences between samples
with an added DNA concentration of 1 mM at a temperature of 7 °C (Fig. 10C) compared to 35

°C show that many signals disappear from the spectra in Figure 10C, due to signal broadening.
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This again is indicative of the intermediate chemical exchange on the NMR time scale, most

likely due to the formation of higher-order protein-DNA complexes at lower temperatures.
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Figure 10: Spectra for PAI-H19Y with and without addition of Lo-DNA collected at temperatures of 7 and 35 °C.
(A) Spectra for PAI-H19Y with no DNA were collected at 7 °, (B) 35 °C, with 1 mM Lo-DNA at 7 °C (C) and at 35

To obtain the binding sites and affinities, [*H->N]-HSQC spectra were collected at an

°C (D).

increasing concentration range of 0.04-3 mM of Li, Lo, and Core-DNA sequences. For each

respective temperature and DNA sequence, the spectra at varying concentrations were overlayed

to map the chemical shifts and to assign residues. Figure 11 shows the overlayed [*H,'>N]-HSQC
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spectra collected at 35 °C for PAI-H19Y SB transposase to Lo DNA. NMR signal assignments
for PAI-H19Y amino acids are indicated; the letters are the abbreviation of the amino acids,
followed by the amino acid position in the protein sequence. The Figure shows that severely
broadened or overlapped signals are present for many residues. However, several residues, such
as Q11, L13, K22, G24, S31, L34, A35, 144, and T53, demonstrate well-separated signals

present at both temperatures. These residues were selected for the detailed analysis.
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Figure 11. [*H,"*>N]-HSQC spectra for *°N-labeled PAI-H19Y at a range of 0.04-0.3 mM of Lo DNA concentration.
Residues selected for analysis, such as Q11, L13, K22, G24, S31, L34, A35, 144, and T53 are circled in black.

Buffer condition: 25 mM sodium phosphate buffer with 150 mM NaCl at pH 7.4 at 35 °C.

Although chemical shifts are not indicative of actual binding sites or affinities, they can still be

used to obtain an apparent binding constant value, Kp. For each of the nine residues selected for
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the analysis and its corresponding spectra for Li, Lo and Core-DNA titrations, the chemical shift
differences between the bound and unbound states were obtained for each titration point. The
binding curves for each residue and its corresponding DNA sequence were plotted as normalized

AH, AN, and Appm shifts as a function of DNA concentration, respectively. The Appm shifts in

each residue were calculated using the formula AS§ = \/(AH)? + 0.15 = (AN)?2 where AH is the
change of the proton chemical shifts between samples without DNA and varying DNA
concentrations, and AN is the respective change of the nitrogen shift. To obtain the apparent
binding affinities, the experimental Appm values were fitted on Origin using the Logistic

function, as seen for residues S31 and T53 shown in Figure 12A-B.

S$31-Lo T53-Lo
" AH

-~ 104 A B
3 AN
o A AH-N
0 0.8 4
=
L A
L]
= 0.6 ol L
L
E
@
£ 04 a 4 A
o A —a "
°
@
N
‘—E“ 0.2 4
(=}
Z 0.0

- T T T - - . - : : T -

0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0

DNA concentration (mM)

Figure 12. Binding curves for residues S31 (Figure 12A) and T53 (Figure 12B) were obtained from [*H,**N]-HSQC
as shown in Figure 11. Data points are plotted as normalized AH, AN, and Appm shifts as a function of DNA
concentration, respectively. Curves are fitted using the Logistic Function on Origin software to obtain Kp values.

For the DNA sequences (Li and Lo) and its’ corresponding [*H-°N]-HSQC spectra, there
was overlap present for one residue, T53, as shown in Figure 13. From the spectra, T53 was
indistinguishable from L34, and both peaks were assigned right next to each other. Because of
this, the resulting Appm shifts in Figure 12B could not be fitted to obtain a binding curve.

However, there was a noticeable shift for the eight residues, including S31, and curves could be
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easily fitted with the Logistic function. The Kp values for the selected residues for each L., Lo,
and Core spectra, excluding T53 for Li and Lo, were averaged to obtain a final apparent Kp

value.
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Figure 13. Zoomed in overlayed [*H,*N]-HSQC spectra from Figure 11 displaying residues chemical shifts for
residues S31, L34, and T53.

Figure 14 shows the normalized Appm shifts for all analyzed residues for each DNA
sequence plotted as a function of DNA concentration. Figures 14A-C show the chemical shift

changes for nearly all binding curves plateau at 1.0 mM DNA concentration, with the most
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substantial changes occurring between DNA concentrations of 0-0.3 mM.
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Figure 14. Binding curves for each DNA sequence. Data points are plotted as normalized Appm shifts as a function
of DNA concentration.

Table 2 shows the final Kp values for each DNA sequence binding to the PAI-H19Y
mutant of SB transposase. Noting that averaging eight residues for Li and Lo compared to nine
residues for Core-DNA could skew the final Core Kp values, we verified that the Kp value stayed
relatively with or without excluding T53 from the analysis. Both Li and Lo Kp values are
essentially the same at 60.77 + 8.48 and 62.35 + 18.31 uM, respectively, and the Core Kp value
is weaker at 93.68 + 11.46 uM. Note that higher dissociation constant values indicate weaker
binding.

Average apparent Kp values for each DR DNA sequence are plotted as a bar graph in
Figure 15. A one-way ANOVA was performed on the data set to determine if there is any
difference between the several Ko means. The test returned a p-value greater than 0.05, at 0.18.
However, from the Figure, it is evident that there is a noticeable difference between average Ko
values for Core and the other two DNA sequences, Li and Lo. Additionally, it is observed that
average Kp values and corresponding errors overlap between Li and Lo, indicating no notable

difference between the two DNA constructs.
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DR DNA (pM)

Residues Li Lo Core
Q11 83.83 +£2.67 124.73 £ 60.44 91.77 £ 14.03
L13 12.29 + 3.64 6.01 £2.92 25.33+19.8
K22 98.86 +4.27 65.33 +2.24 156.68 +32.72
G24 73.26 +7.61 130.93 +17.87 106.22 + 8.62
S31 55.8+17.78 66.9 +15.04 129.07 £ 8.12
L34 19.22 +0.027 3.05+13.13 57.7+13.81
A35 65.26 + 28.6 45.24 +£33.82 102.68 + 7.46
144 77.67 +2.05 56.64 +£1.04 116.01 +5.96
T53 N/A N/A 57.71 £10.45

Average Ko 60.77 + 8.48 62.35 £18.31 93.68 + 11.46

DNA sequence.

Table 2: Binding constants and their corresponding standard error values for each residue and its corresponding DR
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Figure 15: Bar graph for the average Kp values for PAI-H19Y SB transposase binding to Li, Lo, and Core-DNA
sequences. Both Li and Lo had comparable values and standard errors with 60.77 + 8.48 and 62.35 + 18.31 uM,
respectively. Transposase to Core-DNA has weaker binding at 93.68 + 11.46 uM. Nonetheless, all Kp values are in
the micromolar range.
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Chapter 5. Discussion

Binding experiments conducted with MST and NMR spectroscopy to determine the
association of PAI-H19Y mutant of SB transposase to transposon DNA resulted in different Kp
values. Binding affinities obtained through MST showed close to millimolar values. Moreover,
these values were in agreement with previous studies that utilized MST to determine the affinity
of PAI-H19Y to Core-DNA [45]. In contrast, values obtained by NMR were smaller. We
attribute such a difference to the coupling of DNA binding and folding observed at the
intermediate exchange regime on the NMR time scale. It is possible that such a coupling displays
itself differently during the MST measurement due to the different physical basis of MST
experiments and the fact that we label and observe signal from the DNA as compared to NMR
where we directly observe the signal from protein. In the case of MST, DNA binds to already
folded protein, and hence, the measured binding constant reflects protein-DNA interactions only.
In this regard, both methodologies provide a different quantitative measurement of binding
interactions occurring. Regardless of these contrasting results, values displayed in Table 1
suggest that tighter binding occurs between transposase and outer DRs or inner DRs than the
Core-DNA. Binding values obtained via NMR also indicate weaker binding between transposase
and Core-DNA. These data suggest that although the Core-DNA sequence is the minimal DNA
sequence required for transposase binding, the additional DNA sequences of Li and Lo enhance

its DNA-binding capability.
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Chapter 6. Conclusion

Collectively, our results indicate that there is binding occurring in the sub-millimolar
(MST data) range between the PAI-H19Y subdomain of the Sleeping Beauty transposase and
transposon DNA. The binding to the Core-DNA is weaker than the binding to Li and Lo DNA
constructs. NMR data show that the binding is coupled with the PAI subdomain folding. This is
reflected in smaller apparent dissociation constants in the micromolar range.

To obtain the full binding curve in the MST experiment, changing the labeling strategy
could be explored. Furthermore, 3P NMR can be used as a complementary method for probing
DNA interactions. This study relies on the fact that DNA contains phosphorus, but protein does
not. Hence the binding affinity could be measured by observing the binding process from the
“DNA point of view”. As a next step, considering previously stated recommendations for
techniques used, I propose further investigating protein-DNA interactions between the PAI-
H19Y subdomain of the Sleeping Beauty transposase to the inner and outer DRs on the right ITR

of transposon DNA.
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