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Abstract 

DNA breaks are inevitable as they mainly occur due to cells’ own reactive oxygen 

species (ROS). While DNA breaks can be single-stranded or double-stranded, the 

double-stranded DNA (dsDNA) breaks are more dangerous. If such damage is not 

repaired, it can lead to genetic instability and serious health issues including cancers. 

One way dsDNA breaks can be repaired is via a process called homologous 

recombination (HR), which involves several DNA-binding proteins. Therefore, to have a 

better insight into the repair mechanism and origin of repair defects, we need a better 

understanding of how these proteins interact with DNA itself and DNA intermediates of 

the HR process such as Holliday junctions (HJs). The HJ is a four-way branched structure 

formed between two homologous DNA molecules during exchange of nucleotide 

sequences, which is a central intermediate of the DNA repair via the HR process. The 

HJs are eventually resolved into regular dsDNA molecules by a set of proteins called HJ 

resolvases. Therefore, knowledge of the binding interaction of these proteins and HJ can 

provide critical insights into the origin of diseases and potential treatments.  

Although the HR process has been the subject of intensive study for more than 

three decades, the complex and dynamic nature of protein–protein and protein–DNA 

interactions during HR present a significant challenge for determining the molecular 

mechanism(s) of the process. This knowledge gap is largely because of the dynamic 

interactions between HR proteins and DNA, which is difficult to capture by routine 

biochemical or structural biology methods. One remedy for this problem is the 

employment of single molecule techniques such as single-molecule fluorescence 

microscopy and optical tweezers. These tools provide unique ways of probing these 



2 

 

complex and dynamic interactions at high spatiotemporal resolution, revealing 

mechanistic insights of the process. However, for single molecule fluorescence 

microscopy experiments we needed a single molecule total internal reflection 

fluorescence microscope which we custom built.   Using single-molecule fluorescence 

resonance energy transfer (smFRET) and ensemble analyses, we recently investigated 

the binding interaction between the HJ and RuvA – a prokaryotic protein that recognizes 

the HJ and initiates its resolution by forming a resolvase protein complex called RuvABC. 

Using the HJ labeled with a donor and acceptor fluorophores to enable smFRET, we show 

that RuvA stably binds to a specific conformation of the HJ, halting its conformational 

dynamics. Further, the FRET experiments in different ionic environments created by Mg2+ 

ions suggest that RuvA binds to the HJ via electrostatic interaction. These insights led us 

to a follow up study looking at the mechanical stability of the RuvA-HJ complex.  

We have recently developed an optical tweezers-based single-molecule 

manipulation assay to detect the formation of protein-HJ complexes, which we 

implemented to study the RuvA-HJ complex and determined its mechanical and 

thermodynamic properties in a manner that would be impossible with traditional ensemble 

techniques. We found that the binding of RuvA increases the unfolding force (Funfold) of 

the HJ by ~2-fold, demonstrating that the RuvA protein stabilizes the junction. Further, 

the analysis of F-X curves. To our surprise, we also observed that RuvA provides 

stabilization that permits refolding of the HJ at a force higher than the unfolding force of 

the HJ without protein. This observation suggests that RuvA stays bound to the DNA 

construct even after unfolding of the HJ motif, may serve as a nucleation site for HJ 

refolding, and reduces the energy required for HJ refolding.  Together, using high-
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resolution single-molecule studies we have revealed several molecular insights of the 

binding interaction between aforementioned proteins and HJ furthering our understating 

of their roles in the critical HR process. The better the HR process is understood the more 

likely the scientific community will be able to develop ways of modulating this process for 

the treatment of recombination related diseases.   
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Chapter 1 : Introduction 

 Homologous Recombination (HR) 

DNA damage is inevitable. Within a cell thousands of depurination, deamination, and 

double stranded DNA (dsDNA) breaks occur each day.1–3  The dsDNA breaks in particular 

pose a threat to the genome as they can lead to chromosomal translocation or cell death.4 

In order to preserve the integrity of the genome the cell must have a toolkit in place to 

deal with these errors. Homologous recombination (HR) is one such repair mechanism, 

with essential roles in both the repair of dsDNA breaks and genetic exchange.3,5 This is 

of particular importance as dsDNA breaks can, if left unrepaired, contribute to genetic 

defects or cancers.6 Homologous recombination occurs in three phases: pre-synaptic, 

synaptic, and post-synaptic.7 Pre-synaptic HR involves the trimming of the dsDNA to 

generate single stranded DNA sticky overhangs to allow strand exchange and the 

creation of the synapse, a four-way DNA junction called the Holliday Junction (HJ). During 

the synaptic phase genetic information is exchanged through the HJ before moving into 

the post-synaptic phase in which the HJ is resolved back into dsDNA.3,8  

In prokaryotes the pre-synaptic process begins with RecBCD reciting the dsDNA and 

loading of a filament of RecA onto the single stranded piece it has just created.5 RecA 

then facilitates strand exchange and the creation of the HJ. Entering the synaptic phase 

RuvA binds to the HJ and recruits RuvB to act as a motor that can pull the homologous 

DNA through the RuvA-HJ complex (Figure 1.1). Once this synaptic phase is complete 

the HJ DNA is resolved back into dsDNA buy RuvC and other enzymes.5,7,9 The early 

presynaptic stage of homologous recombination has been well studied, but later synaptic 

and post-synaptic stages still need further investigation. The HJ is a critical intermediate 
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of HR and it is in that context of the synaptic phase of homologous recombination that 

understanding the HJ-binding proteins is critical. 

                                              

Figure 1.1 Schematic of the stages of prokaryotic homologous recombination. 

 

 RuvA Protein 

The protein RuvA plays a critical role in the recognition and processing of the HJ in 

prokaryotes. Without RuvA the processing of homologous DNA and the resolution of the 
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HJ intermediate would be impaired. Early biochemical studies indicated that RuvA binds  

preferentially to the HJ10 and that RuvA serves as the platform that RuvB and RuvC 

assemble onto to perform their functions.11,12  Biochemical studies have also revealed 

that RuvA is a tetrameric protein and that HJ DNA is bound by two such tetramers when 

undergoing HR.13 Later crystal structure analyses suggested that the RuvA- HJ complex 

results in a HJ-bound open cruciform conformation with helix turn helix motifs responsible 

for binding to the DNA.14,15 Helix turn helix motifs are common DNA motifs that bind 

nonspecifically to the major groove of DNA.16 The RuvA tetramers specificity of the 

junction is further enhanced by a group of acidic residues that interact with the core 

nucleotides of the HJ and serve to destabilize the structure of the HJ.14 

 Single molecule techniques  

Single molecule techniques can be powerful tools for teasing out the intricacies of 

biomolecular interactions.9 In recent years, fluorescence resonance energy transfer 

(FRET) and optical tweezers have been heavily used to study biomolecular interactions 

at the single-molecule level. In FRET techniques a donor-acceptor fluorophore pair with 

overlapping acceptor excitation and donor emission wavelengths is used. This system 

when excited with the donor fluorophores excitation wavelength  can transfer energy non 

radiatively to the acceptor fluorophore if the two fluorophores are in close proximity 

(typically < 10 nm).17 Therefore, the FRET labeling in conjunction with a prism based total 

internal reflection fluorescence microscope can be used to study binding interaction 

between and among biomolecules and it has been employed to study the interaction 

between RecA and ssDNA18,19, Rad 51 DNA nucliation20, Holliday junction binding 

proteins RuvB21 and RuvC22, and other Homologous recombination proteins.  
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Unlike smFRET, optical tweezers is a force based instrument that can measure the 

forces exerted by single molecules down to picoNewton level. The instrumental details 

and working principle of optical tweezers have been well established in the literature 23–

25and thus they will not be discussed here. Briefly, this instrument works on the principle 

of optical trapping, in which highly focused laser light can be used to trap translucent 

objects. 26 Typically a dual-trap optical tweezers is used for measuring biomolecular 

interactions. In this case, a biomolecule of interest such as DNA is linked between a pair 

of trapped particles and force is directly applied to the molecule by keeping one of the 

laser traps (beads) fixed and moving the second one (bead). The deflection in the laser 

can be measured as force is exerted on the trapped object and translated into force and 

this can be used to measure biomechanical systems. Optical tweezers have been used 

to study Holliday junction branch migration27 as well as protein folding28 and other 

complex biological systems. 

Further insight into the RuvABC resolvosome-HJ interaction would come from single 

molecule techniques. Single molecule techniques would be utilized due to their ability to 

study individual molecules as they go through biochemical processes.  The first  studies 

that evaluated the nature and characteristics of the HJ itself.29  Before moving onto 

studies looking at the HJ-RuvABC interaction.21  These studies utilized single molecule 

total internal reflectance fluorescence microscopy a technique will be discussed in more 

detail in Chapter 2.  Further research has been done on HJ-RuvABC interactions using 

optical tweezers, a technique that will be discussed more in Chapter 4.30,31 This single 

molecule work served to isolate and observe individual molecules as they were bound to 
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RuvA, providing insights into the mechanisms of biomolecular processes that more 

traditional bulk measurements could not.  
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Chapter 2 : Building a prism-based single molecule fluorescence 
microscope 

 Introduction 

In this project the microscope layout will be discussed along with on how to assemble 

the microscope parts and further characterization. Then we will discuss laser alignments, 

enabling computer control, fluorescence imaging, data processing and safety. With this 

protocol, we hope to make the instrument assembly simple for future users of prism-

based total internal reflection fluorescence (pTIRF) microscopy. Although some objective-

type TIRF microscopes are now commercially available, custom-built pTIRF microscopes 

not only offer a higher signal to noise (S/N) ratio but also allow an easier manipulation 

and setup of the incident excitation beam(s), providing a greater experimental flexibility 

and allowing various biophysical studies32,33. While the working principle of the pTIRF and 

single molecule fluorescence resonance energy transfer (smFRET) has been discussed 

in detail in many publications34–41, resources and protocols for the assembly of the 

instrument are very scattered and incomplete. The primary components of this 

microscope (lasers, optics, inverted microscope, and EMCCD camera, Fig. 2.1) are 

common in scientific instrumentation. The layout of the instrument is detailed in Figure 

2.2 and should be “read” from laser to camera. The instrument is composed of three 

general sectors: excitation path (Fig. 2.2a); focusing and beam positioning (Fig. 2.2b); 

and emission path (Fig. 2.2c). We will walk through each of these sections in sufficient 

detail to explain the logic of component selection, ordering of these parts, assembly, and 

characterization. All of the microscope parts along with the part description and the 

quantity needed are compiled in Table 2.1 for a straightforward assembly of the 

microscope. 
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Figure 2.1 Prism-based total internal reflection fluorescence microscope (pTIRF) as it 
appears on the SMART Table UT2. The excitation path, focusing and beam positioning 
area, and the emission path are highlighted. 
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Figure 2.2 Schematic diagram of the pTIRF microscope. The entire setup is split into 
three parts: (a) the excitation path; (b) the focusing and beam positioning section, 
containing an elevated section just above the microscope stage; and (c) the emission 
path. Green and Red lines represent 532 nm and 639 nm lasers. 

   

Excitation light source and filters 

The instrument starts at its light sources (typically two of them per user’s choice, 

Figs. 2.2a & 2.3). These lasers serve to excite the fluorophores for later imaging. The first 

light source is a green (532 nm) laser with a lambda ½ wave plate, which allows for 

adjustment of polarization when needed42, and a polarizing filter which serves as a power 

regulator as this source has no inbuilt power regulation. The second source is a red (639 

nm) laser with a cleanup filter to remove any errant light created as a byproduct of laser 

generation in a range of 630-650 nm (Fig. 2.3). These excitation lasers are mounted 90 
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degrees to one another with the laser paths directed toward a dichroic mirror that 

combines the two laser paths by transmitting green and reflecting red wavelengths. This 

dichroic mirror also serves as a cleanup filter for the green laser as it cuts out light above 

565 nm. From this point, the now overlapping laser paths are directed through two irises 

separated ~30 cm to assist in focusing the instrument. A remotely controlled shutter is 

placed in the laser path allowing the excitation beam to be shuttered by the operator.  The 

beam then strikes a series of mirrors designed to raise the beam onto an elevated 

platform. This section serves to generate, cleanup, and co-localize our excitation beam 

for focusing and beam positioning (Fig. 2.4).   

 

Figure 2.3 Real image of the excitation path of a pTIRF microscope corresponding to the 
“part a” of Fig. 2.  Red and green lines show the path of the lasers. (1-green laser, 2-red 
laser, 3-half-wave plate, 4-polarizer, 5-clean-up filter, 6-dichroic mirror, 7-iris, 8-shutter, 
9-iris, 10-mirror, 11-elevating mirror) 

Focusing and beam positioning  

In the focusing and beam positioning portion of the instrument (Fig. 2.4a) we follow 

the beam onto an elevated platform positioned ~3 inches higher than and just to the left 

of the microscope stage. Mirror #11 in (Fig. 2.3), which is located vertically below mirror 
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#12 (Fig. 2.4a), is used to reflect the laser beam at 90° to the elevated platform where the 

final mirror in this section directs the laser through the focusing lens into the prism (Fig. 

2.4a). The focusing lens is mounted on a three-axis micrometer, which allows ~1 cm of 

movement in the x, y, or z directions, thus allowing for fine adjustments to direct the focus 

of the laser overtop of the objective. A focusing lens with a 200mm focal length (roughly 

the distance from the mounting point of the lens to the microscope objective) is used to 

focus the laser more intensely in the usable experimental area. The prism is held in 

position by a clamp attached to a support arm mounted to the microscope body (see 

Microscope Assembly section below for detail). This allows total internal reflection of the 

incident beam, thus producing an evanescent field on the quartz-buffer interface (Fig. 

2.4b). It is important to note that a non-fluorescent oil with a refractive index matching that 

of the quartz slide is used between the prism and the quartz slide. 

 

Figure 2.4 (a) Real image of the focusing and beam positioning section of a pTIRF 
microscope.  Red and green lines show the path of the lasers. (12-mirror, 13-mirror, 14-
focusing lens, 15-micrometer, 16-prism. The prism is mounted on the clamp that is 
attached to the prism support-arm (yellow). (b) Schematic of the smFRET setup with DNA 
Holliday junction (HJ) bound to the surface of a flow cell. An evanescent wave is created 
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at the quartz/buffer interface by total internal reflection of lasers when passing through 
the prism (see Technical Notes for detail). 

Emission path 

The fluorescence emission is captured by an inverted microscope objective (Olympus 

UPLSAPO 60xW) and directed to the Optosplit-II (commercially available from Cairn) 

(Fig. 2.5). In the Optosplit-II, the incoming fluorescence emission is separated using a 

dichroic mirror and a series of mirrors into two beams, one red and one green. These 

beams are directed through cleanup filters to isolate the light from fluorescent signals and 

then parallelized and directed into the EMCCD camera35 where they are fed into a 

computer for processing (Fig. 2.2c). 

 

Figure 2.5 (a) Real image of the emission path of a pTIRF microscope. Red and green 
lines show the path of the lasers (17-Microscope, 18-Optosplit-II, 19-EMCCD Camera).  
(b) Diagram of Optosplit-II detailing the path of the light coming from the microscope and 
directed through a dichroic mirror (D), set of filters (F) and a series of mirrors (M) that 
serve to separate green and red emissions and parallelize the light to allow two color 
channels to be recorded on one EMCCD camera.   

  Space Design 

Space considerations are necessary before setting up a pTIRF system.  It is 

recommended that a 6 x 4 feet space with easy access to electric outlets should be 

blocked off for positioning of the vibration isolation table, such as the 1200 x 1800 x 203 

mm tune damper UT2 smart table from the Newport company, leaving at least a 2 feet 

gap along the perimeter for easy clearance access all around the table.  A metal rack with 
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installed electrical outlets built and suspended from the ceiling roughly 6 ft above the floor 

is ideal to provide space for power supplies. Alternatively, a wall- mounted shelf or small 

table under the isolation table would also suffice. On the table, the microscope alone will 

take up about 19 x 22 inches of space on the breadboard, leaving the rest for positioning 

of the optics and camera.  Extra space in close proximity to the laser table should be 

designated for a computer table with room for the PC, monitor, keyboard, and mouse.  

Ideally the computer table should be situated near the eyepiece of the microscope for 

ease of operation.  Some amount of bench space may also be necessary for sample 

preparation and storage of materials.  Two 5 x 2 feet tables, one designated for the 

computer set up and the other for extra bench space can provide sufficient room for extra 

work space. The dimensions we suggest leave ample room for additional optics to be 

added as necessary for future experiments. However, it should be noted that it is certainly 

possible to condense the pTIRF microscope set up to a 4 x 3 feet vibration isolation table. 

Even a greater area can be conserved if creative optics solutions are utilized (e.g. 

fiberoptic runs). 

Safety considerations must be taken while planning a space for the microscope. The 

microscope area must be completely enclosed to avoid any laser hazard and the stray 

room-light from reaching the camera during fluorescence measurements.  Any open 

space such as windows or doorways should be blocked off using a black laser curtain to 

avoid accidental injury from scattered or reflected laser light.  While in use, a "Laser in 

Use" sign is recommended to make anyone outside of the laser area aware to take 

necessary precautions before entering the area. While in the area, laser safety goggles 

should always be worn by all personnel (see Safety Considerations Section below).   
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Table 2.1. Extensive list of microscope parts along with the catalog numbers, parts 
descriptions and the vendors from which we bought the parts to build our microscope. 
The numbers in the rightmost column correspond to the optics numbering used in  Figures 
2.3-2.5. 

Catalog/Item# Item Description Quantity Vendor 
Optics 

# 

p/n 325-1206 
p/n 325-1206 UV FS Pellin-Broca Prism 

11x20x6.4 mm 
2 

Altos Photonics, 

Inc. 

16 

  Laser Barrier 150" wide X 92" long 1 Beamstop'r  

16212 Immersion Oil Type FF (4 Fl. Oz.) 2 Cargille  

zet640/20x 
magnetron bandpass clean-up filter (excitation 

path), 0-5 deg aoi 
1 

Chroma 

Technology Corp 

5 

t565spxxr-uf3 magnetron shortpass dichroic, 45 deg aoi 1 
Chroma 

Technology Corp 

 

6 

1069417 SYS: CUBE 640-40 CIRCULAR: 640nm: 40mW 1 Coherent Inc. 2 

1073840 ASSY: HEAT SINK: ACCESSORY: CUBE 1 Coherent Inc.  

1214333 Productivity Plus Bronze - CUBE 3 Coherent Inc.  

EW-06419-01 
Tygon Microbore Autoanalysis Tubing, 0.020" x 

0.060"OD, 100 ft/roll 
4 Cole-Parmer 

 

CL532-050-L 532nm Central Wavelength 50mW CW Power 1 CyrstaLaser 1 

4001 
Hardman DOUBLE/BUBBLE Extra-Fast Set 

Epoxy Red Package 3.5 g Packet 
3 

 Ellsworth 

Adhesive Systems 

 

KBH-5503 
Laser Protective Eyewear for HeNe Alignment 

and KTP Alignment applications 
2 

Kentek 

Corporation 

 

9470 
15ft USB 3.0 A Male to A Female Active 

Extension Cable 
2 Monoprice 

 

5010 
Cat6 24AWG UTP Ethernet Network Patch 

Cable, 20ft Gray 
2 Monoprice 

 

2067 
USB to RS232 DB9 male(Serial) / DB25 male 

Converter Cable 
1 Monoprice 

 

U-R380 
IX3-D6RES;6-POSITION IX NOSEPIECE 

CODED,DIC 
1 

Olympus 

America Inc. 

 

U-V111C 
U-TV1XC;C-MOUNT CAMERA ADAPTER, 

CENTERABLE 
1 

Olympus 

America Inc. 

 

9-U734 
45FR; 45MM FROSTED DIFFUSION FILTER, 

IX3 
1 

Olympus 

America Inc. 

 

UYCP-11 UYCP-11;US STYLE 3-PRONG POWER CORD 1 
Olympus 

America Inc. 

 

5-UR403 IX3-RFA;STRAIGHT ILLUMINATOR 1 
Olympus 

America Inc. 

17 

5-UR416-1 
IX3-RFACS-1-2; CODED IX3FLUORESCENCE 

TURRET 
1 

Olympus 

America Inc. 

17 

OCT-TD7BX3 
TRF59907-OL3; Dual-band ET-532/640nm laser 

TIRF set 
1 

Olympus 

America Inc. 

 

OAT-DU-

897U-CS0-#BV 

DU-897U-CS0-#BV;IXON ULTRA897 EMCCD, 

56FPS,512X512,16 UM,USB 
1 

Olympus 

America Inc. 

19 

OAT-TR-

EMFS-F06 

532/640 EM SPLITTING 3 PART FILTER SET 

FOR DPC&OPTOSPLIT 
1 

Olympus 

America Inc. 

 

OAT-TR-DCIS-

CA1-00 
DUAL CAM CASSETTE. REQ(TR-EMF S-F) 1 

Olympus 

America Inc. 
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O89-OptoIILS 
OptoSplit II LS–1.0x; Optosplit II system 

w/cubes and diaphragm 
1 

Olympus 

America Inc. 

18 

OMT-010 
MT-010;LOGO CLOTH DUSTCOVER 

11X25X26", ANTI-STATIC BX, IX 
1 

Olympus 

America Inc. 

 

OVP-

MSTUT2468 

M-ST-UT2-46-8; Tuned-Damped Table, 

1200x1800x203mm, M6 Holes 
1 

Olympus 

America Inc. 

 

OVP-

S2000A428 

S-2000A-428; 28" Isolators w/Auto Leveling, Set 

of 4 
1 

Olympus 

America Inc. 

 

OVP-ACWS ACWS; Air Compressor, Low Noise, 110V 1 
Olympus 

America Inc. 

 

HPZ440WIN7-

2 

2805181;HP Z440,2X1TBHD,RAID1,32GB 

DDR3,WIN764,SERIAL,MS OFC 
1 

Olympus 

America Inc. 

 

D-M27FPW2 
718668226; 27-INCH 16:9 RATIO FLAT 

PANEL,4K UHD, HDMI,D PORT 
1 

Olympus 

America Inc. 

 

DIB-551.00 Diamond Coated "Stick" Drills, DIB-551.00  10 Shor International  

TR6-P5 
Ø1/2" Optical Post, SS, 8-32 Setscrew, 1/4"-20 

Tap, L = 6", 5 Pack 
3 Thorlabs, Inc. 

 

 MB1218 
Aluminum Breadboard 12" x 18" x 1/2", 1/4"-20 

Taps 
1 Thorlabs, Inc. 

 

SH8S050 8-32 Stainless Steel Cap Screw, 1/2" Long 1 Thorlabs, Inc.  

TR12 
Ø1/2" Optical Post, SS, 8-32 Setscrew, 1/4"-20 

Tap, L = 12" 
6 Thorlabs, Inc. 

 

SH25S038 1/4"-20 Stainless Steel Cap Screw, 3/8" Long 1 Thorlabs, Inc.  

RA90 Right-Angle Clamp for Ø1/2" Posts, 3/16" Hex 8 Thorlabs, Inc.  

TR6 
Ø1/2" Optical Post, SS, 8-32 Setscrew, 1/4"-20 

Tap, L = 6"  
1 Thorlabs, Inc. 

 

TR075 
Ø1/2" Optical Post, SS, 8-32 Setscrew, 1/4"-20 

Tap, L = 0.75" 
2 Thorlabs, Inc. 

 

SS25S075 
1/4"-20 Stainless Steel Setscrew, 3/4" Long, Pack 

of 25 
1 Thorlabs, Inc. 

 

SH25S075 
1/4"-20 Stainless Steel Cap Screw, 3/4" Long, 

Pack of 25 
1 Thorlabs, Inc. 

 

B3648F 
36" x 48" x 2.4" Imperial Breadboard, 128 x 98 x 

23 cm 
1 Thorlabs, Inc. 

 

PSY313 900 x 1200mm Full Under Shelf, 146 x 95 x 6 cm 1 Thorlabs, Inc.  

PTA512 
Air Compressor - 110/115 V - 60 Hz, US Power 

Plug, 45 x 38 x 46 cm 
1 Thorlabs, Inc. 

 

RSP1 Rotation Stage For 1" Optics 2.2"OD 1.062-20 ID 1 Thorlabs, Inc.  

TR3-P5 1/2" Dia . x 3" Length: Pack of 5 Post 3 Thorlabs, Inc.  

SS6MS25 M6-1.0 X 25mm Set Screw, 25 Pack 2 Thorlabs, Inc.  

SS6MS12 
M6 X 1.0 Stainless Steel Set Screw 12mm Long 

Pack of (25) 
1 Thorlabs, Inc. 

 

FMP1-P5 Fixed Ø1" Optical Mount 5-Pack 2 Thorlabs, Inc.  

WP25M-VIS 
Mounted Ø25.0 mm Wire Grid Polarizer, 420-

700 nM 
1 Thorlabs, Inc. 

4 

ID8 Mounted Standard Iris, 8.0.mm max. Aper. 1 Thorlabs, Inc. 7 

ID12 Iris Diaphragm 1/2" 1 Thorlabs, Inc.  

ID15 Mounted Standard Iris, 15.0.mm max. Aper. 1 Thorlabs, Inc. 9 

WPMH05M-

532 
Mounted Multi Order 1/2 Waveplate 532nm 1 Thorlabs, Inc. 

3 
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BB1-E02 Ø25.4mm Mirror, Broadband 400-750nm 4 Thorlabs, Inc. 10-13 

LB1904-A-ML 
Mounted N-BK7 Bi-Convex Lens, Ø1" , f = 

125mm, -A 
1 Thorlabs, Inc. 

 

LB1437-A-ML 
Mounted N-BK7 Bi-Convex Lens, Ø1" , f = 

150mm, -A 
1 Thorlabs, Inc. 

 

LB1945-A-ML 
Mounted N-BK7 Bi-Convex Lens, Ø1" , f = 

200mm, -A 
1 Thorlabs, Inc. 

14 

ESK01 MOUNTING SUPPORTS ESSENTIALS KIT #1 1 Thorlabs, Inc.  

LG1 Laser Glasses, 190-400nm, 808-1090nm 1 Thorlabs, Inc.  

ADB-10 Pellin Broca Prism 10 mm BK7 1 Thorlabs, Inc. 16 

MT3A/M XYZ Metric Translator Stage 1 Thorlabs, Inc. 15 

KS1 Lockable Kinematic 1" Optic Mount 4 Thorlabs, Inc.  

SDA90120S 
Standing Height Active Science Desk to suit 

900x1200mm 
1 Thorlabs, Inc. 

 

LS6S2T0 Uni-stabled housed Shutter 1 
Vincent 

Associates  

8 

VCM-D1 Shutter Driver 1 
Vincent 

Associates  

 

 

 Safety Considerations 

It is very important to enclose the laser area to avoid safety hazards and keep 

everyone safe, thus it is necessary to: 

• Block the surroundings using black laser curtains.  

• Use the sign ‘laser in use’ to warn outsiders so that they may take necessary 

precautions before entering the area.  

• Wear the appropriate laser safety goggles when using the laser and entering the 

laser area. 

• Keep the shutter closed when the laser source is not required.  

• Never look directly into the light path when the shutter is open. 
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 Microscope assembly 

Optics Installation 

1. Assemble optics on the laser table in a straight line along a single plane as specified 

in the instrument optical diagram.  

  CRITICAL STEP Later steps will require that the lasers are aligned such that the beams 

are traveling co-linear. Ensuring that the lasers, emitters, and optics are mounted level 

with one another can prevent headaches down the line.  

2. Build the elevated platform 90° to the end of the optical path next to the area intended 

for the microscope.  

3. The lasers must be adjusted so that both beams pass through both irises. The iris 

closest to the laser is first narrowed, taking care not to close the iris completely, and the 

lasers readjusted so that both beams pass through its center.  This step is then repeated 

with the second iris which is narrowed and the lasers adjusted so that the beams now 

pass through the center of both irises.43   

Note: This process may take several repeated steps of narrowing one or both irises and 

adjusting the lasers to achieve total centering of the beams. Fine tuning of the leveling 

can be accomplished by allowing the lasers to leave the laser table and making minute 

adjustments to ensure that the points cast by both lasers hit at the same point on a wall. 

From this point onwards, the optics should not be adjusted unless something comes out 

of alignment.  

4. Position the first mirror to direct the beam toward the elevated platform. The next two 

mirrors are placed in the line of the laser at roughly 45 degrees relative to the plane of 
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the table and used to guide the beam toward the elevated stage and lift it to a level above 

the micrometer. The final mirror is used to direct the laser path through the focusing lens 

with 200 mm focal length (mounted on the micrometer) and into the prism, all adjusted so 

that the laser path enters into the prism at the appropriate angle to induce total internal 

reflection (in the case of our setup ~35°, calculated according to method detailed below 

in the Technical Note section). 

 CRITICAL STEP It will be necessary to adjust the mirrors such that the focus is not 

elongated. 

5. The microscope should be situated to the right of the elevated platform in such a way 

that the laser can be aimed through the optics and still maintain both the angle of total 

internal reflection and be within the focusing distance of the focusing lens.  

6. The prism should be mounted in place over the flow cell by a clamping device affixed 

to the support arm which is screwed onto mounting hardware fixed to the upper body of 

the microscope.  

Note: Our prism clamp and support arm were custom manufactured by machining of 

aluminum and 3D printing respectively (see Technical Note section below for details). For 

a given microscope, the dimensions of the support arm and relative height of the prism 

will change, however the central principle of the design remains the same: to fix the 

position of the prism directly over the objective. So long as this is accomplished the design 

can be modified in many ways to accommodate various microscope brands and 

configurations.  
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7. Install the Optosplit-II (Carin Research, UK) into the imaging port and install the dichroic 

mirror and filters cube into the Optosplit-II.  The aperture of the optosplit can then be tuned 

using the aperture adjustors to size the incoming light down to fit onto half of the EMCCD 

camera’s field of view and adjusted to split the channels to show parallel images (see 

Figs 2.5 and 2.6).  This can be accomplished by using a slide with some mm sized details 

(such as etched writing) to align the two channels in a parallel fashion for analysis by 

some smFRET program. 

Note: The Optosplit-II manual contains a more in-depth description of this process.  

8. Install Single.exe, a program that is made available by the TJ Ha group designed to 

record single molecule fluorescence data (see Data Acquisition and Analysis section 

below. Instructions on how to configure the EMCCD camera can be found in the 

Single.exe reference manual but can be summarized as finding the appropriate 

“atmcd32d.dll” file for the selected camera model and overwriting the existing file in the 

Single.exe program directory. This .dll can be found in the driver install software package 

that accompanies Andor camera’s (https://cplc.illinois.edu/software/).  

Note: In all cases we used a x64 Windows PC to run this software. OSX or Linux versions 

may not be compatible/available for all mentioned software.  

9. OPTIONAL STEP Set up computer control of one or both lasers. In our case, we used 

a 639 nm Coherent CUBE Diode Laser (part#1069417) which comes equipped for 

computer control with an accompanying computer program Coherent Connection 

(http://cohrdownloads.blob.core.windows.net/file/CUBE%20Connection.zip). This laser’s 
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serial cable connection was routed to our modern computer using a serial to USB 

connector.  

Note: When connecting an item to the processing computer with a serial cable, some 

configuration may be necessary to ensure that the coherent connection is monitoring the 

same serial port that the USB adaptor is feeding to. 

 

Figure 2.6 Image of a properly adjusted optosplit. Image of silkscreen printed “2” on a 
glass slide was captured using the program called Single.exe (see Data Acquisition 
section for details). Note that if one uses Single.exe to acquire smFRET data, the green 
channel must be on the left and the red channel on the right. For proper alignments of the 
channels, the image size is adjusted to take up approximately half of the available space 
and that the images are well separated with a black border running around and between 
them. 

Laser alignment and focusing 

The alignment process, as outlined in the microscope assembly section, should 

roughly focus the laser onto the flow cell through the prism, but the largest portion of the 

laser alignment is the fine tuning. 



23 

 

 

1. The first step in fine-tuning the laser alignment is to ensure that the laser lands 

immediately over the microscope objective. This can be aided by using a small piece of 

Scotch magic tape (preferably white in color) affixed on a glass slide to more easily 

visualize the location of the focus.  

CRITICAL STEP. It is essential to get the beam as close to the center of the objective 

lenses as possible as this will save time in adjusting the micrometer later on.   

2. A flow cell filled with water should be placed onto the microscope, a drop of immersion 

oil should be placed on the top surface of the flow cell and the prism support arm 

assembly screwed into place. 

Note: It is important that the flow cell be assembled using a quartz slide as using glass 

will result in an unusable background signal. 

3. The micrometers should be used to adjust the position of the focus on the X and Y-axis 

until it is centered in the field of view through the eyepiece in the lowest objective. Once 

done, the Single.exe program can be used to track the intensity of the light coming off the 

focus.  

4. The Z-axis is then adjusted either up or down to increase the intensity of the light, 

during which some X and Y adjustment needs to take place to keep the focus at the center 

of the field of view. This Z axis adjustment should be carried out until the intensity of the 

signal reaching the camera is at its maximum. 
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Note: The center of the microscope field of view may be offset from the cameras field of 

view, so adjustments should be made accordingly. 

 Flow cell design and construction for pTIRF experiments 

Cleaning procedure  

The cleaning procedure was followed from a published protocol. 44 

1. Briefly, wash the slides in warm soapy water and then scrub thoroughly with a thick 

paste of Alconox, follow by rinsing the slides in deionized water, acetone and ethanol 

successively.  

2. Then flame the slides for 30 seconds on each side using a propane torch and 

immediately transfer them to a boiling base-piranha bath (Solution of 4% hydrogen 

peroxide and ammonia) for about 15 minutes and flame again on each side for 30 

seconds with propane torch. 

Design the flow cell 

1. Take a pre-cleaned standard quartz slide (75 × 26 × 1 mm) with two diagonally drilled 

holes (drilled using a diamond-coated drill bit (1 mm in diameter) in a Dremel multitool 

purchased from Walmart) and add parafilm overtop. 

2. Create a sample chamber by cutting the parafilm diagonally to encompass the drilled 

holes. 

3. Cover the sample chamber with a glass coverslip (24 x 60 mm, Fisher Scientific) and 

heat the whole assembly to 120˚C for 5 min on a hot plate in order to melt the parafilm, 

thus sealing the glass coverslip to the microscope slide.  



25 

 

4. Cut two 200 µL plastic pipette tips to about an inch long, insert into the holes and plume 

with tubing (0.02 in. ID, 0.06 in. OD, Cole-Palmer) using Double Bubble Quick-Set epoxy 

from Hardman Adhesives.  

Note: The physical obstructions of the pluming in this flow cell design limit the usable 

space for the experiment to ~1/5 of the slides total surface area. 

 

Figure 2.7 Schematic of a flow cell. The quartz microscope slide is shown with pipet tips 
and tubing to allow for buffer exchange. The sample chamber consists of a parafilm 
sandwiched between a microscope slide and the glass coverslip. The arrow shows the 
direction of the buffer flow. 

Surface-functionalization of flow cell 

1. Functionalize the flow cell by sequential incubation of 1 mg/mL biotinylated BSA and 

0.2 mg/mL streptavidin for 5 min and 2 min, respectively. 45 

2. Then flush the flow cell with ~300 µL of 1×TAE-Mg buffer (40mM tris, 2mM EDTA, 

20mM acetic acid, 12mM MgCl2). 
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 Validation of the pTIRF setup via typical smFRET experiment 

Typical smFRET data were gathered from monitoring the dynamics of the Holliday 

junction (HJ)44,46–48. The HJ is a central part of the double stranded DNA break repair 

mechanism and as such, its resolution has been seen as a possible target for drug 

therapy3,8,49–56.  FRET data can be analyzed and interpreted in various ways57–60, we used 

a simple efficiency analysis (equation 2.1).   The Holliday junction is a four way DNA 

junction formed from 4 single-strand DNA (ssDNA). Inherent to this structure is the 

tendency to switch between two stacked conformation, called herein Iso-I and Iso-II (Fig. 

2.8) 29,48. The frequency of this structural switching is dependent on the concentration of 

a divalent cation such as magnesium ion in the solution. For this experiment a 

biotinBSA/streptavidin-functionalized flow cell is treated with a biotin-functionalized, dual 

fluorophore labeled HJ as described in our previous work61. Briefly, the HJs were 

immersed in an imaging buffer (300 mM Mg2+, 40 mM Tris, 10 mM acetic acid, 1 mM 

EDTA, 10mM PCA, 50 nM PCD, and 5mM Trolox), injected into the flow cell, incubated 

for surface immobilization, and movies were recorded by Single.exe at a 50 ms frame 

rate while the green laser (532 nm) is on.  The PCA, PCD and Trolox make an oxygen 

scavenging system (OSS) which is necessary to retard photobleaching of the 

fluorophores62–65. Typical intensity-time traces of dynamic HJ switching between iso-I and 

iso-II are depicted in Figure 8, showing the anti-correlation of the red and green signals 

typical of a FRET pair switching between a short to longer distance from one another. 

This is also reflected in the FRET trace calculated using equation 1 62,66,67.  

𝐹𝑅𝐸𝑇 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐸𝐹𝑅𝐸𝑇) =
𝐼acceptor

𝐼𝑑𝑜𝑛𝑜𝑟 +  𝐼acceptor
        (𝑒𝑞𝑛 2.1)  
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Where FRET efficiency is calculated using the intensities of the donor (Idonor) and 

acceptor (Iacceptor) fluorophores. In this experiment the donor is Cy3 and the acceptor 

is Cy5. 

 

Figure 2.8 Characterization of the instrument with a typical experiment. (a) 
Conformational switching of the synthetic Holliday junction (HJ) labeled with a Cy3-Cy5 
fluorophore pair. (b) Representative single molecule fluorescence-time traces from our 
smFRET experiment on the HJ. Note that the junction switches between the Iso-I and 
Iso-II conformations.  Adapted with permission from Ref 46. Copyright 2018 American 
Chemical Society. 

 Data Acquisition and Analysis 

Data acquisition and analysis codes were readily available for smFRET data and were 

acquired upon request from the Center for the Physics of Living Cells 

(https://cplc.illinois.edu/software/).  This package contains the data acquisition 

application, Single.exe which records fluorescence signal acquired by the EMCCD for 
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each movie as a .pma file.  The package also includes custom written scripts for IDL and 

MATLAB which can be used to generate and process single molecule FRET traces from 

acquired .pma files.  The MATLAB and IDL programs are commercially available.  The 

IDL program scripts pair molecules exhibiting fluorescence from the donor and acceptor 

channels and track their intensities over time.  These traces can be viewed in a user 

friendly manner using the MATLAB program scripts available through this package.  

Additional MATLAB scripts for processing traces are available from various sources.  We 

especially use scripts geared toward compiling and truncating saved molecule traces 

available from Fu et al,66 which can then be graphed as FRET histograms in commercially 

available graphing software such as OriginPro.  For more complicated data processing, 

particularly in cases where molecules exhibit multiple FRET states, hidden Markov Model 

analysis can be a useful tool to elucidate the number of states exhibited, the 

interconversion rates between each state, and the time spent in each state17,68.  Hidden 

Markov Model analysis is available for use through the program HaMMy available from 

http://bio.physics.uiuc.edu/HaMMy.html.   

 Technical Notes 

Prism angle calculation 

The trapezoidal prism is positioned above the specimen chamber and the objective. 

The prism directs the incoming laser beam to the quartz/water TIRF interface slightly 

larger than the so called critical angle at which the light will be completely reflected and 

total internal reflection (TIR) occurs. Hence, an evanescent field is created with the same 

frequency as the incident light, but the intensity decays exponentially with penetration 
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such that only fluorophores within the evanescent field are excited by the electromagnetic 

field and fluorescence is produced. 

Snell’s law:      η1 Sin ia = η2 Sin ib        
67  

Where η1 and η2 are the refractive indices of the medium 1 & 2 respectively. ia & ib 

are the angle of incident beam and the angle of refracted beam at the air/quartz prism 

interface. c is the critical angle.  

                           c = Sin-1 (
𝑛2

𝑛1
) =  𝑆𝑖𝑛−1  (

1.33

1.55
) = 59.1° 

According to Snell’s law, for TIR to occur at the quartz slide/ water interface, the i2 

should be greater or equal to 59.1° which is the critical angle for the quartz slide/ water 

interface. The creation of the evanescent wave allows selective excitation of fluorophores 

that are on or close (typically ~100 nm from the surface)42,69,70 to the surface. 

Our actual setup corresponds to Fig. 2.9b, where i1 is ~35° and the calculated value 

of  i2 is 68°, which is greater than the critical angle (59.1°) allowing TIR at the quartz-water 

Figure 2.9 Schematic of the light path at the interface between two media in 
TIRFM imaging system. Refracted light at an angle of incident (i2) larger than the 
critical angle (c) undergoing total internal reflection, leading to the formation of 
evanescent wave.  
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interface. The depths of penetration (d) calculated using the equation42,69,70 below are 78 

and 94 nm for the green (λ = 532 nm) and red (λ = 639nm) lasers, respectively. 

𝑑 =
𝜆

4𝜋
(𝜂1

2𝑠𝑖𝑛2𝑖2 − 𝜂2
2) −1/2 

where λ is the wavelength of the incident light in vacuum. The depth of penetration 

relies on i2 (ultimately i1), wavelength of the incident light, and refractive indices of the 

mediums, however it has been demonstrated that it is independent of the polarization of 

the incident light42. 

Prism clamp  

The basic function of the prism clamp is to hold the prism in place and to provide a 

way to mount it to the prism support arm (described below). Our design has proven very 

reliable but any device which can accomplish the task would be suitable.  Our prism clamp 

was designed in house and the design of the clamp is detailed in Figure 2.10. Our clamp 

was machined out of aluminum in Virginia Commonwealth University’s on-campus 

machining shop. Off the shelf 8-32 machine screws from a hardware store were used to 

tighten the prism into place. It is important to remember that our clamp is dimensioned to 

a specific prism (part#:325-1206 UV FS Pellin-Broca Prism 11x20x6.4 mm), the design 

would need to be adapted for any other size of prism. While we chose to make the clamp 

out of aluminum for durability a 3D printed part with some modifications to insert nuts into 

the sidewalls of the clamp would also be a viable design.    
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Figure 2.10 Dimensions of prism clamp from three directions. The sides are mirrored and 
the holes taped with 8-32 machine threading. All of the dimensions are in millimeter (mm). 

Prism support arm 

The prism support arm provides a mount for the prism clamp, we designed ours to 

work with our microscope but the dimensions could be altered to suit others. Our arm was 

printed out of PLA plastic on a MakerBot replicator (5th generation), .stl files will be made 

available upon request. Due to dimensional limitations of our printer the support arm was 

printed in two pieces and then glued together. We would recommend producing the arm 

as a single piece for durability if large enough printer is available or if machining the arm 

out of metal. It is also ideal to print the part in a matte black material to avoid potential 

laser scattering.  The exact placement and size of the square center hole needed for the 

screw shaft to mount the prism clamp is dependent on the dimensions of the set up and 

where the prism needs to be mounted to achieve TIR. It is advised to use a long thin 

rectangular channel allowing space for the prism holder to be adjusted closer and further 

from the focusing lens.     
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Figure 2.11 Dimensioned drawing of prism support arm from 3D printer file. Left, a 3D 
rendering of the finished item; Middle, side view; Right, top view. Units are in mm, round 
holes are 7.6 mm wide, square hole is 5 mm. 

 Conclusions 

Here we describe the detail guidelines for building the prism-based TIRF microscope 

using commercially available microscope parts. Splitting the microscope setup procedure 

into three sections, (a) excitation path(s), (b) focusing and beam positioning, and (c) 

emission path, we presented stepwise instructions on building and characterizing a pTIRF 

instrument incorporating necessary precautions whenever necessary. Once the 

instrument is ready, in order to check its operation, we outlined flow cell design and its 

surface-functionalization, followed by conducting a representative pTIRF experiment 

using a dual-labeled DNA Holliday Junction. After data acquisition and analysis with the 

aid of MATLAB scripts and OriginPro, we saw clear conformation switching of Holliday 

Junction, thus demonstrating successful designing and functioning of our pTIRF 

microscopy. Although we tested our instrument with the Holliday Junction, this instrument 

is equally applicable to reveal dynamics, kinetics, and other structure/conformation 

related information of other biomolecules, such as RNA and proteins. 
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Chapter 3 : Single-molecule imaging of the conformational manipulation of 
Holliday junction DNA by the junction processing protein RuvA 

 

 Introduction 

Homologous recombination (HR) plays a critical role in regulating genetic diversity 

and in repairing DNA double-stranded breaks (DSBs), and thus guards the genome 

against carcinogenic instability.3,8,49 Evidence has accumulated over the past 30 years 

that the recombinational repair is conserved and the fundamental HR mechanism is 

similar across all organisms known to date. Since E. coli is better understood 

mechanistically than its eukaryotic counterparts, E. coli serves as a model system to 

investigate the currently outstanding questions regarding the mechanisms of 

recombinational repair. The entire HR process in E. coli can be generally divided into the 

early- and the late-stage HR (Figure 3.1a).11,71 The HR events are initiated by an enzyme 

system called RecBCD (comprised of RecB, RecC, and RecD),47,72–75 followed by the 

strand-exchange reactions catalyzed by RecA, leading to the formation of a cross-strand 

intermediate called the Holliday junction (HJ).76–79 In the late stages of HR, the HJ is 

resolved into mature recombinant double-stranded DNA molecules by another enzyme 

system called RuvABC (Figure 3.1a).14,80–84 While early stages of HR involving RecBCD 

have been studied down to single-molecule level74,75,85, there remain substantial gaps in 

our understanding of the protein-DNA interactions at the late-stages of HR. 
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Figure 3.1  Experimental design and the bulk characterization of the interaction between 
RuvA and HJ. (a)  Schematic of the RecBCD/RuvABC pathway in E. coli homologous 
recombination (HR). Early and late stages of HR are highlighted. (b) Schematic illustration 
of the HJ used in this study.  Donor (Cy3) and acceptor (Cy5) fluorophores are shown in 
green and red respectively. While the Cy5 fluorophore is unchanged, the labeling position 
of the Cy3 fluorophore was different for different labeling schemes (LS-I in Scheme-I and 
LS-II in Scheme-II). (c) Native agarose gel characterization of the HJ and the RuvA-HJ 
complex using a native electrophoretic mobility-shift assay (native-EMSA). Left – gel red-
stained agarose gel for detecting DNA; right – the same gel stained with coomassie 
brilliant blue for detecting RuvA. Lane 1: DNA molecular weight (MW) marker; Lane 2: 
60nt ssDNA; Lane 3: HJ DNA; Lane 4: RuvA-HJ complex; and Lane 5: RuvA. (d) Bulk 
FRET analysis of RuvA binding to the HJ. Two labeling schemes of the HJ (Scheme-I 
and Scheme-II) were separately titrated with RuvA for the concentration range of 0 to 1.3 
µM. The FRET analyses were performed in 1× TAE buffer (pH 7.4) containing 12 mM 
Mg2+. Although it does not change our experimental goals, it is important to note that 
EDTA, a component of TAE buffer, is a chelating agent and will reduce the effective Mg2+ 
concentration by ~1 mM.  Images of the RuvA tetramer in Figures 1c and 1d were taken 
from Protein Data Bank (PDB). 
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Single molecule dissection of the binding interaction is important to develop our 

understanding on how repair proteins recognize and process the junction. In vitro studies 

have shown that the RuvA protein recognizes and binds to the HJ with high affinity (affinity 

for HJ is >20 fold than for dsDNA) to which it recruits a helicase protein RuvB forming an 

ATP-dependent motor called RuvAB.86–88In the presence of ATP, the RuvAB motor 

promotes branch migration of the HJ in which the DNA is pumped out through the protein 

complex.14,80–84 Several structural, mutational and biochemical analyses have provided 

evidence that the formation of RuvA-HJ complex is the first critical step in the RuvABC-

mediated resolution of the HJ.14,15,88 However, the mechanistic detail of the binding 

interaction between RuvA and the HJ has remained elusive. Further, recent studies 

suggested that the HJs are highly dynamic with structural fluctuations between stacked 

X conformers of iso-I and iso-II and an open square-planer conformation (Figures 

3.1).47,48,69 It raises an important question – how will the dynamic characteristics of the 

junction be affected by the interaction between RuvA and the HJ? Using smFRET we 

demonstrated, for the first time, the conformational manipulation of the HJ by RuvA at the 

single molecule level. 

Because of its central role in the HR process, the HJ has also been seen as a potential 

target in therapeutics.50–56 For example, HJ is believed to play a vital role in the alternative 

lengthening of telomeres (ALT) in cancer cells.50,55 However, the therapeutic application 

of HJ is still premature. The successful implementation of the HJs in therapeutics would 

not only require better understanding of their interactions with junction resolving proteins, 

but also need to carry out an extensive study regarding how and to what extent DNA 

modifying drugs impact such interactions. Given that the protein-DNA interactions are 
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highly sensitive to many factors such as DNA sequences, topology, and other 

microenvironments, it is expected that the interaction between RuvA and the HJ is 

disrupted by the formation of drug-DNA adducts. Since there is no report that directly 

addresses this outstanding knowledge gap, using cisplatin as a proof-of-concept 

chemotherapeutic drug, we investigated the effect of drug-DNA adduct on the binding 

interaction between RuvA and HJ. 

In this study, we employed smFRET and ensemble fluorescence analyses to visualize 

and characterize the binding interaction between RuvA and HJ. Using complementary 

fluorescence labeling of the HJ, we first visualized the conformational dynamics of the 

junction. Our HJ showed a strong bias toward one of its stacked X isomers. Using the 

same junction, we show that the binding of RuvA halts the conformational dynamics of 

the HJ at physiologically relevant concentrations of Mg2+, however, the binding is 

interrupted at high mM concentration of Mg2+. These results reinforce that the electrostatic 

interaction between DNA and RuvA is the key stabilizing factor for the RuvA-HJ complex. 

In addition, introducing the widely used chemotherapeutic drug cisplatin,89–93we found 

that RuvA binds to the cisplatin-modified HJ as efficiently as to the regular HJ.  These 

results imply that RuvA accommodates for the cisplatin-introduced charges/topological 

changes on the HJ. Taken together, through our systematic single-molecule and 

ensemble analyses, we have revealed several key factors governing the interactions 

between RuvA and the HJ. These findings have the potential to trigger quests for new 

drugs to manipulate of HR process by selective targeting of the HJ. 
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 Materials and Methods 

Chemicals.  

Tris(hydroxymethyl)-aminomethane (tris), acetic acid, KCl, EDTA and agarose 

were purchased from Fisher Scientific. Magnesium chloride hexahydrate, 6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox), and 30% ammonia water were 

purchased from Arcos Organics. Sodium chloride, coomassie brilliant blue, streptavidin, 

protocatechuic acid and hydrogen peroxide were purchased from VWR. Bovine serum 

albumin (BSA) was purchased from New England Biolabs (NEB). Protocatechuate 3,4-

dioxygenase (PCD) was purchased from MP Biomedicals, and suspended in a pH 8.0 

PCD Buffer (100 mM Tris-HCl, 50 mM KCl, 1 mM EDTA, 50% glycerol) at 0.2 μM, sterile 

filtered, and stored at -20⁰C.  Biotin-modified BSA was purchased from Peirce, dissolved 

in sterile H2O at 1 mg/mL, sterile filtered and stored at -20⁰C. Cisplatin was purchased 

from VWR and freshly dissolved in PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4) at pH 7.0 as needed. 

DNA constructs and enzyme. 

 All of the modified and unmodified oligos were purchased from Integrated DNA 

Technologies (IDT DNA) and stored at -20⁰C. DNA constructs containing HJ with the 

labeling schemes I & II (Figure 3.2) were constructed by thermal annealing of the 

constituent ssDNA oligos (Table 3.1) at 1 µM concentrations in 1× TAE-Mg buffer, pH 7.4 

(40 mM Tris, 20 mM acetic acid, 1 mM EDTA, 12 mM Mg2+). The thermal annealing was 

carried out by ramping the temperature of the solution from 95°C to 4°C in a thermal 

cycler (Table 3.2). Active E. coli RuvA was purchased from Abcam (Cambridge, MA) and 

stored at -20⁰C. 
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Figure 3.2 Holliday junction (HJ) construct with labeling scheme-I (top) and II (bottom). 
The left panel highlights the HJ construct with fluorophore labeling schemes. The right 
panel shows the expected conformational switch between stacked X isomers I & II via the 
open unstacked conformation. The FRET efficiency is indicated with a bloom of color with 
more red indicating higher efficiency. Sequences of the DNA strands (strand A to F) used 
to assemble the HJ construct are provided in Table S1. Strand A was biotin modified to 
enable surface immobilization of the HJ construct. 
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Table 3.1 Sequences for all the oligonucleotides used in constructing biotin, Cy3, and 
Cy5 labeled HJs. All of the biotin- and fluorophore-modified DNA oligos were purchased 
HPLC purified. 

Strand Name Sequence (5′-3′) 

A /biotin/-ACGCGCTGGGCTACGTCTTGCTGGCCGCAT 

 

B CTGTGCGGTATTTCACACCGTTAGCTCAGGTTTTAATGTG 

TGTCTCAATCCCAACT 

 

C /Cy3/AGTTGGGATTGTCTGTGTGTAA 

 

C2 AGTTGGGATTGTCTGTGTGTAA 

 

D /Cy5/TTACACACAGAGGTTAGGGTGA 

 

E TCACCCTAACCAGACACACATT 

 

E2 /Cy3/TCACCCTAACCAGACACACATT 

 

F CCTGAGCTAACGGTGTGAAATACCGCACAGATGCGGCCA 

GCAAGACGTAGCCCAGCGCGT 

 

 

Table 3.2. Thermal annealing program for the HJ DNA constructs.   

Temperature (⁰C) Time (min) 

95 5 

93 5 

90 5 

88 5 
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86 5 

84 5 

82 5 

80 5 

78 5 

76 5 

72 5 

68 5 

64 5 

60 5 

56 5 

52 5 

48 5 

44 5 

40 5 

36 5 

32 5 

28 5 

24 5 

4 hold 

 

Electrophoretic Mobility Shift Assay (EMSA) 

RuvA-HJ Interaction: A 2% agarose gel was cast and immersed in a buffer system 

consisting of 2 mM MgCl2, 1× TAE, 69 mM NaCl at pH 7.4. RuvA and HJ were incubated 

in the gel running buffer at a 1.2:1 molar ratio (RuvA : HJ :: 10 : 8.33 μM)  for 15 min 

before being run in the gel along with oligo F (60nt-long ssDNA control), the HJ construct, 

the RuvA-HJ complex, and an RuvA control (Figure 3.1c). The 100 base-pair ladder was 

used as a molecular weight (MW) marker. The gel apparatus was run in an ice bath at 65 
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V for 120 min before being stained with 3× Gel Red (Bioteum) and imaged using UV 

transilluminator (254 nm). To visualize the RuvA, the gel was then stained with coomassie 

brilliant blue, de-stained in water overnight at room temperature and imaged (Figure 3.1c).  

Cisplatin activity: A 2-kbp fragment of DNA was acquired through polymerase chain 

reaction (PCR) of plasmid pBR322 and incubated in PBS buffer in the presence and 

absence of 50 µM cisplatin for 24 hrs. A 1% agarose gel was cast and immersed in 1× 

TAE buffer at pH 7.4. These samples were loaded onto the gel and run at 80 V for 1.5 

hrs. 

Bulk Fluorescence Assays  

The bulk fluorescence assays were carried out using a fluorometer (Denovix, F11)  at 

50 nM HJ in 1× TAE-Mg buffer (pH 7.4) using a Denovix FX-11 fluorimeter set to excite 

at 525 nm and to collect intensities at 565 - 650 nm and 665 - 740 nm for green and red 

emissions, respectively. To retard photobleaching of the fluorophores, a protocatechuate-

3,4-dioxygenase(PCD)-based oxygen scavenging system (1 µM PCD, 100 mM 

protocatechuic acid and 2mM Trolox) was used.62,69,94 In addition, 0.2 mg/mL of bovine 

serum albumin (BSA) was added to the buffer to reduce non-specific binding of the HJ 

and protein to the microtubes. In magnesium titration, the concentration of MgCl2 was 

varied in the buffer. Similarly, the RuvA titration study was carried out by varying the 

concentration of RuvA from 0 to 1.3 µM. From those samples, the fluorescence intensities 

for donor (Cy3) and acceptor (Cy5) channel were collected when the solution was 

illuminated using green excitation. The FRET efficiency was calculated as IA/(ID + IA), 

where IA and ID stand for the background-corrected intensities of acceptor and donor, 

respectively. In the experiments involving cisplatin, the HJ is incubated with 50 µM 
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cisplatin for 24 hrs before incubating with RuvA. All bulk fluorescence assays were 

performed at room temperature (23°C). 

Single Molecule Fluorescence Microscopy   

The flow cell consists of a standard sized quartz slide (75 × 26 × 1 mm) was drilled 

diagonally (using a diamond coated drill bit of 1 mm in diameter in a Dremel multitool) 

through the face of the slide to obtain two holes (Figure 2.7). The slides were cleaned 

using published protocol72,75. Briefly, slides were washed in warm soapy water and then 

scrubbed thoroughly in a thick paste of Alconox and water, and rinsed clean in warm 

water, deionized water ethanol and acetone successively before being immersed in a 

boiling solution of 4% hydrogen peroxide and ammonia water for 5 min. The slides were 

then flamed for 2 min on both sides using propane torch. 

To assemble a flow cell, an oblong chamber was cut into parafilm and placed on the 

microscope slide, a glass coverslip (24 x 60 mm, Fisher Scientific) was placed over the 

parafilm and then the whole assembly was heated to 120˚C for 5 min on a hot plate. About 

an inch long pipet tips (200 µL plastic pipet tips) were cut, inserted into the holes and 

plumed with tubing (0.02 in. ID, 0.06 in. OD, Cole-Palmer) using Double Bubble Quick-

Set epoxy from Hardman Adhesives. For the single molecule experiments, the flow cells 

are functionalized by sequential incubation with 1 mg/mL biotinylated BSA for 5 min and 

0.2 mg/mL streptavidin for 2 min. The flow cells were then flushed with ~300 µL of 1× 

TAE-Mg buffer before and after incubating with streptavidin. 

Single molecule sample preparation and imaging. The functionalized flow cell was 

incubated with 20 pM HJ (dispersed in 1× TAE-Mg buffer) for ~1 min before being flushed 
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with the same buffer to remove the unbound HJ. The imaging buffer consisted of 1× TAE 

buffer and 1× OSS (40 mM PCA, 50 nM PCD, 5 mM Trolox) and desired concentration of  

RuvA (400 nM, 1 µM or 5 µM) and MgCl2. In the experiments involving cisplatin, the HJ 

was incubated with 50 µM cisplatin for 30 min before injecting into the microscope slide. 

The movies were recorded after 5 min incubation of the slide with imaging buffer 

containing OSS. Cy3 fluorophore was continuously excited using a 532 nm HeNe laser. 

Fluorescence emission from Cy3 and Cy5 fluorophores was simultaneously recorded for 

the green and red channels (512 × 256 pixels) using EMCCD camera (iXON 897, Andor) 

at 50 ms (for 300 mM Mg2+) or 100 ms (for 2mM Mg2+) time resolution. We used our 

custom-built prism-based total internal reflection fluorescence (pTIRF) microscope for all 

of the single-molecule experiments (Figure 2.2). The microscope setup is similar to 

previously described prism-based TIRF microscopes.63,66,70,95,96 Briefly, the microscope 

consists of a red 639 nm excitation, 40 mW laser, (Coherent technologies, CUBE laser) 

and a green 532 nm, 50 mW laser (Crystalaser, CL-532). Both lasers are designed to 

focus though an optical quality glass pellin-broca prism onto the focus of an inverted light 

microscope (Olympus, IX73; 60X/1.2W objective), thereby creating an evanescent field 

on the microscope slide by total internal reflection of the laser beam (Figure 3.4). The 

fluorescence emission of the sample collected by the objective is split off through an 

Optosplit II (Cairn Research) and split into red and green channels before being routed 

to an EMCCD camera (IXON Ultra, DU-897U-C50-#BV).  The presence of an active FRET 

pair was confirmed at the end of each experiment by the excitation with a 639 nm red 

laser. Experimental concentration of RuvA and Mg2+ are indicated in each figure or in the 
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figure captions wherever applicable. All single molecule experiments were performed at 

room temperature (23°C). 

Single Molecule Data Analysis  

Movies from the single molecule experiments were processed into trace files using 

IDL and MatLab scripts acquired from the smFRET data acquisition and analysis package 

available from TJ Ha Lab (https://cplc.illinois.edu/software/). Briefly, the single molecule 

intensity traces generated by running these scripts were manually selected for 

subsequent analysis based on the following expected features: (i) single-step 

photobleaching; (ii) total fluorescence of Cy3 and Cy5 exceeding 200 counts per frame; 

and (iii) evidence of both Cy3 and Cy5 signals. The FRET histograms of smFRET traces 

were prepared for the first 10 to 20 s observation time depending on the movies. Gaussian 

fittings of visually apparent populations were accomplished in Origin 2017.   

Hidden Markov Model (HMM) analysis.  

HMM analysis was performed using HaMMy68,97 to calculate the rate of transitions 

between two FRET levels (from iso-I to iso-II in this study). Single molecule FRET traces 

at 300 mM Mg2+ were analyzed for the interconversion rates of the isomers for both 

labeling schemes I & II. A truncated 50 sec window of the HMM analysis for each labeling 

scheme is shown in Supporting Information. 

 Results and Discussion  

RuvA manipulates the conformational dynamics of the HJ.  

The sequence design and construction of our HJ is based on previous reports (Figure 

3.1b).46 Single-stranded DNA (ssDNA) oligomers were used to form the HJ with 11-base 
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pair (bp) arms (see Tables 3.1 and 3.2 for sequence detail and thermal annealing 

protocol, respectively). Donor (Cy3) and acceptor (Cy5) fluorophores were incorporated 

into the HJ to allow monitoring of the conformational dynamics of the junction using FRET 

(Figures 3.1 and 3.2). The formation of the HJ was confirmed by running a native 2% 

agarose gel (Figure 3.1c). Compared to the control 60-nt DNA strand, the native gel 

showed a slower migration for the HJ construct indicating the successful assembly of the 

junction. After incubating the HJ with a slight excess of RuvA (1.2:1 molar ratio of 

RuvA:HJ), a  band with a significantly slower migration was observed, suggesting the 

formation of RuvA-HJ complex (Figure 3.1c, lane 4). The formation of the complex was 

then confirmed by coomassie brilliant blue staining of the same gel, which showed co-

localized RuvA and HJ bands. Further, the faster migration of the RuvA-HJ complex 

compared to RuvA itself (Figure 3.1c, lane 5) suggests that the negative charge on DNA 

increased the electrophoretic mobility of the RuvA. 

HJs are known to undergo spontaneous conformational switching between stacked 

X-isomers (isomer-I and –II) via an open unstacked conformation (Figure 3.1d).27-29 Our 

experimental conditions rule out the possibility that the FRET fluctuation is due to 

binding/unbinding of molecules as we washed off the unbound molecules before imaging 

(see Materials and Methods) Previous reports have shown that the distribution of isomers 

relies on the preferential stacking of nucleotide bases at the junction.47,48,82,98,99 To 

visualize the binding of RuvA to the dynamic HJ, we performed bulk FRET measurements 

in which the concentration of RuvA was varied from 0 to 1.3 µM (Figure 3.1d) while the 

concentration of HJ was kept at 30 nM (low concentration of fluorophore-labeled HJ was 

necessary to keep the background low). Interestingly, the FRET efficiency of the HJ was 



46 

 

gradually decreased from 0.68 to 0.52 and leveled off after ~200 nM RuvA (Labeling 

Scheme-I). The FRET values at high RuvA concentrations were consistent with what is 

expected for an open unstacked HJ. These results suggested that the binding of RuvA 

halts the conformational switching of the HJ and clamps the open, unstacked 

conformation.14,15 This observation was further confirmed by using a complementary 

labeling scheme (Labeling Scheme-II) of the same HJ where the low- FRET isomer now 

becomes a high-FRET isomer. As expected, the FRET efficiency in this case was 

gradually increased from 0.40 to 0.45 with no change in FRET past 200 nM RuvA (Figure 

3.1d). Fitting of the bulk FRET data with the hill equation (Figure 3.3) yielded similar 

binding constants (Kd of 106 nM and 97 nM for labeling schemes I & II respectively). The 

binding constant determined here is ~2 fold higher than the literature reported value for 

E. coli RuvA in a different buffer condition.95 We reason that the higher Kd of RuvA in our 

experiment is due to Mg2+, resulting a slightly weaker interaction between RuvA and the 

junction (see Mg2+ titration experiment in later section). Under our experimental 

conditions, we estimated the free energy change (ΔG) of RuvA binding to be ~2.5-fold 

higher than the reported maximum energy barrier (~15 kJ mol-1) for the HJ going from 

the stacked to open conformation (Figure 3.1),29 meaning that the binding of RuvA should 

sufficiently stabilize the open conformation of the junction. 
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Figure 3.3 Bulk FRET analysis of binding (data from Fig. 1d).  A 30 nM solution of HJ 
with either the labeling scheme-I or the labeling scheme-II was titrated with RuvA. The 
background-corrected FRET data were normalized between the FRET values of 0 to 1 
and fitted with the standard binding isotherm (hill equation) in Origin to determine Kd. This 
analysis yielded Kd values of 106 ± 1 nM and 97 ± 1 nM for the labeling Scheme -I (top 
panel) and Scheme-II (bottom panel), respectively. The average ∆G of RuvA binding, 
defined as -RTlnKd, from the labeling Scheme-I and labeling Scheme-II is estimated to 
be ~39 kJ mol-1 at room temperature (23°C). 
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Although we observed an obvious change in the FRET level upon binding of RuvA to 

the HJ (Figure 3.1d), due to the inability to track conformational dynamics of the junction 

in bulk solution, the dynamic aspect of the RuvA-HJ interaction was missing. The dynamic 

characteristics of the junction are important in understanding how different enzymes 

recognize and process the junction. Therefore, we turned to single-molecule FRET 

(smFRET) for the quantitative analysis of HJ dynamics and its binding interaction with 

RuvA. The basic setup of the smFRET experiments used in this study is shown in Figure 

3.4a. Our custom-built fluorescence microscope which is similar to previously published 

setups63,66,70,95,96 is shown in Figure 2.2 The biotin-modified HJ was surface immobilized 

on the biotin-BSA/streptavidin coated quartz slide (see Methods and Figures 2.7 and 2.2 

for details). An oxygen scavenging system (OSS) was added to retard photobleaching of 

the fluorophores62,69,94. Since the HJs interconvert between the stacked X-structures with 

a lifetime of a few milliseconds,47,48  such transitions are too fast to be captured in our 

fluorescence microscope without slowing down the interconversion rates. 
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Figure 3.4 Single-molecule characterization of the interaction between RuvA and the HJ. 
(a) Top panel: Experimental setup for the smFRET analysis of the HJ. The biotin-labeled 
HJ is surface immobilized on a biotinylated-BSA (bBSA)/streptavidin coated quartz slide. 
Bottom panel: Complementary fluorophore-labeling schemes (Scheme-I, left panel & 
Scheme-II, right panel). The estimated inter-dye distances and the corresponding FRET 
efficiencies (“Est. FRET”) are shown for the HJ isomers for both labeling schemes (see 
Table S3 for detail calculation). It is important to note that the inter-dye distances and 
FRET values are estimated without considering dye linkers and other local 
microenvironments, which may underestimate the inter-dye distances and overestimate 
the FRET values. The smFRET results are shown in Figures b-d. (b) smFRET analysis 
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of the HJ at 300 mM Mg2+ in 1×TAE buffer, pH 7.4. (c) Same experiment as in (b) except 
at 2 mM Mg2+. (d) smFRET measurements at 2 mM Mg2+ in the presence of RuvA. The 
vertical dotted lines and the horizontal arrows are used to guide the FRET shift due to 
RuvA binding. Typical smFRET-time traces for each set of experiments are shown to the 
left of the corresponding histograms. All histograms were fitted with one- or two-peak 
Gaussian function to determine the mean FRET values and their corresponding 
populations. The n values depict the number of smFRET traces used in each histogram. 
The FRET vs time data (~1,000 data points corresponding to the first 10 s observation 
time) from the smFRET traces for the given experimental condition were combined 
without averaging and the data were binned to a 0.05 FRET value before plotting the 
histogram. 

 

Taking advantage of previous single-molecule studies that showed that the 

electrostatic stabilization of the stacked structures dictates the interconversion rates,48 we 

performed smFRET experiments at 300 mM (Figure 3.4b) to investigate the switching 

behavior of the HJ. The smFRET analysis of Labeling Scheme-I showed an obvious 

switching between a low- and a high-FRET conformations yielding the populations with 

mean FRET values of 0.22 (34% population) and 0.72 (66% population) (Figure 3.4b, left 

panel). As expected, the population distribution was reversed in the complementary 

labeling scheme of the same HJ (Labeling Scheme-II, Figure 3.4b, right panel). These 

results suggest that the HJ exhibits two isomers, iso-I and iso-II with a strong bias toward 

iso-I.100 Since the HJ passes through the open conformation quickly without any dwell 

time, we did not see it even in our slowed HJ.47,48,69Further, as expected the 

interconversion rates obtained by Hidden Markov Model (HMM) analysis68,97 of the FRET 

traces for both labeling schemes were self-consistent (Figure 3.5). The free energy 

difference (ΔG) between iso-I and iso-II, defined as -RTln kI-II/kII-I, is calculated to be 2.5 

kJ mol-1. The calculated ΔG is consistent with the literature reported value of ~3.0 kJ mol-

1.29 
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Figure 3.5 HMM analysis of the HJ with labeling scheme-I & II. Only small sections of the 
entire concatenated single molecule traces (blue) are shown. Please note that scheme-I 
spends more time in the high FRET state (~0.72) and scheme-II spends more time in the 
low FRET state (~0.22). Rates of interconversion between the states obtained from the 
HMM analyses (green traces) for both labeling schemes (listed on the table below) were 
identical as a result of their identical sequence. 

 

Labeling Scheme iso-I → iso-II (kI-II) iso-II → iso-I (kII-I) 

I 0.738 s-1 2.01 s-1 

II 0.738 s-1 2.01 s-1 

 

Next, we performed smFRET analyses of the same HJ under a physiologically 

relevant concentration of Mg2+ at +/- RuvA (Figures3.4c and 3.4d). Our choice of Mg2+ as 

an electrostatic stabilizer of the HJ is highly relevant as Mg2+ serves as a co-factor for 

hundreds of enzymatic reactions and critically stabilizes many enzymes.85,100 

Interestingly, in 2 mM Mg2+ , the smFRET analyses showed a single population with a 

mean FRET value of 0.72 for the labeling Scheme-I and 0.28 for the labeling Scheme-II 

(Figure 3.4c). We reason that the interconversion rate of the isomers in 2 mM Mg2+ is 

faster than the camera integration time (50 ms) thereby yielding an average FRET state. 

These results are in accordance with the previous findings that the Mg2+ ions decelerate 
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the interconversion between iso-I and iso-II.48 More importantly, we performed smFRET 

analyses of the HJ in the presence of RuvA under the same buffer conditions as in Figure 

3.4c.  In labeling Scheme-I, there was an obvious decrease in the mean FRET value from 

0.72 to 0.38 (83% population) at 1.0 µM RuvA (Figure 3.4d, left panel). Similar 

experiments for labeling Scheme-II shifted the mean FRET value from 0.28 to 0.37 

(Figure 3.4d, right panel). These values differ slightly from the FRET values of 0.52 and 

0.47 determined from the bulk RuvA titration (Fig. 3.1d). This is due to the nature of the 

single-molecule experiments allowing us to select those molecules that are fully formed 

with both fluorophores present. As the expected FRET shift is tiny for the labeling scheme-

II, we used a much larger excess of RuvA (5.0 µM) to confirm the formation of RuvA-HJ 

complex beyond doubt. Overall, an emergence of a mid-FRET population in the presence 

of RuvA in bulk (Figure 3.1d) as well as in smFRET (Figure 3.4d) unequivocally 

demonstrated that RuvA clamps the open conformation of the HJ, halting its dynamics. 

In addition, the smFRET traces show static FRET traces for the entire observation time 

in the presence of RuvA suggesting that the RuvA-HJ complex is highly stable once 

formed. To our knowledge, this is the first FRET-based visualization of the conformational 

manipulation of HJ by RuvA at the single-molecule level. 

Mg2+ shields the interaction between RuvA and the HJ. 

 Previous experimental and computational analyses of the RuvA-HJ complex 

proposed that the binding occurs via electrostatic interaction15,88 but the specificity comes 

from the acid pins (two key amino acids: Glu55 and Asp56)71 present on the DNA binding 

site of RuvA.  However, there is no systematic study on how the ionic environments 

modulate the binding. Therefore, we went on to systematically investigate the effect of 
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the ionic environments in the formation of the RuvA-HJ complex. Here, and in all 

subsequent experiments, we used the HJ with labeling Scheme-I as it provides a more 

obvious shift in the FRET levels at +/- RuvA (Figures 3.4c & 3.4d, right panels) allowing 

an easier detection. In this regard, using bulk FRET measurements of the HJ sample in 

which Mg2+ was added before incubating with RuvA, we observed that the FRET is 

increased with increased concentration of Mg2+. Based on the FRET levels, we assigned 

the overall titration data into three categories (shaded areas in Figure 3.6a): the intact 

RuvA-HJ complex (‘Bound’), bound-to-unbound transition (‘T’), and the dissociation of 

RuvA (‘Unbound’). These semi-quantitative analyses showed that the RuvA-HJ 

interaction is favorable up to ~25 mM Mg2+ and disrupted afterwards. We attributed this 

observation to the electrostatic shielding of negatively charged DNA by Mg2+ ions, thereby 

preventing the HJ from interacting with RuvA. Our smFRET analysis at 150 mM Mg2+ 

showed nearly identical FRET histograms at +/- RuvA (Figure 3.6a, inset) further 

confirming that the RuvA-HJ interaction was completely abolished at this concentration 

of Mg2+. Overall, with the Mg2+ titration experiment we demonstrated that the interaction 

between RuvA and the HJ is predominantly electrostatic. 
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Figure 3.6 Effect of Mg+2 and Na+ ions in binding interaction between RuvA and the HJ. 
(a) Bulk FRET at different concentrations of Mg2+ in 1× TAE buffer (pH 7.4). Shaded 
regions highlight the intact RuvA-HJ complex (‘Bound’), bound-to-unbound transition (‘T’), 
and the dissociation of RuvA from the HJ (‘Unbound’). Error bars represent standard 
deviation from three replicate experiments. Inset, smFRET histograms from +/- RuvA at 
150 mM Mg2+ in the same buffer. (b) smFRET histograms at +/- RuvA in 1× TAE buffer 
at 2 mM Mg2+ and 137 mM Na+. The HJ with Labeling Scheme-I was used. The n values 
depict the number of single molecule traces in each histogram. 

 

Since proteins are known to function better in saline buffer, we examined the binding 

after adding 137 mM NaCl to our existing 1× TAE buffer. Interestingly, the binding of RuvA 
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is 100% even at relatively lower concentration of RuvA (400 nM instead of 1.0 µM in 

Figure 3.4d) as observed by the shift in the mean FRET level from 0.65 to 0.40 (Figure 

3.6b). This observation suggested a more efficient binding of RuvA to the HJ in the 

presence of Na+. An efficient binding of RuvA in the presence of Na+ ions was also 

persistent with narrow histograms in Figure 3.6b than that in Figure 2d. Taken together, 

the Mg2+ titration and the smFRET measurements using a physiologically relevant 

concentration of Mg2+ and Na+, we demonstrated that the interaction between RuvA and 

the HJ is electrostatic in nature and the interaction is sensitive to microenvironments.    

RuvA binds efficiently to the cisplatin-modified HJ. 

 After the recent realization that many cancers are associated with HR repair 

deficiency, manipulation of the HR process has been seen as a potential therapeutic tool 

in cancer therapy.50–56 Although identifying protein inhibitors that can selectively modulate 

the HR process is preferred in therapy, this approach is extremely challenging as the 

functions of proteins significantly overlap in different subpathways of HR. Therefore, 

exploiting chemotherapeutic drugs to manipulate the HR repair process is quite promising 

to overcome this challenge. While most cancer drugs lead to cell apoptosis via binding to 

DNA and thus altering the cell biology, little is known about how DNA repair enzymes 

function with drug-modified DNA. In this regard, we used a cisplatin-modified HJ as a 

model system to answer this outstanding question.89–93 Cisplatin is known to cross-link 

DNA bases, introduce bending by 32˚- 40˚, and widen the minor groove (Figure 

3.7a).90,101Contrary to our initial hypothesis that the charge/topological changes of DNA 

double-helix would disfavor the interaction between RuvA and HJ, through bulk titration 

under a clinically relevant concentration of cisplatin,102–104 we observed no difference in 
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the FRET value at +/- cisplatin (Figure 3.7b). These results strongly suggest that the 

binding was not compromised by cisplatin-modification of the HJ. As a precaution, to 

verify that the cisplatin stock was active under our experimental conditions, we examined 

the formation of cisplatin-DNA adduct using a 2-kb DNA obtained from the polymerase 

chain reaction (PCR) of a plasmid DNA pBR322.105,106 The slower electrophoretic mobility 

of the cisplatin-treated DNA than that of untreated DNA (Figure 3.8) confirmed that our 

cisplatin stock was active.107,108 We further performed smFRET experiments of the 

cisplatin-treated HJ at +/- RuvA (Figure 3.7c). The mean FRET values of cisplatin-treated 

HJ at +/- RuvA were essentially similar to the FRET values obtained for the untreated HJ 

(Figures 3.4c & 3.4d), validating our conclusion from Figure 3.7b that the binding of RuvA 

is unaffected by the formation of cisplatin-DNA adduct. 

 

Figure 3.7 Probing the binding of RuvA to the cisplatin-modified HJ. (a) Formation of 
cisplatin-dsDNA adduct. (b) Bulk FRET at various concentrations of cisplatin. Mg2+ 
titration data from Figure 3 (0 – 50 mM range) were reused for direct comparison with the 
cisplatin data. Error bars represent standard deviation from three replicate experiments. 
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(c) smFRET histograms  in 50 µM cisplatin under +/- RuvA in 1× TAE buffer (pH 7.4) at 2 
mM Mg2+ and 137 mM Na+.  The HJ with Labeling Scheme-I was used. The n values in 
(c) depict the number of single molecule traces in each histogram. 

                                       

Figure 3.8 Native electrophoretic mobility shift assay (native-EMSA) of the cisplatin-DNA 
adduct. Lane 1: DNA molecular weight (MW) marker; Lane 2: 1.6-kbp DNA acquired from 
the polymerase chain reaction (PCR) of pBR322 plasmid DNA8,9; Lane 3: Same DNA as 
in lane 2 except after incubating with 50 µM cisplatin for 24 hrs. 

 

 

Figure 3.9 Summary of the conformational manipulation and microenvironment-
dependent interaction between RuvA and HJ. RuvA halts the conformational dynamics of 
the HJ and stably clamps its open unstacked conformation. The formation of the RuvA-
HJ complex is favored at low concentration of Mg2+. Although the binding interaction is 
enhanced at high mM concentrations of Na+, Mg2+ provides an opposite effect due to 
electrostatic shielding.  The cisplatin modification of the HJ has no observable effect in 
the binding interaction between RuvA and HJ. 
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 Conclusions  

In this study, we exploited the unique ability of smFRET to visualize the 

conformational manipulation of the HJ by the junction processing protein RuvA. Through 

single molecule and ensemble analyses of the HJ and RuvA-HJ complex, we have 

revealed several key factors governing the interaction and stability of the complex (Figure 

3.9). First, RuvA brings the conformational dynamics of the HJ to a halt upon formation 

of the RuvA-HJ complex.  Our finding provides mechanistic understanding of the 

previously overlooked molecular details of the binding interaction between the dynamic 

HJ and RuvA. In general, considering the dynamic characteristics of the junction are 

critically important in understanding how other HR enzymes interact with the junction. 

Toward determining the primary mode of interaction, our Mg2+ titration experiment 

reinforced that the RuvA binds to the HJ through electrostatic interaction. In addition, the 

higher binding efficiency of RuvA to the HJ in the presence of Na+ suggests that RuvA-

mediated recombination is highly sensitive to ionic environments (Figure 3.9).  

Because the HJ is a potent target for therapeutic applications, we investigated the 

binding interaction between RuvA and HJ using a commonly used chemotherapeutic drug 

cisplatin. Since cisplatin introduces positive charges on DNA and changes its 

topology,90,101 we expected that the binding of RuvA would be disrupted upon formation 

of the cisplatin-HJ adduct. Our finding that the binding is not interrupted by the formation 

of cisplatin-DNA adduct suggests that RuvA accommodates for the cisplatin-introduced 

charges/topological changes on the HJ. In the future, it will be interesting to study how 

therapeutically relevant compounds (such as peptides) interfere with the HJ dynamics as 

a way to develop antimicrobial drugs. Therefore, our study has the potential to open a 
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quest for new drugs that can selectively inhibit the HR process by selective targeting of 

the HJ. 
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Chapter 4 : Direct unfolding of RuvA-HJ complex at the single-molecule 
level 

 

 Introduction 

As described in previous chapters, homologous recombination (HR) is a well 

conserved pathway that cells use to repair double stranded DNA breaks that has been 

discussed at length in previous chapters.109,110  In the late states of HR, the HJ is resolved 

– by RuvAB-catalyzed branch migration and RuvC-catalyzed cleavage – into mature 

recombinant double-stranded DNA (dsDNA) molecules.111,112 Since this repair machinery 

manipulates DNA during HR, determining the mechanical properties of these enzymes is 

critical for in-depth understanding of the repair mechanism. While early stages of HR 

involving RecBCD have been studied in great detail71,113–115, the mechanical stability and 

mechanism(s) of late-stage HR are poorly understood. 

In the late-stage of HR, RuvA binds and stabilizes the junction during the exchange 

of nucleotides between DNA strands and prepares it for branch migration (BM); powering 

the BM process by recruiting RuvB to form an ATP-dependent motor, RuvAB.21,31,61,111,116 

The binding of RuvA to the HJ has been demonstrated before using both bulk 

biochemical10 and single-molecule methods.61 The X-ray analysis of the RuvA-HJ 

complex showed that RuvA assembles into a tetramer complex which then binds to the 

HJ with a possibility of two tetramers sandwiching the HJ and creating an octameric 

shell.15 The formation of dual tetramer complexes has also been reported in other studies 

including biochemical and electron microscopy methods.13,117 Using fluorescence 

resonance energy transfer (FRET)-based single-molecule analysis of an immobile HJ that 

was labeled with a FRET pair, we previously showed that the protein clamps the HJ into 
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a planar conformation, which is otherwise dynamic.61 Although the stacked (X) 

conformations of the HJ are the predominant species under physiological ionic 

conditions47,118,119, the open form of the junction appears to be the one involved in almost 

every aspect of the junction processing by resolvases119 – making the mechanistic 

analysis of the RuvA-HJ complex highly relevant. Force-based single molecule studies 

have studied either a bare double-hairpin structure (also called cruciform) alone120 or the 

BM process by RuvAB27,111, not the binding of the enzymes themselves to the HJs.30 

Herein, using dual-trap optical tweezers, we report the first mechanochemical study of 

the RuvA-HJ complex.   

Using optical-tweezers based mechanical manipulation, we were able to unfold a 

double hairpin motif (DHM, as this is analogous to HJ we will refer to as HJ hereafter) 

with and without the RuvA protein at the single-molecule level. By stretching the RuvA-

HJ complex in solution, we observed that the HJ requires a significantly higher force to 

unfold. To our surprise, we also observed that RuvA provides stabilization that permits 

refolding of the HJ at a force higher than the unfolding force of the HJ without protein. 

This observation suggests that RuvA stays bound to the DNA construct even after 

unfolding of the HJ motif, may serve as a nucleation site for HJ refolding, and reduces the 

energy required for HJ refolding. Such mechanistic information that we derived from 

single-molecule analysis could not be acquired using traditional ensemble methods such 

as X-ray crystallography and bulk biochemical approaches. Further, the single-molecule 

platform that we employed for studying the HJ-RuvA system can be easily used to 

investigate other HJ-binding proteins such as Rad51B, Gen1, and Mus81, providing 

unprecedented mechanistic insights into the critical DNA repair process.   
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 Materials and Methods  

Materials.  

All of the DNA oligonucleotides used in this study were purchased from Integrated 

DNA Technologies (IDT, Coralville, IA), enzymes (Phusion Taq polymerase and T4 DNA 

ligase) were purchased from New England Biolabs (NEB, Ipswich, MA), chemicals (>95% 

in purity) were purchased from VWR (West Chester, PA) and Fisher. Glass capillaries for 

the flow cell were purchased from King Precision Glass (Claremont, CA). The surface 

functionalized beads for the single-molecule experiments were obtained from Spherotech 

(Lake Forest, IL). RuvA from E. coli was purchased from abcam (Cambridge, MA) and 

diluted to the desired concentration for experimentation. 

Preparation of dsDNA handles. 

 The two dsDNA fragments that sandwich the HJ segment were prepared via 

autosticky polymerase chain reaction (PCR) (30) of pBR322 using the Phusion High 

Fidelity Polymerase (New England BioLabs, Ipswich, MA), which enabled each fragment 

to retain a 15 nucleotide (nt) single-stranded sticky end.  The detailed sequences are 

provided in Table S1. Fragment 1 (2405 bp) was prepared using the Fragment-1 primer 

to introduce a sticky end and end-labeled with digoxigenin using a 5′-digoxigenin modified 

primer (Dig Primer). Fragment 2 (1806 bp) was prepared using the Fragment-2 primer to 

introduce the sticky end and end-labeled with biotin using a 5′-end biotinylated primer 

(Biotin Primer). The PCR preparations for both handles were subjected to a cleanup 

process using the Qiagen PCR purification kit. The fragment preparations were verified 

by a 1% native agarose gel, which was prepared and run for 60 min at 85V in a 1× TAE 

(40 mM Tris, 20 mM acetic acid, 1 mM EDTA) running buffer. 



63 

 

Construct annealing and ligation.  

The central portion (top and bottom strands of either the HJ or the dsDNA control) 

was slow annealed (95°C to 4°C) at a final concentration of 10 µM in 1× TAE with 12 mM 

MgCl2. The sequence detail is provided in the Supplementary Information (Table 4.1). 

Further, the fully annealed center portion and the two PCR fragments were thermally 

annealed (50°C to 4°C) at a 1:1:1 molar ratio in 1× ligase buffer (New England BioLabs, 

Ipswich, MA) to allow the sticky ends of the handles to hybridize with their complementary 

overhangs on the center portion. The middle portion of the DNA construct was ligated to 

the DNA handles with T4 DNA ligase and 1 mM ATP by incubating the mixture at 16 ℃ 

for 16 hrs. A 1% agarose gel was run to verify the success of the ligation as stated 

previously. 
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Table 4.1  Sequences for all of the DNA oligonucleotides (oligos) used in assembling the 
DNA constructs for optical tweezers. All biotin and digoxigenin labeled DNA oligos were 
purchased HPLC purified. Autosticky PCR generated sticky ends and their 
complementary sequences are highlighted in cyan (Fragment 1) and red (Fragment 
2).  The stem part of the HJ sequences are underlined and the loop regions are bolded. 
Please see Supplementary Figure 1 for example attachments. (TEG = triethylene glycol 
used as a linker and idSp = internal abasic site, HP = hairpin) 

Name Sequence (5' → 3') 

Fragment1 

Primer 

/5Phos/CTT GCG TAG TAG CTG /idSp/GAT TTT GGT CAT GAG ATT ATC 

AAA AAG G 

Fragment2 

Primer 

/5Phos/CTT CGT ACG TTA GCC /idSp/GGA TTT TGG TCA TGA GAT TAT 

CAA AAA GG 

Biotin Primer /5BiotinTEG/CAT TAG GAA GCA GCC CAG TAG TAG G 

Dig Primer /5DigN/CAG ACA AGG TAT AGG GCG GCG CCT AC 

HJ Top /5Phos/GGC TAA CGT ACG AAG CGA ATG TGT GTC TCA ATC CCA 

ACT TCA ATC CCA ACT TTT TTT AAG TTG GGA TTG AAG TTG GGA 

TTG TCT GTG TGT AAG C 

HJ Bottom /5Phos/CAG CTA CTA CGC AAG GCT TAC ACA CAG AGG TTA GGG 

TGA AGG TTA GGG TGA ATT TTT TTC ACC CTA ACC TTC ACC CTA 

ACC AGA CAC ACA TTC G 

dsDNA Top /5Phos/GGC TAA CGT ACG AAG GCT ACA GAC GGA GAC GCG CTG 

GC 

dsDNA 

Bottom 

/5Phos/CAG CTA CTA CGC AAG GCC AGC GCG TCT CCG TCT GTA GC 

HP Top 

(single HP) 

/5Phos/GGC TAA CGT ACG AAG CAA TCC CAA CTT CAA TCC CAA 

CTT TTT TTA AGT TGG GAT TGA AGT TGG GAT TGC GAA TGT GTG 

TCT GCT AGC TCT GTG TGT AAG C 

HP Top –

Staple 

/5Phos/CAG CTA CTA CGC AAG GCT TAC ACA CAG AGC TAG CAG 

ACA CAC ATT CG 

 

Flow cell preparation for optical tweezers experiment.  

A flow cell is composed of a pre-cleaned standard glass slide (75 × 26 × 1 mm) with 

three holes drilled at each shorter edge using a diamond tipped drill bit, a glass coverslip 
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(24 x 60 mm, Fisher Scientific), capillary tubes (20 μm inner diameter), parafilm, pipette 

tips (200 μL capacity), and tubing (0.02 inch ID, 0.06 inch OD, Cole-Palmer, Vernon Hills, 

IL). The drilled slides were scrubbed using a thick paste of Alconox and water, rinsed with 

deionized water, acetone, and ethanol successively before using. The flow cell was then 

assembled by cutting out three channels into parafilm, where each channel can 

encompass two opposing drilled holes (Figure 4.1). Two ~1 cm long capillary tubes were 

placed at ~45° angles to connect the outer sample channels to the central buffer channel 

such that solutions from the outer channels would flow into the central channel in a 

controlled manner (Figure 4.1). The channels were then covered with a coverslip and the 

flow cell was heated at 95℃ for 5 min on both faces to seal the cell.  Pipette tips cut to ~1 

cm each were inserted into each of the drilled holes and plumed with ~40 cm long tubing.  

The tips and the tubing were secured using Double Bubble Quick-Set epoxy from 

Hardman Adhesives. 
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Figure 4.1 Assembly of the three-channel flow cell for optical tweezers experiments: 
glass slide in black (note the holes in the slide where tubing are inserted), with a glass 
coverslip in blue, sandwiched between these layers is a parafilm layer with channels cut 
to allow the flow of buffer and beads. Note the direction of flow is staggered and the 
capillary tubes are positioned diagonally. The DNA construct bound to Anti-Dig antibody 
coated beads were suspended in the buffer of the construct channel, streptavidin-coated 
beads were suspended in the streptavidin channel, and RuvA was dissolved in the central 
channel. Optical traps were used to pick one of each type of bead and bring them in close 
proximity to facilitate binding of the construct to the streptavidin bead. Manipulation 
experiments were then carried out in the central channel in an area free of other beads. 

Optical Tweezers Experiments.  

All experiments were conducted using a dual-beam optical tweezers setup 

(NanoTracker-2) purchased from JPK Instruments, Santa Barbara, CA.  A 1064 nm 

continuous wave, 3W, laser beam was split to create two optical traps with an adjustable 

power ratio, one of these traps is movable using a steerable mirror while the other is fixed. 

In order to acquire data, the fully ligated DNA construct was first immobilized onto anti-

digoxigenin antibody coated polystyrene beads (diameter of ~2 µm, Spherotech) in 1× 
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PBS via antibody/antigen interaction.  The complex was allowed to form by gently tapping 

the solution for 5 min followed by a 10 min incubation at room temperature before injecting 

into the flow cell.  Separately, a solution of streptavidin coated polystyrene beads 

(diameter of ~3 µm, Spherotech) was also prepared in the same buffer and injected into 

the second sample channel.  Each bead was separately trapped in individual optical traps 

in the central buffer channel and calibrated separately for the trap stiffness using the JPK 

built-in single-button calibration procedure. Then the beads were brought into close 

proximity to tether the DNA construct to the streptavidin bead via biotin/streptavidin 

interaction.  Once tethered, the mobile trap was used to stretch the DNA at a constant 

pulling rate of 38 nm/s (~13 pN/s) while the displacement of the beads was monitored by 

a quadrant photodiode (QPD). The buffer channel contained either 1× PBS buffer for 

experiments without RuvA or 1× PBS along with RuvA (30 nM) for protein binding 

experiments. Protein concentration was kept lower than its dissociation constant (Kd) to 

minimize possible non-specific binding to DNA handles. F-X curves were collected across 

various molecules and on various days for each experiment. The change in Gibbs free 

energy of unfolding (ΔG<area>) was determined by measuring the area under the rupture 

event (plateau) of the F-X curves using the built-in area-under-the-curve (AUC) analysis 

program on the JPK software. All uncertainties presented are population standard 

deviations from the mean. 

 Results and Discussion  

In this study, we first designed and then prepared a DNA construct suitable for optical 

tweezers. This construct is composed of a HJ analog consisting of a double hairpin motif 

(DHM, which we call HJ for simplicity hereafter) flanked by dsDNA handles. To enable 
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the mechanical stability analysis of the RuvA-HJ complex on a simpler platform, we used 

an immobile junction created by the use of non-identical sequences in the opposite arms 

to avoid possible complication by branch migration (movement of the crossover point 

along the DNA axis). The handles were end-functionalized with a biotin on one end and 

a digoxigenin on the other for tethering between a pair of surface-functionalized beads 

(Figure 4.2 A) to enable manipulation on the optical tweezers. This construct was 

prepared through polymerase chain reaction (PCR) of the pBR322 plasmid using  biotin 

and digoxigenin-modified primers. The primers were designed to generate single-

stranded sticky ends (15 nt in length) without the use of restriction enzymes via a process 

called auto-sticky PCR.121 Briefly, using a primer with 2 abasic sites in-between the primer 

sequence and the sticky-end sequence and a more sensitive error checking polymerase, 

the auto-sticky PCR allows generating a single-stranded sticky end. The dsDNA handles 

generated were then ligated with a HJ central portion assembled by thermal annealing of 

synthetic DNA strands (Figure 4.2 A). The HJ was designed to have poly-thymine loops 

(TTTT) to allow for repeated pulling of the same DNA molecule on the optical tweezers 

(Figure 4.3). The formation of DNA handles as well as the desired final DNA construct 

was confirmed by running an agarose gel. The slower migration of the DNA band obtained 

after three-piece ligation (two PCR fragments and a central HJ portion) confirmed the 

formation of the DNA construct (Figure 4.2 B). A control construct without the HJ was 

prepared similarly using three-piece ligation of the same PCR fragments after replacing 

the HJ portion with a dsDNA fragment. 
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Figure 4.2. Preparation and characterization of DNA construct. (A) Flow chart illustrating 
the key steps involved in the making of the DNA constructs, which includes generation of 
two DNA fragments via PCR and annealing and ligation of these fragments with immobile 
HJ central portion obtained by annealing of synthetic ssDNAs. Biotin and digoxigenin 
were incorporated to the opposite ends of the DNA construct via modified primers. (B) 
Agarose gel characterization of the full-length DNA construct (4305bp). The DNA 
fragments from purified PCR are shown in lanes 1 and 2 and the product of the three-
piece ligation (two PCR fragments along with HJ central portion) using T4 DNA ligase is 
shown in lane 3. The ligated product is highlighted with an arrow. (C) Schematic of optical 
tweezers set up. The DNA is tethered between the two surface-functionalized beads via 
streptavidin/biotin linkage on one end and digoxigenin /anti-digoxigenin antibody on the 
other. The HJ analog is highlighted in purple, which can reversibly unfold/refold during 
mechanical stretch/relax cycle. (D) Typical force vs extension (F-X) curve for the HJ 
construct with the HJ unfolding/refolding events. Note the unfolding and refolding events, 
which correspond to the melting and rehybridization of the HJ, indicated with arrows.   
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Figure 4.3 Assembly of HJ analogous double hairpin motif (DHM) from strands HJ Top 
and HJ Bottom (Supplementary Table S1). DNA fragments from autosticky PCR are 
depicted in green. Note that non-homologous sequences were used to generate immobile 
HJ. A poly-T (5′-TTTTT) loop was incorporated in both the top and bottom strands to 
enable repeated pulling of the DNA molecule. 

Prior to optical tweezers experiments, the DNA construct was incubated with anti-

digoxigenin functionalized polystyrene beads (Spherotech, Lake Forest, IL) for 15 min, 

resulting in surface immobilization of DNA constructs onto the beads. These beads as 

well as streptavidin-functionalized beads were injected into the flow cell via separate 

channels, which merge into a central channel via a small (~120 µm in diameter) glass 

capillary to direct the beads in a controlled manner. The two types of beads were trapped 

individually in two separate optical traps (Figure 4.2 C). The trapped beads were then 

brought into close proximity to allow the free biotin end of DNA construct to bind to the 

streptavidin-functionalized bead. This setup allowed us to manipulate the individual HJ 

constructs in a highly controlled manner, which we performed both in the presence and 

absence of RuvA.   
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Using tweezers, we first manipulated the HJ constructs (Figure 4.2 D) and a dsDNA 

control (Figure 4.4). The dsDNA control was identical to the HJ construct in terms of length 

and sequence except that the HJ part was replaced with a dsDNA fragment. All 

experiments were carried out in PBS buffer (137 mM NaCl, 2.7 mM KCl, 10mM Na2HPO4, 

1.8 mM KH2PO4) at room temperature at a pulling rate of 38 nm s-1 (≈ 13 pN s-1), which 

falls well within the range of commonly used rates.122–125  Stretching of the dsDNA control 

gave F-X curves with no feature of note, with dsDNA melting occurring at ~65 pN (Fig. 

4.4), the observation of a plateau at ~65 pN represents the force-induced melting of a 

single molecule of  dsDNA.126,127 When the HJ construct was manipulated, we observed 

a very distinct unfolding event at ~20 pN  similar to that of a hairpin unfolding (Fig. 4.2 

D).128  When the HJ DNA molecule was relaxed, there was a clear refolding event with a 

small hysteresis on the F-X curve. We also prepared and tested another control construct 

containing a single hairpin DNA( Fig. 4.5). Typical F-X curves obtained from this 

experiment are shown in Fig. S4. As expected, an unfolding event was observed at ~8-

10 pN range, which is approximately half of the unfolding force observed for the HJ. The 

analysis of those F-X curves showed that the hairpin undergoes a dynamic switching 

between the folded and unfolded state at around 8-10 pN force, however it was difficult 

to accurately determine the ΔL due to the dynamics.  We observed a ΔL of ~23 nm in 

some curves with a relatively large unfolding event, which is close to the expected ΔL 

value for a 54-nt hairpin (~27 nm assuming the contour length of 0.5 nm per nucleotide). 

Together, these results support that the rupture event observed at ~20 pN (~ twice the 

Funfold of the hairpin) when using the HJ construct is due to the unfolding of the HJ. 
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Figure 4.4 Typical F-X curve for dsDNA control without HJ. Note that the DNA melting 
occurs at ~65 pN. Small jumps represent local melting of small sections of DNA, which 
reanneal upon relaxing the DNA molecule. 



73 

 

 

Figure 4.5 Typical F-X curves for the single hairpin construct. Note the unfolding feature 
at ~8-10 pN with either a clear unfolding event (left curve) or dynamic switching around 
the unfolding force (right curve). 

Inspired by this observation, we repeated the stretching of the HJ construct to collect 

many F-X curves from several single-molecules. The unfolding/refolding behavior of the 

HJ was highly reproducible (Fig. 4.6 A). When RuvA (30 nM) was added to the buffer and 

optical tweezers experiments were repeated, interestingly, we mainly observed two-step 

unfolding (Fig. 4.6 B), which is contrary to the one-step unfolding of the HJ in the absence 

of protein. While the first small unfolding event occurred at around the unfolding force of 

HJ alone, the second unfolding event was very distinct and shifted to a higher force (~39 

pN) (Fig. 4.6 B). Similarly, the relaxing curve showed two-step refolding events one at 

around 36 pN and another at around 12 pN. Further, none of these features were 

observed when using a dsDNA construct (control) in the presence of RuvA (30 nM) (Fig. 

4.7). The F-X curves showing such two-step unfolding/refolding features in the presence 
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of RuvA make up ~90% of the total curves. The remaining 10% of curves showed either 

unfolding/refolding feature similar to HJ without RuvA (unbound population) or unfolding 

at ~39 pN but refolding occurred at a much lower force (~10-15 pN, further discussed 

later). Although the F-X curves in the presence of RuvA are noisier than those without 

(we believe this may be due to transient binding to the dsDNA arms of the construct 

though RuvA has at least 20-fold higher affinity to the HJ than to dsDNA)86,88,  the 

unfolding features were clear to determine extension due to unfolding of the RuvA-HJ 

complex. Specifically, the F-X curves with unfolding/refolding transitions forming a clear 

hysteresis between the stretching and relaxing curves were selected for further analysis. 

This criterion is justified as the hysteresis observed in the presence of RuvA were different 

from HJ-alone experiment and there was no hysteresis in the control dsDNA construct 

with and without RuvA (Figs. 4.4 and 4.7). The low-force refolding event was also clear 

in ~40% of the total curves collected, and hence the curves exhibiting clear low-force 

unfolding features were used in Fig. 4.8. 
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Figure 4.6 Typical force-extension (F-X) curves for the HJ alone (A) and for the HJ in the 
presence of RuvA (B). Several curves are shown to demonstrate the reproducibility of 
observation. The F-X curves are shifted horizontally for clarity. The unfolding/refolding 
portion of the curves is highlighted with a shaded-grey background. The F-X curves for 
RuvA-HJ showed two unfolding events, one small feature at around 10-22 pN range and 
another more obvious unfolding feature at around 40 pN. The smaller feature is 
highlighted in a zoomed-in view (C). The observation of a clear hysteresis due to the 
unfolding and refolding events between the stretching and relaxing curve respectively 
allowed us to visually pick these transitions. 
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Figure 4.7 A typical F-X curve for the dsDNA + RuvA (30 nM) control experiment. Note 
that there is a lack of any distinct features. 

When we plotted the histogram for the Funfold of HJ (n = 130 pulls), it showed a 

Gaussian distribution with the mean Funfold of  19.9 ± 2.5 pN and FRefold of 10.8 ± 3.6 pN 

(Fig. 4.8 A). Similar analysis of the data for RuvA-HJ experiments (n = 50 pulls) showed 

that the mean unfolding and refolding force for the major populations resided on 39.0 ± 

2.6 pN and 36.9 ± 3.9 pN, respectively (Fig. 4.8 B). The pattern of behavior observed in 

the F-X curves was endemic of the stabilization of the HJ by the RuvA tetramer(s). 

Altogether, the stretching/relaxing F-X curves acquired in the presence of RuvA showed 

a few interesting details about the RuvA-HJ interactions. Firstly, the two unfolding events 

were clear from the force histograms.  And, the small unfolding event occurring near the 

HJ-unfolding force suggests that RuvA does not significantly alter the stability of the inner 

part of the HJ but stabilizes its outer part.129–131 
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Figure 4.8 Force histograms. (A) Unfolding (top) and refolding (bottom) force histogram 
for HJ only (n = 130). (B) Unfolding (top) and refolding force histograms in the presence 
of RuvA (30 nM, n = 50). The value of ‘n’ represents the total number of F-X curves used 
in this data set. The number of single molecules used for the analysis of HJ and RuvA-
HJ complex were 31 and 11, respectively with a maximum of 8 unfolding/refolding events 
per molecule. The black curve represents Gaussian fitting of the data. 

It is noteworthy that the distribution of this low-force population is quite broad. After 

the detailed analysis of unfolding force and associated extension due to unfolding 

(discussed later), we surmised that the low-force population is comprised of both RuvA-

bound and unbound molecules. This is expected due to the stochastic nature of single-

molecules with a small fraction of RuvA-unbound molecules. Second, the Funfold of about 

~39 pN, which is about 2-fold higher than that of the HJ alone, demonstrated that the 



78 

 

RuvA protein stabilizes the HJ through its interactions with the double helical arms. 

Although our experiment does not provide the structural details of binding interactions, it 

can be imagined that the HJ either slips through RuvA or the RuvA tetramer(s) fully 

dissociate at high force. 

The resulting extension (Δx) at a given force was then converted to the change-in-

contour length (ΔL) using the Worm-Like-Chain (WLC) model. Though we have some 

non-dsDNA character in our construct, the use of the extensible WLC (Eq 4.1) is well 

established for constructs with secondary structure that is much shorter than the dsDNA 

handles (<5%) .132–134 Further the use of this approximation is justified for DNA stretching 

with high-force unfolding features. 

∆𝑥

∆𝐿
= 1 −

1

2
(

𝑘𝐵𝑇

𝐹𝑃
)

1

2 +
𝐹

𝑆
...................(4.1) 

Where ΔL represents the apparent change in contour length at F = 0 pN, kB is the 

Boltzmann constant, T is the absolute temperature, F is the force, P is the persistence 

length (46 ± 9 nm) and S is the elastic stretch modulus (1466 ± 54 pN).133–135 Persistence 

length and elastic stretch modulus were determined by fitting of typical curves using an 

extensible WLC model (Figure 4.9). Before applying the WLC model, all of the F-X curves 

were corrected for the bead-to-bead distance that accounts for the optical tweezers 

stiffness. The ΔL histogram for HJ showed a Gaussian distribution with a mean ΔL of 21.6 

± 2.7 nm (Fig. 4.10 A). For HJ + RuvA change in contour length was determined by adding 

ΔLs for high force and low force events on an individual curve, these events showed 

Gaussian distribution with a mean ΔL of 24.9 ± 3.1 nm (Fig. 4.10 B). From these 



79 

 

histograms, it is clear that there is a broad distribution of both the low- and high-force ΔLs 

in the presence of RuvA.  

 

Figure 4.9 Representative WLC-fitted curves with the corrected bead-to-bead distance 
for the HJ DNA construct. The stretching curves were fitted. The parameters obtained 
from the extensible WLC fitting were as follows: DNA contour length (Lo) = 1456 ± 16 nm, 
persistence length (P) = 46 ± 9 nm, and stretch modulus (S) = 1466 ± 54 pN. The Lo 
value is consistent with the expected contour length for 4305 bp DNA construct  and the 
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S and P values are consistent with the literature reported parameters for the given ion 
strength. 

These results suggest that, rather than a simple HJ unfolding event, some multi-

step process involving partial breaking of RuvAs binding to the HJ is occurring. 

Potentially, the first step is the unzipping of the arms of the junction perpendicular to the 

direction of pull and then the second event results from the pull through of the remaining 

portion of the hairpins disrupting the RuvA-HJ interaction. Such two-step unfolding has 

been observed before for the Cas12a-R-loop complex.136 The broad distribution of ΔLs 

also suggests that the number of base pairs that would open at low force varies from 

molecule to molecule, followed by the unfolding of the remaining base-pairs at high force. 

This argument is supported by the fact that the sum of the low- and high-force ΔLs of 

individual molecules (24.9 ± 3.1 nm) with clear and measurable two-step unfolding agrees 

well with the mean ΔL of HJ alone (Fig. 4.10 B). The observed ΔL falls within the expected 

range of unfolded HJ motif. The exact extension due to unfolding of the HJ cannot be 

estimated purely in terms of the length of the ssDNA strands that will result when the 

hairpins are melted as there are two strands running parallel to one another after 

unfolding. Therefore, the estimated length of the 53 bp linear section that makes up the 

unfolded HJ motif was calculated using standard contour length of 0.34 nm/bp in dsDNA 

and maximum contour length of ~0.69 nm/nucleotide in ssDNA. This range of values (18 

to 37 nm) was taken to be the potential range of extension possible based on the physical 

makeup of the HJ. A slightly higher ΔL for the protein binding experiment may be 

attributed to melting of the stretched dsDNA arms (handle side) with the partially bound 

RuvA. Further investigations will be required to clarify this hypothesis.   
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Figure 4.10 Change in contour length (ΔL) due to unfolding of HJ alone (n = 86) (A) or in 
the presence of RuvA (n = 25) (B, C, & D). (B) is the total of the individual ΔL values of 
the two unfolding events on each +RuvA F-X curve. These individual event values are 
separated into low-force (C) and high-force (D) histograms. The ΔL value was obtained 
from the change-in-extension (Δx) due to unfolding of the HJ at a given force using 
equation 1. The black curves represent Gaussian fit of the data. 

We then determined the change in Gibbs free energy of unfolding  for the bound and 

unbound states by measuring the area under the unfolding plateau (ΔG<area>, Figure 

4.11) as described before.137–139 These analyses showed that the rupturing of the HJ had 

a ΔG<area> of 54 kcal/mol. This number agrees well with the predicted stability of the HJ 

as determined by mFold (ΔGmfold = 58 kcal mol-1, Figure 4.12) 140. In order to estimate 
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the free energy change of unfolding (ΔGunfold) of the HJ, we determined the ΔG of the 

individual hairpin portions that make up the double hairpin motif using mFold (UNA-fold) 

at experimental concentration of Na+ ion (137 mM). These hairpins are the underlined 

and bolded portions of HJ Top and HJ Bottom sequence in the Table 4.1 . The individual 

ΔG values add up to 58 kcal/mol. The experimental ΔG value derived from the area under 

the rupture event measured directly on the F-X curves is in agreement with the mFold-

estimated ΔG In the presence of RuvA, the ΔG<area> was increased to 101 kcal/mol 

demonstrating that RuvA stabilizes the junction by ~2-fold (Table 4.2). 

 

Figure 4.11 Visualization of the way the ΔG<area> was determined. The red curve 
represents a stretching curve with an unfolding event occurring as a plateau. The gray 
area under the unfolding event represents the area under the curve (AUC) selected to 
represent the ΔG<area>. 
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Figure 4.12 mFold predicted hairpins and the corresponding ΔG values. Left: mfold 
predicted hairpin for the HJ Top (ΔG = 28.43 kcal/mol), Right: mfold predicted hairpin for 
the HJ Bottom (ΔG = 29.51 kcal/mol). The sequence detail for the HJ is depicted in 
Supplementary Figure S1. 

Table 4.2 Summary of unfolding force (F unfold), ΔL, and free energy change of unfolding 
(ΔG) of HJ alone (n = 86) and RuvA-bound HJ (n = 25). F1 and F2 represent the mean 
unfolding force for the low- and high-force unfolding events in the presence of RuvA. 
Values in parenthesis represent standard deviations. N/A = Not Applicable. 

Species F unfold  

(F, pN) 

ΔL  

(L, nm) 

ΔG<area>  

(kcal mol-1) 

ΔGmFold  

(kcal mol-1) 

HJ 19.9 (± 2.5) 21.6 (± 2.7) 54 (± 13) 58 

RuvA + HJ 
F1 F2 LTotal ΔG<area> N/A 

19.1 (± 3.9) 39.0 (± 2.6) 24.9 (± 3.1) 101 (± 20) N/A 
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Our observation that the HJ undergoes force-induced melting and refolding at high 

force for ~90% of the molecules suggests that RuvA remains bound to the construct and 

assists refolding of the HJ (Type-I, Figure 4.13 B). A small fraction of F-X curves in the 

presence of RuvA showed unfolding at a high force and refolding at a low force suggesting 

a complete dissociation of RuvA (Type-II, Figure 4.13 B). 

 

Figure 4.13 (A) Two types of F-X curves observed for RuvA-HJ complex. Type I curve 
represents two-step unfolding whereas Type II curve represents one-step unfolding of 
HJ. (B) Plausible model for the RuvA-HJ interaction based on Type I and Type II unfolding 
events. In Type I, the refolding event occurs at a higher force than that of the HJ alone, 
suggesting RuvA-assisted refolding of the HJ (88% population). This observation also 
suggests that the protein RuvA remains bound to the mechanically stretched DNA at least 
up to ~39 pN. In contrast, Type II refolding occurs at a similar force level to the HJ alone, 
indicating the full dissociation of protein from the DNA in a small fraction of molecules 
(~8%). In addition, a small fraction (~4%) of molecules showed only the low-force (~20 
pN) unfolding event consistent with HJs with no bound RuvA. 

 Conclusions  

In summary, we present mechanical unfolding of the RuvA-HJ complex at the single 

molecule level revealing several mechanistic insights of this protein-DNA complex. First, 

we successfully implemented an autosticky PCR approach for a rapid and efficient 

preparation of DNA constructs for optical tweezers. The unfolding experiments showed 

that, upon RuvA binding and formation of the RuvA-HJ complex, the Funfold of HJ increases 

significantly. The higher Funfold of the complex shows that the HJ forms a stable complex 
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with RuvA. In addition, we observed a bi-modal unfolding of the HJ, which suggests that 

RuvA binds less strongly to the inner part of the HJ (cause for the lower-force unfolding 

event of ~10 nm step) but interacts strongly with the outer part possibly via a helix-pin-

helix motif (Fig 4.13 B).116 However, it is noteworthy that the ΔL distribution of these lower- 

and higher-force unfolding features may rely on the sequence composition of the HJ. The 

refolding data also showed very interesting insights that the RuvA remains bound to the 

DNA even after unfolding of the HJ and helps it refold back to the HJ structure at a much 

higher force than that of the unfolding force of the HJ itself. Analyses of free energy of 

unfolding (ΔGunfold) suggests that the RuvA stabilizes the HJ by about 2-fold. The data 

together provided insights into the binding interaction of RuvA and HJ, highlighting the 

mechanochemical and thermodynamic properties of the critical HR complex responsible 

for initiating branch migration and HJ resolution. The formation of such a mechanically 

stable complex may be required to efficiently recruit other proteins such as RuvB and 

RuvC.  These proteins together with RuvA are responsible for branch migration and HJ 

resolution during the repair of dsDNA breaks via a process called homologous 

recombination. The single-molecule platform that we employed here for studying the 

RuvA-HJ interaction can be easily adapted to investigate many other prokaryotic and 

eukaryotic HJ-binding proteins involved in the critical DNA repair process. 
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Chapter 5 : Conclusions and Summary  

In the first project a single molecule total internal reflectance fluorescence microscope 

was assembled and characterized with a Holliday junction isomerization experiment. This 

process was detailed in a published paper to enable members of the scientific community 

who wish to build a TIRF to do so with relative ease.141 In the second project that 

microscope and Holliday Junction system was utilized to study the effect that the binding 

of RuvA has on the HJ dynamics and conformation.   

In the second project it was revealed that the Holliday junction’s conformational 

dynamics was stalled upon binding of RuvA, and the FRET results suggest that the 

junction adopts an open cruciform conformation in the RuvA-HJ complex. The 

experiments with Mg2+ demonstrated that the RuvA-HJ interaction was highly dependent 

on the electrostatic interactions between the junction and protein. Further experiments 

with cisplatin indicated that the junction-RuvA interaction is tolerant of topological 

changes in the HJ. These molecular insights led to the third project - the direct unfolding 

of the HJ-RuvA complex at the single molecule level. 

   In the final (third) project, we revealed that upon binding of RuvA to the Holliday 

junction, the unfolding force required to rupture the junction-RuvA complex was much 

higher than that of the HJ alone. Further the dissociation of the RuvA tetramers from the 

HJ occurs in a two-step process. The calculated ΔG of the RuvA-HJ complex was twice 

that of the HJ alone, further confirming the high stability of the RuvA-HJ complex.   

 This work has opened a broad research path to study many other HJ-binding 

proteins and resolvases at the molecular level. A logical next step would be the single-
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molecule analysis of the RuvA-RuvB-HJ complex using optical tweezers. This experiment 

would allow us to determine the stability of the RuvA-RuvB-HJ complex, which can lead 

to mechanistic insights such as stepwise formation and dissociation of the complex in 

addition to the protein-protein interactions (PPIs) between RuvA and RuvB. Another 

future direction would be to look into the binding of eukaryotic HJ-binding proteins such 

as Rad51B and Rad54 using both smFRET and optical tweezers. These experiments 

could reveal insights into the bound shape of the HJ as well as the stability of the HJ-

protein complexes. For example, a HJ construct similar to ones used in the smFRET and 

optical tweezers projects above but with homology sequences so that they are suitable 

for studying branch migration (BM) kinetics with and without proteins. A DNA construct 

can be easily designed and used to study how HJ-binding proteins such as RuvA and 

Rad51B modulate the BM kinetics. The construct can also be used to study ATP-

dependent BM motor - Rad54 alone or in conjunction with other Rad54 interacting 

proteins such as BLM. Further, the optical tweezers platform that we developed here to 

study HJ-RuvA interactions can also be used to screen ligands (such as HJ-binding 

peptides and small molecules). This could aid in the development of drugs that interfere 

with the HJ-protein complex. Overall this work has added significantly to the toolbox 

available to scientists to study Holliday junction resolvases and to explore its potential for 

therapeutics.        

In summary, I have detailed the construction of a single molecule total internal 

reflectance fluorescence microscope and used that microscope to implement single 

molecule FRET to study the HJ-RuvA interaction. In doing so I was able to demonstrate 

the conformational manipulation of the HJ by RuvA. Through this study I also determined 
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the nature of RuvA-HJ interaction using an electrostatic shielding environment (Mg2+ ion), 

and the effect that DNA modifying drug cisplatin had on RuvA binding. Using optical 

tweezers I was able to measure the stabilizing energy of the RuvA-HJ complex. In doing 

so I was able to visualize the binding and probe the molecular-level details of this protein-

DNA complex, which would be instrumental in studying larger complexes such as RuvAB 

and RuvABC in prokaryotes and eventually other HR complexes in eukaryotes. 
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