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ABSTRACT 

 

 

CHENBO YAN. Protein-protein interaction of PAI-H19Y mutant of the Sleeping Beauty 

transposase. (Under the direction of DR. IRINA NESMELOVA) 

 

 

 Due to the substantial interest in developing transposon technology for gene delivery 

and gene therapy, the Sleeping Beauty (SB) transposon system, the most active transposon in 

the vertebrate species, has been extensively studied. The SB transposon system is composed 

of the transposon DNA and the transposase enzyme. During the DNA transposition, one 

necessary step is the assembly of the transpososome. The transpososome is held by protein-

protein interactions, and the formation of the transposase dimer is required for this process. 

PAI subdomain of the SB transposase has been found to mediate protein-protein interactions 

between the transposase subunits, but the specific conditions for this interaction remain 

unclear. In our recent study, we experimentally confirmed that the H19Y mutation in the PAI 

subdomain increased the structural stability of the subdomain, which allows studying protein-

protein interactions at biologically relevant experimental conditions. In this study, we use 

microscale thermophoresis (MST), NMR spectroscopy, and crosslinking techniques to 

investigate the oligomerization of the PAI-H19Y mutant.  
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CHAPTER 1: INTRODUCTION 

 

 

 Gene therapy utilizes the principle that disease can be treated by the introduction of 

foreign genetic material into cells of patients to modify gene expression and cell behavior. 

This delivery of gene is especially effective against diseases where natural immunity is 

abnormal or ineffective, such as cancer or AIDS [1]. Many gene delivery systems have been 

developed in the past years using either viral or nonviral approach. Although viral vectors 

offer the potential of efficient gene transfer, their preparations are time-consuming and 

expensive. Using viral vectors also have the risk of contamination and causing unwanted 

immune responses. In contrast, nonviral DNA plasmids can be manufactured at a reduced 

cost and with lower immunogenicity, however, their rate of delivery to target cell nuclei and 

the rate of integration is low [2].  

 The Sleeping Beauty (SB) DNA transposon offers a new nonviral vector with 

increased rate of transposition. As the most active Tc1/mariner-like transposon in vertebrate 

species, SB transposon has been developed as the leading nonviral vector for gene therapy, 

and it’s the first and only transposon that is currently in clinical trials for human gene therapy 

[3]. Tc1/mariner is one of the 23 recognized super-families of DNA transposons, and all 

transposons within the family shares a similar structure and mechanism when comes to DNA 

transposition. The transposition is achieved through a cut-and-paste mechanism, where two 

transposase enzymes bind to the two ends of the transposon DNA, and they join together to 

form a synaptic complex, which is then integrated into the target DNA, as shown in Figure 1 

[4]. 
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Figure 1. Schematic representation of the DNA transposition process for SB transposon 

system.  

  

 The efficiency of the transposon system depends on how well the transposon DNA 

and the transposase enzyme work together, both components can be modified to achieve 

higher transposition efficiency. The focus of this study is the transposase enzyme, which 

consists of two structurally independent domains, the DNA-binding domain and the catalytic 

domain. The DNA-binding domain further consists of two subdomains, PAI and RED (Fig. 

2). Previous studies have shown that the PAI subdomain is the primary DNA-recognition 

domain, and only its folded conformation can bind to the DNA [5,6]. However, the folding 

conformation can only be achieved at non-physiologic environmental conditions, such as low 

temperature (5oC), high concentration of salt (more than 600 mM NaCl), and pH values 

greater than 7.0 [7]. We addressed this problem in our previous research by inducing a 

stabilizing mutation H19Y, where a histidine is replaced by a tyrosine. 
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Figure 2. Schematic structure of Sleeping Beauty transposase. 
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CHAPTER 2: PRIOR RESEARCH 

 

 

In our previous research, we studied the PAI subdomain of the Sleeping Beauty 

transposase with the purpose of identifying the structure-stabilizing mutation and defining 

the binding interface between the PAI subdomain and the transposon DNA. We have chosen 

the H19Y mutation since we observed the pH induced folding for wildtype PAI is likely 

related to the deprotonation of histidine side chain(s), and the H19Y mutation was predicted 

to have the strongest stabilizing effect based on Gibbs free energy of folding. Using circular 

dichroism (CD) spectroscopy and nuclear magnetic resonance (NMR) spectroscopy, we have 

experimentally confirmed that the H19 to tyrosine mutation stabilizes the PAI subdomain of 

the SB transposase, causes it to remain folded at physiologic environmental conditions.  

 

Figure 3. (A) CD spectrum of PAI-H19Y mutant showing folded conformation. (B) [1H,15N]-

HSQC spectra of the wildtype PAI subdomain (cyan cross-peaks) and H19Y mutant (blue 

cross-peaks) showing the folding of the protein induced by the H19Y mutation. All spectra 

were collected in 25 mM sodium phosphate buffer at 35oC, pH 5.0. 

 

Figure 3 shows the CD and NMR spectra of PAI-H19Y subdomain collected in the 25 

mM sodium phosphate buffer, at 35oC and pH 5.0. The CD spectrum (Figure 3A) clearly 
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shows a folded conformation of PAI-H19Y judged by the positive peak at 198 nm and the 

two negative peaks at 208 and 222 nm. Figure 3B shows the [1H,15N]-HSQC spectra of the 

wildtype PAI subdomain (cyan cross-peaks) and H19Y mutant (blue cross-peaks). [1H,15N]-

HSQC detects the amide proton that attached to a nitrogen in the peptide bond, since all 

amino acid residues (except proline) has amide proton, therefore, the residue can be 

visualized as a peak in the [1H,15N]-HSQC spectrum (Fig. 4).  

 

Figure 4. The peptide bond between amid proton and nitrogen is detected and shown 

as cross-peak in [1H,15N]-HSQC spectrum. 

 

As shown in Figure 3B, the spectrum of the wildtype PAI subdomain (cyan) reveals 

very narrow distribution of cross-peaks, indicating that the respective amino acid residues are 

in random coil like conformation, thus the unfolded structure [5,7]. In contrast, H19Y mutant 

(blue) displays a drastically different spectrum with widely dispersed residues, indicative of a 

folded structure. Therefore, both the CD and NMR results have proven the structural-

stabilizing effect of the H19Y mutation.  
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CHAPTER 3: TOPIC AND MOTIVATION 

 

 

As shown in Figure 10, one important step during the transposition process is the 

binding of the transposon DNA to the transposase enzyme and the formation of synaptic 

complex (transpososome) [6]. As observed from other Tc1/mariner transposases, protein-

protein interactions between the transposases are required to form the transpososome, and the 

PAI subdomain is found to mediate protein-protein interactions between the transposase 

subunits [4]. Previous study has also shown that if protein-protein interactions are inhibited, 

the DNA transposition is completely abolished [6]. Therefore, it is our interest to understand 

the protein-protein interaction and identify the condition in which the interaction could occur. 

Additionally, in our previous research, we collected the [1H,15N]-HSQC spectrum for PAI-

H19Y subdomain with and without DNA at 0.2 mM protein concentration at pH5, as shown 

in Figure 5.  

 

Figure 5. [1H,15N]-HSQC spectra of 15N,13C-labeled H19Y in the absence (blue cross-

peaks) and presence (red cross-peaks) of DNA. The red cross-peaks are clearly broader than 

the blue cross-peaks, suggesting potential protein-protein interaction. 
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In Figure 5, The blue cross-peaks represents the spectrum without DNA, and the red 

cross-peaks represents the spectrum after the DNA-H19Y binding. Large number of chemical 

shifts are present after the binding with DNA, marked with the blue arrows, chemical shifts 

are clear indications of structural change caused by the binding. We also observed the cross-

peak broadening for the DNA-H19Y complex (red) compare to the narrow peaks for 

H19Y(blue). The NMR peak broadening can be caused by three reasons: the rearrangement 

of structure of the PAI subdomain in the presences of DNA, the exchange between DNA-

bound and unbound states of the PAI subdomain, or the dimerization of the DNA-H19Y 

complexes, such the complex is formed by two DNA and two PAI-H19Y molecules [7]. This 

study will help us investigate the possibility of the dimerization of PAI-H19Y mutant and, if 

detected, determine its binding affinity. 

Furthermore, Using the chemical shifts data, we have generated the PAI-DNA 

complex for the original PAI subdomain using HADDOCK (High Ambiguity Driven 

biomolecular DOCKing) program version 2.2 [8], in which the helix H3 interacts with the 

DNA major groove, helix H2 forms contacts with the DNA minor groove, and helix H1 is 

positioned away from the DNA, available for protein-protein interaction. In this study, if 

protein-protein interaction is detected using NMR, we should observe chemical shifts on 

some of the residues that lies on the binding surface, likely the helix H1. The schematic 

representation of the PAI-DNA complex is shown in Figure 6. 
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Figure 6. Structural model of PAI subdomain binding with DNA. Helix H1 is 

positioned away from the DNA, available for protein-protein interaction. 
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CHAPTER 4: METHODOLOGY 

 

 

Three techniques are used in this study to examine the binding, microscale 

thermophoresis (MST), nuclear magnetic resonance (NMR) spectroscopy and crosslinking, 

each technique has their own advantage and limitation. MST is an invasive method that 

requires dye as label, but it can measure samples within a wide range of concentration (nM ~ 

mM) in a short amount of time, a typical binding affinity experiments only takes about 10 

minutes. NMR is noninvasive but very time consuming when comes to data collection and 

analyzation, above all, it can’t reach very low concentration (nM) where the signal will be 

too weak to detect. Crosslinking can be used to check if the protein-protein interaction can 

occur on certain conditions and provide a general idea about the binding interface, but it will 

change the natural structure and behavior of the protein by attaching the crosslinker. 

4.1. Protein expression, purification and sample preparation 

All proteins are expressed and purified using an established protocol [7]. DNA 

plasmids encoding the original PAI subdomain (PAI-WT) or its K14RK33A and 

H19YK14RK33A mutants are ordered from GenScript USA Inc. (Piscataway, NJ, USA). 

The proteins are expressed in BL21‐A1 E. coli cells. For 15N labeling, bacterial cells are 

grown in M9 medium prepared with 15NH4Cl as the sole nitrogen sources. The proteins were 

purified by metal chelating chromatography using a Ni‐NTA Agarose (Thermo Fisher 

Scientific). For DNA binding experiments, the 18-base pair (bp) DNA-core sequence 3’-

TCGGAAGTTTACATACAC-5’ synthesized by IDT (Integrated DNA Technologies, Inc.) 

has been used. 

4.2. Nuclear magnetic resonance (NMR) spectroscopy 
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NMR spectroscopy is based on the principle that all nuclei have intrinsic quantum 

property of spin and angular momentum. When a ground state (spin-down) nucleus is placed 

in an oscillating magnetic field with oscillation frequency matches its intrinsic resonance 

frequency, the nucleus absorbs the energy and reach excited state (spin-up). As it returns to 

the ground state, energy at the same resonance frequency is emitted and picked up by the 

NMR spectroscopy. Since the resonance frequency of the nucleus in a molecule is changed 

by the intramolecular magnetic field surrounding it. Analyzing the change of frequencies 

provides details of a molecule’s individual functional groups and its structure. The reason we 

chose NMR was due to its non-destructive nature, and because the sample can be measured 

multiple times after changing its buffer condition or protein concentration. Moreover, NMR 

provides us information on intramolecular interactions, as the structure of the molecule can 

be measured in solution in their natural state, which is essential when studying protein-

protein binding. The structural changes of the molecules are displayed by amino acid 

chemical shifts. Mapping the chemical shifts on the molecules helps define the binding 

interface. 

We used NMR to collect the [1H,15N]-HSQC spectrum of the PAI-H19Y subdomain 

at varying protein concentration to observe the possible protein-protein interaction. Proton 

chemical shifts were calibrated with respect to water signal. Sequence‐specific resonance 

assignments have been performed using 3D HNCACB, CBCA(CO)NH, HCCH‐TOCSY, 

15N‐separated TOCSY‐HSQC and HSQC‐NOESY, and 13C‐separated NOESY‐HSQC 

experiments as described in original references [9,19]. 

Shown in Figure 7 is the pulse sequence for the fundamental HSQC experiment. Thin 

bars indicate 90⁰ radio-frequency pulses, and thick bars indicate 180⁰ radio-frequency pulses, 
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whereas y or -y indicates the direction about which the pulse rotates the magnetization. The 

HSQC experiment employs two blocks for transfer the magnetization from proton (1H, 

labeled as I in Fig. 7) to nitrogen (15N, labeled as S in Fig. 7) in an isotopically 15N-enriched 

protein. The first block, consisting of 90-180-90 sequence applied to 1H and 180-90 sequence 

applied to 15N creates antiphase heteronuclear coherence (2IXSZ). Then, the S-spin coherence 

is frequency labeled during the t1 period. The second block, consisting of 90-180 pulse 

sequences applied to both 1H and 15N converts this coherence back to observable 

magnetization. Prior to detection, a basic two step phase cycle is used to filter out the 

undesirable magnetization from protons attached to 12C or 14N, and a four-step cycle is 

required to completely eliminate the undesirable double quantum terms [20]. 

 

Figure 7. Pulse sequences for the fundamental HSQC sequence. 

 

Throughout the NMR experiments, if we can observe chemical shifts for some of the 

cross-peaks, it would indicate structural changes and possible protein-protein interaction. 

Analyzing the chemical shifts with respective to protein concentration helps determine the 

binding affinity, adding to our knowledge about the PAI-H19Y mutant. If no chemical shifts 

is observed, it would indicate no binding occurs at chosen experimental conditions.  
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The NMR experiments were performed at the Molecular Education, Technology, and 

Research Innovation Center (METRIC) at the North Carolina State University. All NMR 

spectra are processed using the NMRPipe software and analyzed with programs CARA and 

NMRView [10,11,12]. 

4.3. Microscale thermophoresis (MST) 

Microscale thermophoresis is based on a phenomenon called thermodiffusion, e.g., 

the movement of molecules in temperature gradients [13]. Utilizing this effect, MST 

monitors the change of motion of fluorescent molecules along a microscopic temperature 

gradient in µl-volumes, allowing for the precise analysis of binding events and determine 

binding affinities. The temperature gradient ∆𝑇, induced by an infrared (IR) laser, leads to 

the depletion of the solvated biomolecules in the region of elevated temperature, quantified 

by the Soret coefficient 𝑆𝑇 [14]: 

𝑐ℎ𝑜𝑡
𝑐𝑐𝑜𝑙𝑑⁄ = exp⁡(−𝑆𝑇∆𝑇)    (1) 

where 𝑐 is molecule concentration. This depletion depends on the interface between molecule 

and solvent, and the thermophoresis of a protein differs significantly from the thermophoresis 

of a protein-ligand complex due to the change in size, charge and energy [15]. 

 To observe the thermophoresis of molecules, we needed to label the molecules with 

fluorescent dye thus turn them into fluorophores, which has the property of absorbing 

photons and emitting photons of lower energy in return. When photon is absorbed by the 

fluorophore, its energy level raises from the ground state to an excited state, it will then 

return spontaneously to the ground state while emitting a photon. The wavelength of the 

absorbed and emitted photon is specific to the fluorophore.  
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We use MST to study protein-protein interaction with an experimental setup shown in 

Figure 8. As shown on the left, the thermophoresis of the sample is measured in capillaries 

with a volume of ∼10 μL each. The thermophoresis is induced by the IR-Laser into the 

capillary to produce a microscopic temperature gradient spanning 2-6 °C in a volume with a 

diameter of 50 ~µm. The fluorescence within the capillary is excited and detected through 

the same objective [14].  

 

Figure 8. Schematic representation of MST optic [7]. 

 

Shown on the right is a typical signal of an MST experiment. Initially, the molecules 

are homogeneously distributed in the capillary. Within the first second after activation of the 

IR laser, the “T-Jump” is observed, which corresponds to a rapid change in fluorescence due 

to the fast temperature change. This fluorescence change is measured for around 30 seconds. 

After deactivation of the IR-Laser, an inverse “T-Jump” occurs, followed by the 

redistribution of molecules, which is solely driven by mass diffusion [14].  

The fluorescence is induced by labelling the protein with RED fluorescent dye. Two 

types of dye are used, Monolith His-Tag Labeling Kit RED-tris-NTA 2nd Generation and 

Monolith Protein Labeling Kit RED-NHS 2nd Generation. 
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For deriving binding constant, the concentrations of the labelled protein are to be kept 

same for all capillaries, and the concentration of the ligand are decreased by a factor of two 

for each capillary. When the fluorophores within the capillary is excited by the IR-Laser, the 

fluorescence is emitted and collected by the optics. The MST signal is plotted against the 

ligand concentration to obtain a dose-response curve, from which the binding affinity is 

determined.  

 

Figure 9. Example of typical MST results and analysis. The traces on the left representing the 

bounded (red) and unbonded (black) states. The change in thermophoresis is expressed as the 

change in the normalized fluorescence (ΔFnorm), which is defined as Fhot/Fcold. The signal is 

plotted against ligand concentration for analysis on the right [7]. 

 

Shown in Figure 9 is a typical binding experiment, the MST traces shown on the left 

indicates the change in fluorescence intensity of one capillary over time, the trace curves up 

when a fluorescent molecule binds to the non-fluorescence ligand, the black traces are the 

unbound states the red trace is the bound state. The Fcold and Fhot are the average fluorescence 

values between defined areas marked by the blue and red lines, respectively. For analysis, the 

change in thermophoresis is expressed as the change in the normalized fluorescence (ΔFnorm), 

which is defined as Fhot/Fcold. As Shown on the right, to calculate the binding affinity, we 

decrease the concentration of the ligand gradually, thus decrease Fnorm, which is then plotted 

against the concentration of the ligand and fitted to derive binding constant [14]. 
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All MST experiments were conducted on Monolith NT.115 at the University of North 

Carolina at Charlotte. 

4.4. Crosslinking 

Crosslinking refers to the use of a probe (crosslinker) to link proteins together to 

check for protein-protein interactions. Crosslinker usually react with specific functional 

groups on proteins and form a covalent bond between them. In this study, we use crosslinkers 

with different arm lengths to predict the distances between interacting molecules. By 

examining which crosslinker successfully obtained the oligomer structure, information may 

be obtained about the conformational changes that hindered or exposed the binding interface. 

Two crosslinkers are used, EDC and BS3. The EDC functions by converting carboxyl 

group into amine-reactive O-acylisourea intermediate that quickly reacts with an amino 

group to from an amide bond with release of an isourea by-product. The intermediate is 

unstable in aqueous solutions and so N-hydroxysuccinimide (NHS) can be added to improve 

efficiency or create dry-stable (amine-reactive) intermediates, the reaction is illustrated in 

Figure 10 [16].  
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Figure 10. Reaction of EDC crosslinking. Molecules (1) and (2) can be peptides, proteins or 

any chemicals that have respective carboxylic acid and primary amine groups. The addition 

of Sulfo-NHS (bottom-most pathway) can increases efficiency and stability [16]. 

 

The BS3 crosslinker contains an amine-reactive NHS ester that react with primary 

amines at pH 7-9 to form stable amide bonds, along with release of the NHS leaving group. 

Proteins generally have several primary amines in the side chain of lysine residues and the N-

terminus of each polypeptide that are available as targets for NHS-ester crosslinking reagents 

[17]. The Chemical structure of BS3 is shown in Figure 11. 
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Figure 11. Chemical structure of BS3 crosslinker [17]. 

 

Compare to zero-arm length crosslinker (EDC), BS3 have a much longer spacer arm 

length at 11.4 Angstrom, providing more freedom for the bonding to occur. 

After the cross-linking reaction, the sample are loaded onto 16.5% sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) to visualize the binding. If the 

protein-protein interaction does occur, a band representing the oligomer should appear in the 

gel above the monomer, as it moves slower in gel. Otherwise, only the band representing the 

monomer should form, shown in Figure 12 is a schematic representation of a gel result, 

column on the left is the protein ladder, used as standards to identify the approximate 

molecular weight of the protein. Middle column represents the sample with binding, 

displaying two binds for protein monomer and dimer. Right column represents the sample 

without binding, showing only one bind for protein monomer. 
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Figure 12. Schematic gel result. Column on the left is the protein ladder, used as 

standards to identify the approximate molecular weight of the protein. Middle column 

represents the sample with binding, displaying two binds for protein monomer and 

dimer. Right column represents the sample without binding, showing only one bind 

for protein monomer. 
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CHAPTER 5: RESULTS 

 

 

5.1. The association of PAI-H19Y by NMR spectroscopy 

We used NMR spectroscopy to access whether the PAI-H19Y mutant associates in 

NMR-accessible concentration range (0.02-1.25 mM). For the NMR experiment, the 15N 

labeled protein was prepared in 25mM sodium phosphate buffer with 150 mM NaCl at pH 5 

with initial protein concentration at 1.25 mM, and was diluted gradually throughout the 

experiment.  

 

Figure 13. [1H,15N]-HSQC spectra for 15N-labeled H19Y at concentrations of 1.25 mM and 

0.02 mM. Chemical shifts changes can be observed for most residues and are more 

substantial for some of the residues such as I7, H49, T51 and T52, circled in orange. Buffer 

condition: 25mM sodium phosphate buffer with 150 mM NaCl at pH 5 at 25 °C. 

 

Figure 13 shows the two of seven 15N-1H HSQC spectrum collected at the protein 

concentrations of 1.25 mM and 0.02 mM, in black and red respectively. NMR signal 
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assignments to PAI-H19Y amino acids are indicated, the letters are the abbreviation of the 

amino acids, which are followed by the sequence numbers. As shown in the figure, minor 

chemical shifts are present for most residues, and some are more substantial than the others, 

such as I7, H49, T51 and T52, which are circled in orange. The chemical shifts changes are 

plotted on a 3D-model that exemplifies the structure changes of PAI-H19Y caused by the 

change of concentration, shown in left panel in Figure 14. The right panel displays the 

calculated chemical shifts changes in each residues ∆𝛿 using formula, ∆𝛿 =

⁡√(∆𝐻)2 + 0.15 ∗ (∆𝑁)2, where ∆𝐻 is the change of the proton chemical shifts between 

samples with the protein concentration of 1.25 mM and 0.02 mM, and ∆𝑁 is the respective 

change of the nitrogen shift. 

 

Figure 14. Left: 3D model that reflects conformation changes of PAI-H19Y between 1.25 

mM to 0.02 mM at pH 5. The residues with higher than average chemical shifts change are 

marked in orange. The model is rotated 180 degrees about y-axis. Right: Chemical shifts 

changes for all residues. Red line is the average chemical shifts change.  

  

We selected four peaks that displayed most significant chemical shifts changes, and 

plotted their normalized proton chemical shifts change against the protein concentration.  
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Figure 15. Normalized proton chemical shifts changes at pH 5 is plotted against PAI-H19Y 

concentration for residues I7, H49, T51 and T52. 

 

From Figure 15, it’s clear that the change was more pronounced at lower protein 

concentration, although the chemical shifts continue to change at higher protein 

concentrations. 

 We carried out a similar NMR experiment at pH 7 at protein concentration from 1.25 

mM to 0.01 mM. We received a result similar to what we had at pH 5, with minor chemical 

shifts for most of the residues, and strong chemical shifts for few. The chemical shifts 

changes are shown on the 3D-model which reflects the conformation changes. The chemical 

shifts changes ∆𝛿 were calculated for all residues. The result is shown in Figure 16. 
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Figure 16. Top: [1H,15N]-HSQC spectra for 15N-labeled H19Y at concentrations of 1.25 mM 

and 0.01 mM. Four residues with large chemical shifts changes are circled in blue. Buffer 

condition: 25mM sodium phosphate buffer with 150 mM NaCl at pH 7 at 25 °C. Bottom left: 

3D model that reflect structural changes of PAI-H19Y between 1.25 mM to 0.01 mM at pH 

7. The residues with higher than average chemical shifts changes are marked in orange, the 

residues with outstanding changes are marked in red, such as G26 and T52. The model is 
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rotated 180 degrees about y-axis. Bottom right: Chemical shifts changes for all residues. Red 

line is the average chemical shifts.  

 

 According to the 3D-model mapping the chemical shifts changes at pH 7, the area 

with the conformational changes were different than pH 5, in addition to the strong chemical 

shifts change observed from G26 which was not present at pH 5, suggesting the 

conformational change at pH 7 were contacting through a different interface. Residues G26, 

T41, V34 and L25 were picked to display the change in conformation at different protein 

concentration (circled blue in Figure 16). As shown in Figure 17, the changes were most 

substantial between 0.2 mM and 0.5 mM protein concentration. As compared to pH 5, the 

chemical shift changes plateau above 0.6 mM protein concentration.  

 

Figure 17. Normalized proton chemical shifts changes at pH 7 is plotted against PAI-

H19Y concentration for residues G26, T41, V34 and L25. 
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5.2. The association of PAI-H19Y by MST 

5.2.1. Binding Affinity experiments using Monolith His-Tag Labeling Kit RED-tris-NTA 2nd 

Generation 

 First, we optimized experimental conditions for the MST experiment using Monolith 

His-Tag Labeling Kit. In order to determine the binding affinity of RED-tris-NTA label to 

PAI-H19Y mutant, we carried out a titration experiment by adding increasing concentrations 

of protein (maximum concentration 500 nM PAI-H19Y) to the solution of label dissolved at 

the concentration of 25 nM in 25 mM sodium phosphate with 150 mM NaCl and 0.05% 

Tween buffer. The result is presented in Figure 18.  

 

 

Figure 18. Binding affinity experiment between Monolith His-Tag Labeling Kit and PAI-

H19Y, 𝐾𝑑 = 3.4⁡ ± ⁡1.3⁡nM⁡nM. 

  

Left panel shows the Capillary Scans, providing fluorescence intensity and 

distribution, sharp Gaussian distribution indicated the sample was evenly spread and no 

adsorption to capillary walls. Middle panel shows MST Traces displaying the change of 

fluorescence overtime, the bound state is represented by the curved-up traces. The Right 

panel shows fluorescence at different ligand concentration, the curve formed by the change 

of fluorescence indicated the binding process. The binding constant (𝐾𝑑) of RED-tris-NTA 
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label to protein was found to be equal to 3.4 ± 1.3 nM. Since the affinity is stronger than 10 

nM, we used dye to protein ratio of 1:2 for protein labeling as suggest in the protocol [19].  

To investigate the affinity of protein-protein interactions, labeled protein (target) kept 

at a constant concentration was mixed with varying concentrations of unlabeled protein 

(ligand). A total of 16 different dilutions were made and the samples were loaded into 

premium capillaries. The target concentration in all 16 capillaries was 30 nM, and the ligand 

concentration ranged from 1 mM to 30 nM (diluted by half for each capillary). Figure 19 

exemplifies a typical titration experiment that we carried out to measure the binding constant 

of PAI-H19Y mutant association.  

 

 

Figure 19. Binding Affinity experiment using His-tag labeling dye, with target concentration 

30 nM and ligand concentration from 1 mM to 30 nM, at 25 °C and pH 5. 𝐾𝑑 = ⁡34.3⁡ ±
⁡9.6⁡μM. 

 

As shown in Figure 19, all Capillary Scans showed sharp Gaussian distribution 

indicated no adsorption to capillary walls and the molecules were evenly spread. MST traces 

changed with the concentration of added ligand. The irregularity in some of the traces at high 

protein concentrations and longer heating times was likely due to protein aggregation. A 

typical dose-response curve indicated the binding between the target and the ligand was 
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present. The experiment was repeated at 35 °C and showed a similar result. The binding 

affinity was determined to be 34.3 ± 9.6 μM. 

This MST result shows that the binding constant for PAI-H19Y is smaller than what 

would be expected from NMR experiments (Fig. 15 & 17). Our initial explanation was the 

possible presence of the free dye in labeled sample, which could bind to unlabeled protein. 

Therefore, to test this hypothesis, we repeated the MST experiment using an adjusted 

procedure. After the protein was labeled, the sample was washed extensively through ten 

runs of buffer exchange to remove the free dye. In each run, the sample was diluted five 

times then centrifuged using the Amicon-3K filter, a total of 10 million times dilution for the 

free dye. Our previous procedure only consisted of three runs of buffer exchange (125 times 

dilution). If the binding was indeed cause by the free dye, we should no longer observe any 

binding interaction. 

 

Figure 20.  Dose Response results for PAI-H19Y with His-tag labeling dye, with three (blue) 

and ten (red) runs of buffer exchange, five times dilution for each run. Buffer condition: 25 

mM sodium phosphate with 150 mM NaCl and 0.05% Tween at pH 5 at 25 °C and 35 °C.  

 

∆
𝐹 𝑛

𝑜
𝑟
𝑚

 

Protein Concentrations (M) 

3 buffer exchanges 
10 buffer exchanges 



 

27 

 

However, as shown in Figure 20, after extensive wash of 10 million times dilution, 

the red curve indicated that the binding was still present, and the binding affinity remained 

the same compare to the result using normal wash (125 times dilution) shown in blue. In 

contrast, the fluorescence signal for the fully bound state had decreased drastically using the 

extensive wash, consistent with dye removal from the sample. 

To examine if the binding was directly related to the His-tag labeling dye, we 

repeated the Binding Affinity experiments at pH 7. The comparison between results collected 

at pH 7 and pH 5 is displayed in Figure 21. 

 

Figure 21. Dose Response results for PAI-H19Y with His-tag labeling dye, at pH 5 (blue) 

and at pH 7 (green). Buffer condition: 25 mM sodium phosphate with 150 mM NaCl and 

0.05% Tween at pH 5 and pH 7 at 25 °C and 35 °C. Temperature change had little effect on 

the binding affinity compare to the pH change. 
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As shown in the figure, the protein-protein interaction at pH 7 (green curve) had 

shifted to a significantly lower concentration compare to pH 5 (blue curve), which means that 

the binding affinity at pH 7 was significantly stronger than at pH 5. Considering that histidine 

side-chain was no longer positively charged at pH 7, the binding affinity of dye to His-tag is 

expected to be stronger at pH 7, supporting the idea that the binding interaction we observed 

was the binding between dye and histidine. Since the component Ni-NTA has two sites 

available for binding to histidine [23], the presence of the unlabeled protein at high 

concentration could have accelerated this process, resulting in the dye induced protein-

protein interaction.  

In the future, we can test this theory by removing the His-tags from the unlabeled 

protein before conducting the experiment, the removal could be achieved through a selective 

protease. 

5.2.2. Binding Affinity experiments using Monolith Protein Labeling Kit RED-NHS 2nd 

Generation 

 Seeing that His-tag labeling could induce protein-protein interaction, we decided to 

repeat the MST experiments using a different fluorescent label, Monolith Protein Labeling 

Kit RED-NHS 2nd Generation. This label reacts with lysine residues instead of His-tags and 

covalently attaches to protein. The procedure requires the removal of free dye after labeling. 

The labeling process was achieved with the dye to protein ratio of 3:1 according to the 

protocol [21]. The free dye was removed through extensive buffer exchange.  

 The Binding Affinity experiments were conducted at the same buffer conditions as 

the previous MST experiments. The results are presented in Figure 22. 
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Figure 22. MST results for PAI-H19Y with lysine labeling dye. Buffer condition25 mM 

sodium phosphate with 150 mM NaCl and 0.05% Tween at pH 5 and pH 7 at 25 °C and 

35 °C.  

 

Figure 22 shows that the curves for both pH values of 5 and 7 acquired at both 

temperatures of 25 °C and 35 °C demonstrate a similar trend. As seen in all curves, no 

binding is observed in the range of concentrations where we observed binding using the His-

tag label.  The binding is observed at higher protein concentration compare to the His-tag 

labeled result. The binding affinity at 25 °C was determined to be 2.7⁡ ± ⁡0.7⁡mM, and the 

binding affinity at 35 °C was determined to be 1.2⁡ ± ⁡0.4⁡mM. This result suggested that 

there could be binding interaction at higher concentration, but not at μM scale as we saw 

before. Therefore, the MST result for lysine labeled protein is in a better agreement with the 

NMR result, also showing that the binding constant can be expected in sub-millimolar range 
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5.3 The association of PAI-H19Y by crosslinking 

To further examine the protein-protein interaction, we used chemical cross-linking. 

The first crosslinker used was EDC (Fig. 10). Before adding the crosslinker, the sample was 

prepared in two different buffers, the MES buffer (10 mM MES, 50 mM NaCl, pH 5) and the 

sodium phosphate buffer (25 mM sodium phosphate, pH 5), each having three protein 

concentrations, 0.2 mM, 0.1 mM and 0.05 mM (six samples in total). Freshly made EDC was 

added into the samples reaching 2 mM final concentration, and the mixture was incubated for 

2 hours at room temperature. The reaction was stopped by adding β-mercaptoethanol 

reaching 20mM final concentration. After centrifugation, the supernatant was loaded onto 

16.5% SDS-PAGE gel (Fig. 23).  

 

Figure 23. SDS-PAGE gel result for EDC crosslinking, with EDC concentration of 2 mM, 

protein concentrations of 0.2 mM, 0.1 mM and 0.05 mM, in MES (10 mM MES, 50 mM 

NaCl, pH 5) and sodium phosphate buffer (25 mM sodium phosphate, pH 5). 

 

Shown in Figure 23 is the SDS-PAGE gel result for EDC crosslinking experiment, 

the columns from left to right are: Protein ladder, 0.2 mM protein in MES buffer, 0.1 mM 
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protein in MES buffer, 0.05 mM protein in MES buffer, 0.2 mM protein in sodium phosphate 

buffer, 0.1 mM protein in sodium phosphate buffer, 0.05 mM protein in sodium phosphate 

buffer. As clearly displayed in the figure, only one band is seen for all six samples, indicating 

that only the protein monomer is present.  

 

Figure 24. SDS-PAGE gel result for EDC plus sulfo-NHS crosslinking, with EDC 

concentration of 1 mM, sulto-NHS concentration of 2.5 mM, PAI-H19Y concentration of 1 

mg/mL (0.14 mM), in the mixer of activation buffer (0.1 M MES, 0.5 M NaCl, pH 6.0) and 

coupling buffer (100 mM sodium phosphate, 150mM NaCl, pH 7.2). 

 

EDC can also be used together with sulfo-NHS for its stabilizing effect (Fig. 10). The 

protein was prepared in two separate buffers at 1 mg/mL: activation buffer (0.1 M MES, 0.5 

M NaCl, pH 6.0) and coupling buffer (100 mM sodium phosphate, 150mM NaCl, pH 7.2). 

The crosslinking starts by adding EDC and sulfo-NHS into the activation buffer protein to a 

final concentration of 2 mM EDC and 5 mM sulfo-NHS. After 15 minutes, the reaction was 

quenched using 20 mM 2-mercaptoethanol. The couple buffer protein was then added to the 

activated protein and reacted for 2 hours. The reaction was quenched by adding 1 M 

Tris·HCl to a final concentration of 50 mM Tris. The SDS-PAGE gel result for this 
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experiment is shown in Figure 24. The columns from left to right are: protein ladder, protein 

without crosslinker and protein with EDC and sulfo-NHS. Similar to the crosslinking with 

EDC only, the band for protein monomer is present, but no higher order oligomers are seen. 

Considering the EDC crosslinker has zero spacer arm lengths and reacts with carboxylic acid 

and primary amine groups, it may not cross-link PAI-H19Y molecules as the interaction 

interface may not contain the necessary residues, it may also require a higher protein 

concentration. 

The second crosslinker we used was BS3 (Fig. 11). The buffer was 25 mM sodium 

phosphate buffer at pH 7. Three samples were prepared with protein concentration at 0.05 

mM and BS3 concentration at 1 mM, since higher protein concentration had resulted in 

heavy precipitation. The reaction time for the three samples were different at 0.5 hours, 2 

hours and 12 hours respectively. The reaction was quenched using 50 mM Tris. After 

centrifugation, the supernatant was loaded onto 16.5% SDS-PAGE gel (Fig. 25).  

 

Figure 25. SDS-PAGE gel result for BS3 crosslinking, with BS3 concentration of 1 mM, 

protein concentration of 0.05 mM, in 25 sodium phosphate buffer at pH 7. 
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The five columns from left to right are: protein ladder, PAI-H19Y without 

crosslinker, PAI-H19Y with BS3 for 0.5 hours, PAI-H19Y with BS3 for 2 hours, PAI-H19Y 

with BS3 for 12 hours. As shown in the figure, without BS3 crosslinker, only monomer band 

was apparent, after reacting with the crosslinker, band representing the protein dimer had 

formed above the monomers. Another faint band can also be seen above the dimer, indicating 

possible protein tetramer. In addition to the longer spacer arm lengths, the oligomerization 

induced by BS3 crosslinker was likely due to the high lysine count in PAI-H19Y, with seven 

lysine residues in 61 amino acids (11.5%). Although we observed the presence of PAI-H19Y 

dimers and possibly tetramers, their relative amount is much smaller than that of PAI-H19Y 

monomer, suggesting that only small fraction of protein dimerizes, and significant amount of 

crosslinker and time is required to induce dimerization (crosslinker to protein ratio of 1:20 

was used in this experiment). 

5.4. DNA-binding affinity to PAI-H19Y determined by MST 

As mentioned in the Motivation section, part of our goal was to explain the NMR 

peak broadening happened during the NMR experiment (Fig. 5). Therefore, we proceed to 

DNA-binding experiment attempting to determine the binding constant of DNA to H19Y. 

5.4.1. Optimization of experimental condition for DNA-binding with PAI-H19Y by MST 

 During the MST experiment, one important parameter to monitor is the Capillary 

Scans, which provides information about how well the sample is distributed within the 

capillaries and the intensity of the fluorescence. The labeled DNA used was 18 base pair (bp) 

DNA-core sequence 3’-TCGGAAGTTTACATACAC-5’ synthesized by IDT (Integrated 

DNA Technologies, Inc.), which is the minimum required DNA sequence for SB transposase 

binding and the common sequence between the four transposase binding sites on the 
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transposon DNA [22]. We firstly performed the Pretest experiment, where the labeled DNA 

was loaded into the capillaries without the protein, the result is displayed in Figure 26. 

 

 

Figure 26. MST result for Pretest with DNA at 0.4 nM, in 25 mM sodium phosphate with 

0.05% Tween at pH 5 and 25 °C. 

 

Shown on the left in Figure 26 is the Capillary Scans, where two capillaries both 

loaded with labeled DNA were scanned two times each and with scans overlapped. This 

result showed that the intensity of the fluorescence was around 550 counts, and the 

fluorescent molecules were evenly distributed inside the capillaries, judged by the sharp 

Gaussian distribution. The fluorescence intensity shows the concentration of the fluorescent 

target, as shown in the figure, there were slight variations between the two capillaries, it was 

likely due to the sample not being completely homogeneous, but as long as the deviations 

were within 20% and the magnitudes are between 200-2000 counts, it shouldn’t affect the 

determination of the binding constant. The intensity variation can also be seen in MST 

Traces on the right. 
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We then performed the Binding Check experiment, where four capillaries with DNA 

only and four capillaries with DNA-protein mixture were scanned. The result is shown in 

Figure 27.  

 

 

Figure 27. MST result for Binding Check for DNA (blue) and PAI-H19Y (green), with DNA 

concentration of 30 nM, protein concentration of 50 nM, in 25 mM sodium phosphate with 

0.05% Tween at pH 5 and 25 °C. 

 

 

In Figure 27, blue lines represent the DNA scans and green lines represent the DNA-

protein scans. One clear discrepancy in Capillary Scans is the shape of the DNA-protein 

scans, instead of a sharp Gaussian distribution, it has a pincer like shape with two peaks on 

the sides, indicating a very strong fluorescence adsorption to capillary walls, this should be 

prevented since proteins might show altered functionality due to surface effects. The MST 

Traces result in the middle clearly shows the bounded states for the DNA-protein sample, 

judged by the up curving green traces, and the large Signal to Noise ratio on the right is a 

strong indication of the DNA-protein binding, proving the effectiveness of the Binding 

Check experiments. 

Our first attempt to solve the adsorption problem was switching to the Premium 

Capillaries, compare to the Standard Capillaries we had been using, Premium Capillaries are 
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covalently coated with a dense brush of a specially designed polymer to avoid molecule 

adsorption [14]. The result is shown in Figure 28.  

 

 

Figure 28. MST result for Binding Check for DNA (blue) and PAI-H19Y (green) using 

Premium Capillaries, with DNA concentration of 30 nM, protein concentration of 50 nM, in 

25 mM sodium phosphate with 0.05% Tween at pH 5 and 25 °C. 

 

Strangely, after we switched to the Premium Capillaries, instead of the protein, the 

DNA (blue) had become strongly adsorbed to the capillary walls as shown in Figure 28. Our 

solution was adding detergents to reduce surface tension and increase miscibility, We found 

that the presence of 0.05% Tween and 150 mM NaCl was enough to significantly reduce 

sample adsorption to capillary walls. The effectiveness of the detergent can be seen in Figure 

29, where the Capillary Scans for both DNA and DNA-protein have obtained the shape of 

Gaussian distribution. All MST DNA-binding experiments were performed at this buffer 

condition. 
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Figure 29. MST result for Binding Check for DNA (blue) and PAI-H19Y (green) with DNA 

concentration of 30 nM, protein concentration of 50 nM, in 25 mM sodium phosphate with 

0.05% Tween and 150 mM NaCl at pH 5 and 25 °C. 

 

5.4.2. Binding Affinity result for DNA-binding with PAI-H19Y 

 We performed the Binding Affinity experiments using the same experimental 

condition as we used in the NMR DNA-binding experiment (25 mM sodium phosphate 

buffer with 150 mM NaCl at pH 5 and pH 7) in the addition of 0.01% Tween as detergent. 

All Dose Response results are plotted onto a single graph shown in Figure 30.  

 

Figure 30. MST results for DNA-binding experiments with PAI-H19Y. Buffer condition: 25 

mM sodium phosphate buffer with 0.1% Tween and 150 mM NaCl at pH 5 and pH 7 at 

25 °C and 35 °C.  
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 As shown in Figure 26, the binding of DNA to protein is observed at all conditions. 

Although,  even at the highest ligand concentration of 1.6 mM, the plateau where all PAI-

H19Y would be in bound states with DNA is not reached. Therefore, we can only estimate 

that the binding constant for DNA-protein is in sub-millimolar range. This result also proved 

the stabilizing effect of the H19Y mutation, judged by the stronger binding affinity showed at 

pH 5 for PAI-H19Y. Since without the mutation, PAI-WT can only bind to DNA at pH 7 and 

is unfolded at pH 5. 
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CHAPTER 6: DISCUSSION 

 

 

MST experiments had been the most time consuming partially due to our 

unfamiliarity with the method, along with the trails and errors needed to identify the proper 

experimental condition. Using His-tag labeling dye, we observed some form of binding 

interaction during Binding Affinity experiment and determined the binding constant to be 

34.3 ± 9.6 μM. (Fig. 19). After extensively washing the sample, we still observed the 

binding with same binding constant, thus eliminated the possibility that the binding was 

caused by the free dye. We then repeated the MST experiments at pH 7, seeing the increase 

in binding affinity of protein-protein interaction, we concluded that the protein-protein 

interaction was induced by the dye, since binding affinity of dye to His-tag is stronger at pH 

7, and one dye molecule can bind to two or more His-tags. Therefore, we performed the MST 

experiment again but using lysine labeling dye. The result was in a better agreement with 

NMR result, showing the presence of protein-protein interactions at sub-millimolar 

concentrations.  

 We then used crosslinking as a different approach to confirm that the protein-protein 

interaction may occur. We firstly used EDC crosslinker, which forms a zero-length bound 

between two carboxylic acid or primary amine groups. After reaction with crosslinker, the 

sample was then loaded onto the SDS-PAGE gel. Judged by the presence of protein 

monomer band only, the gel result showed no protein oligomerization (Fig.23). Knowing that 

sulfo-NHS can improve efficiency or create dry-stable (amine-reactive) intermediates, we 

also performed EDC plus sulfo-NHS crosslinking experiment, but similar to EDC only 

experiment, we saw no protein oligomerization (Fig. 24). Thus, concluding that EDC does 

not induce protein-protein interaction at 0.2 mM, 0.1 mM and 0.05 mM protein 
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concentration. We then used BS3 crosslinker, which reacts with the primary amines on the 

side chain of lysine residues and the N-terminus of polypeptide chains. BS3 has a 11.4 

Angstrom spacer arm length, providing more freedom for the bound to form. As shown in 

Figure 25, the gel result did show oligomerization of the protein, with dimer and tetramer 

band present, which was likely due to the high lysine count in PAI-H19Y. The faint band of 

the dimer and tetramer suggested that only small fraction of protein oligomerize, and 

significant amount of crosslinker and time is required to induce oligomerization. 

 Finally, we proceed to the DNA-binding experiments, determine the protein-DNA 

binding affinity. Through binding affinity experiments, we observed the signal increase 

started around 1 mM protein concentration and continued passing 1.6 mM. Therefore, we can 

only estimate that the binding constant for DNA-protein is in sub-millimolar range. 

 Collectively, our results suggest that there is a PAI-H19Y association that starts at 

sub-millimolar protein concentrations. To determine the exact binding constant of PAI-H19Y 

association, future NMR experiments at 35 °C and His-tag labeled MST experiments could 

be helpful. The MST experiments should be carried out by adding His-tag free protein to 

eliminate the possibility of binding multiple tags by one label. Additionally, the experiments 

should be carried out at higher protein concentrations as suggested by the lysine labeled MST 

experiments and crosslinking experiments.  
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CHAPTER 7: CONCLUSION 

 

 

 In this study, we examined the protein-protein interaction of the PAI-H19Y 

subdomain of the Sleeping Beauty transposase using three techniques, microscale 

thermophoresis (MST), nuclear magnetic resonance (NMR) spectroscopy and crosslinking. 

His-tag labeled MST results showed binding interaction with binding constant of 34.3 ± 9.6 

μM. However, the binding was induced by the His-tag labeling dye. Lysine labeled MST 

results and NMR results all showed the presence of protein-protein interactions at sub-

millimolar concentrations. EDC and EDC plus sulfo-NHS crosslinking experiment did not 

induce protein-protein interaction at 0.2 mM, 0.1 mM and 0.05 mM protein concentration. 

BS3 crosslinker did induce oligomerization, resulted in both protein dimer and tetramer. 

Although only small fraction of protein oligomerized, and significant amount of crosslinker 

and time is required to induce oligomerization. MST DNA-binding results suggested that the 

binding constant for DNA-protein is also in sub-millimolar range. Future NMR experiments 

at 35 °C and His-tag labeled MST experiments are needed to determine the exact binding 

constant of PAI-H19Y association. 
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