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Abstract 

DNA Supercoiling as a Regulatory Signal for the Lambda Repressor  

and 

An Integrated Calibration Method for the Molecular Fluorescence Force Probes 

By Yue Ding 

In the first part of this dissertation, we studied the role of DNA supercoiling on the 

stability of the lambda repressor (cI) - mediated regulatory loop. DNA supercoiling 

senses environmental stress, modifies the accessibility of chromatin, and coordinates the 

transcription of genes. Therefore, it likely affects protein-mediated long-range DNA 

interactions, such as looping, which regulate transcription. cI maintains the quiescent 

stage of bacteriophage lambda in infected E. coli, by binding to specific sites and 

mediating a DNA loop that prevents over-expression of the repressor protein to preserve 

sensitivity to host conditions that trigger virulence. Here, we assessed how well the cI-

mediated DNA loop topologically isolates the cI promoter and determined whether 

supercoiling enhances cI-mediated DNA looping. We demonstrated that supercoiling 

levels in cI-mediated DNA loops under conditions of DNA tension and twist were as high 

as -10 or +16%. Furthermore, supercoiling was essential for DNA looping under tension 

and lowered the free energy of loop formation by cI. Therefore, the lambda repressor 

system appears to utilize supercoiling for lysogeny maintenance; it encodes sensitivity to 

the overall cell health through supercoiling-enhanced looping and creates independent 

modules of distinct superhelicity. 

 

In the second part of this dissertation, we developed a technique to calibrate fluorescence 

based probes that are used to measure cellular forces. Despite the importance of 

mechanotransduction, few methods are available to measure molecular forces in living 

systems. One of these methods is molecular tension - based fluorescence microscopy 

(MTFM), a technique that allows visualization of piconewton forces by flanking a 

flexible polymer by a fluorophore-quencher pair and detecting the fluorescence increase 

resulting from polymer extension under tension. To accurately calibrate MTFM probes, 

we integrated a magnetic tweezers system to a total-internal-reflection fluorescence 

(TIRF) microscope for single molecule fluorescence - force measurement, and designed a 

4.4 micron lambda-DNA fragment to link to a surface-immobilized DNA hairpin probe. 

Preliminary results showed binary fluorescence changes which report on the opening and 

closing of the hairpin, and its force-extension data, in good agreement with a theoretical 

model, supporting the idea that this experimental setup could indeed be used to measure 

molecular forces with high accuracy. 
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Chapter 1 Introduction 

1.1 DNA Supercoiling: A common DNA feature 

Supercoiling is one of the most common features of DNA topology. In physiological 

conditions, the two single strands of the DNA molecule naturally wind around each other 

once every 10.4-10.5 base pairs, forming the right-handed, double helical conformation 

known as “relaxed B-form DNA.” In vivo, the activity of motor proteins or enzymes such 

as topoisomerases, helicases or polymerases may introduce torsional strain into a given 

segment of double-stranded DNA that is topologically constrained at both ends. In this 

case, the twist of the DNA molecule may change. This means that the pitch of the double 

helix may increase in the case of overwinding or decrease in the case of underwinding. 

Past a critical threshold, the axis of the double helix will collapse and cross itself at one 

or more points forming loops, buckles, writhe, or (in less rigorous terminology) 

supercoils. Positive supercoiling results from overwinding DNA while negative 

supercoiling results from underwinding DNA. DNA will adopt the topology that 

maintains the lowest free energy (1). DNA supercoils are also called “plectonemes”, 

supercoiled DNA, or plectonemic DNA.  

 

In topologically constrained DNA, the sum of twist (Tw) and writhe (Wr) is a constant, 

called the linking number, Lk, of this DNA segment (Figure 1.1). The number of right-

handed helical turns in a stretch of relaxed B-DNA (length in bp/10.4 base pairs per turn) 

is defined as the basic linking number, Lk0. When torsion is introduced, the change in 

linking number, ΔLk = Lk - Lk0, is the number of turns added to or subtracted from the 
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relaxed state. The supercoiling level for this DNA segment, or “superhelical density” σ, 

represents the change in linking number relative to the basic linking number: σ = ΔLk / 

Lk0.  

 

Figure 1.1. DNA supercoiling topology. This is an example of the transition between twist and 

writhe after adding -2 linking number (negative supercoiling) to a topologically constrained linear 

DNA (modified from http://en.wikipedia.org/wiki/File:Linear_DNA_Supercoiling.png).  

 

1.2 The importance of supercoiling: A messenger in gene regulation 

In most organisms, DNA is negatively supercoiled. The average supercoiling level in 

eukaryotes is around -6%. This level is constantly and actively regulated by motor 

proteins including polymerases and topoisomerases, and has been known to affect 

protein-DNA interactions as it induces structural changes of DNA. Supercoiling affects 

most of the DNA-related cellular signaling processes, from DNA packaging, replication, 

and transcription, to DNA repair and recombination.  

 

DNA supercoiling is a mechanism of transcriptional regulation that functions by 

promoting local melting of base pairs, inhibiting transcription elongation, uncoupling the 

process of transcription and translation, enhancing promoter function, or coupling with 

http://en.wikipedia.org/wiki/File:Linear_DNA_Supercoiling.png
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several promoters (2-9). Sensing environmental changes (pH, concentration of ATP, etc) 

and subsequently affects genetic regulatory networks, supercoiling serves as a second 

messenger in gene regulation in cases like transcription of oncogenes (8) or virulent gene 

infection (7, 9).  

 

1.3 Lambda repressor-mediated loop and other protein-mediated DNA loops 

The lambda bacteriophage loop is a model genetic switch that determines the lytic vs. 

lysogenic growth mode of bacteriophage lambda (10-12). The loop is mediated by the 

lambda repressor, or cI protein, which binds to a pair of tripartite recognition sites 

(operators) along the DNA, oL and oR, and forms a 2317-bp loop through cooperative 

protein-protein interaction (10). Transcription of the lytic genes is suppressed and the 

bacteriophage lambda maintains its quiescent state, until environmental stress, such as 

UV radiation, or host E. coli starvation, promotes the rupture of the cI-mediated loop, 

which commits the phage to virulence (Figure 1.2). The role of supercoiling as a second 

messenger for sensing environmental changes suggests that it may also play a role in this 

regulatory protein-mediated loop, and that the lambda repressor-mediated DNA loop may 

be sensitive to the level of supercoiling of the genome in which in which it is embedded. 

 

The hierarchical structural state of metaphase chromatin in vivo is comprised of coils and 

loops, and during interphase chromatin loops are known to control the regulation of 

certain functionally group related genes. In eukaryotes, chromatin conformation capture 

(3C) experiments revealed loops of hundreds of kilobases or even megabases throughout 
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different genomes (13, 14). Recent experiments showed that not only do such structural 

domains coincide with transcriptional boundaries, but also that transcriptional activity 

effectively remodels these domains and alters supercoiling of the DNA (15). 

Transcription also alters supercoiling in prokaryotes (16), in which there was evidence 

for some 400-500 dynamic loop domains ranging from 2 to 66 kbp in size (17). Recent 

observations by super-resolution microscopy in live bacteria and 3C assay analysis (18) 

found that H-NS, a global transcription silencer and one of the nucleoid-associated 

proteins (NAPs, proteins that arrange dynamic spatial organization of chromosomes), 

may form ~2 compact clusters per chromosome to anchor the crosslinkings between tens 

of different domains and organize 3D architecture in E. coli chromosome, driven by its 

DNA-bound oligomerization.  

 

Figure 1.2. The genetic switch in bacteriophage lambda pathways. Schematic representation 

of the lambda bacteriophage infection of the bacterium E. coli highlights the two possible 

outcomes of infection (i.e. lysogenic and lytic pathways), and the fact that both the loop and 

supercoiling effect on the lambda switch.  
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A plasmid is a circular piece of DNA that can replicate independently of chromosomal 

DNA within a cell. Simultaneous binding of soluble proteins with high affinity for two 

sets of binding sites, which are widely separated along the plasmid contour, creates two 

distinct topological domains. Previously published experiments have shown that 

simultaneous LacI binding to synthetic tandem sequences of lac repressor binding sites 

can divide a plasmid into separate topological domains with different supercoiling levels 

(19). In those experiments, supercoils constrained in a 2.9 kbp LacI-mediated topological 

domain were released into the other domain through the protein closure as slowly as 

0.0062 supercoils/min. Apparently, those loops were much larger than the 100-400 bp 

loops usually created in E. coli by LacI. 

 

Since the LacI tetramer might have evolved not only to secure loops, but also to 

overcome the resistance to bending the DNA into small loops (90 to 400 bp-long), new 

experiments were conducted with the bacteriophage lambda repressor (cI) which secures 

a 2317 bp loop in the phage DNA through specific binding to a pair of tripartite 

recognition sites (operators). The cI-mediated loop has no appreciable bending strain, but 

the free energy equivalent of the entropic penalty associated with forming such a long 

loop is significant at 10.2 kcal/mol under room temperature (11, 20). Recent work 

indicated that loop closure by cI may be mediated by oligomers involving not only 

specifically bound, but also non-specifically bound protein (10-12). To probe how good 

of a barrier to torsional relaxation the cI repressor closure is, experiments were conducted 

by our collaborators (Ding et al., under revision; please see Appendix 1) using plasmids 

with operators separated by 2317 or 1051 bp. Rates were measured at which supercoils, 
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originally trapped in one domain of a plasmid, crossed a cI junction and dissipated in the 

other nicked, torsionally unconstrained domain. These experiments probed the stability of 

cI junctions against biochemically accessible levels of supercoiling, and showed that the 

longer the nicked segment, the shorter time it takes for supercoils to dissipate through the 

junction. To access arbitrary, higher levels of torsion, linear DNA segments with these 

operators were twisted with magnetic tweezers by ±10%, and the superhelical density 

captured in spontaneous cI-mediated loops was measured. Fitting results from the 

extension versus twist curves of our experiments suggest that unlooped DNA forms 

plectonemes with wider gyres than looped DNA; thus the loop may nucleate a more 

tightly-wrapped plectoneme. 

 

While these experiments probed whether cI-mediated loops constituted torsional barriers, 

supercoiling has also been shown to affect the probability of loop formation (21). If 

looping were sensitive to discrete levels of supercoiling, it would imply that superhelical 

density can act as a general regulatory signal for transcriptional events, as has been 

shown for transcriptional repression by the Gal repressor (2, 3). To quantitatively 

investigate cI-mediated looping as a function of superhelical density, looped/unlooped 

equilibria were measured in DNA tethers with different levels of DNA supercoiling level. 

We found that a threshold level of negative supercoiling was essential for looping in 

DNA under slight tension. In addition, increased supercoiling compensated for increased 

tension. 
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1.4 Magnetic tweezers (MT): The ideal method to stretch and twist polymers 

The early 1990s witnessed the emergence of single molecule force manipulation 

techniques and a new era for investigating polymer properties under tension and/or 

torsion. The common characteristic for these techniques including optical trap (OT) (22), 

magnetic tweezers (MT) (23), and atomic force microscopy (AFM) (24), is that they all 

require surface immobilization for the observation and manipulation of a single molecule. 

Among them, MT have the unique advantages, including straightforward control of the 

supercoiled state of DNA, easy integration with fluorescence measurements, and simple, 

robust experimental configuration (25).  

 

As stated above, a typical MT experimental configuration is simple (Figure 1.3, left): A 

strand of polymer (usually DNA or RNA) is tethered in a flow chamber between a glass 

surface and a paramagnetic bead, usually by a noncovalent bond that can resist forces on 

the order of a hundred piconewton magnitude (26-30). A pair of permanent magnets is 

suspended above the chamber that applies a magnetic field to the chamber. The upward 

stretching force   exerted by the magnetic field on the bead is given by:  

  =  ½      ,                                                                                                         (Eq. 1) 

where   is the induced magnetic moment of the bead in an external magnetic field,   . 

Due to the much smaller size of the tethered bead (~μm) compared to the length scale 

over which the magnetic field (~mm) may change, the force   experienced by the bead 

(and the tethering polymer) is constant at a fixed magnet position, and can be easily 
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varied by changing the distance between the magnets and the chamber, usually between 

~10 fN to ~100 pN. The range of force of interest in studies on protein-mediated DNA 

looping is between 0.1 pN to 1 pN, since higher forces tend to abrogate the thermal 

fluctuations that lead to long-range molecular interactions. Twisting of the DNA is 

achieved by rotating the pair of magnets. 

 

Figure 1.3. General design of magnetic tweezers. (Left) A simplified schematic representation 

of the magnetic tweezers setup with the DNA tether and a “reference bead” stuck on the surface 

inside a glass flow chamber. The attachment between the DNA and the bead/glass surface (not 

shown) is usually achieved by taking advantage of the specific interactions between biotin and 

streptavidin, and between anti-digoxigenin and digoxigenin. One end of the DNA is labeled with 

multiple biotin, while the other end is labeled with multiple digoxigenin. The glass surface can 

then be coated with streptavidin and the bead with anti-digoxigenin, or vice versa. (Right) 

Distinctive diffraction ring patterns of the DNA-tethered bead are used for DNA extension 

measurement by comparing a stack of them with that of the stuck bead (“reference bead”).  
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The equipartition theorem is typically applied to determine the force   applied on the 

tether in experiments. The energy of one degree of freedom is  

Ep = ½kBT;                                                                                                                  (Eq. 2) 

Considering the DNA tether - bead system similar to a vertical pendulum,  

Ep = ½  <δx
2
>/l,                                                                                                         (Eq. 3) 

Thus, by measuring the extension of the molecule l and the variance of the bead 

excursions <δx
2
>, one can calculate the force  

  = kBTl/<δx
2
>.                                                                                                          (Eq. 4) 

The variance of the bead excursions can be measured by tracking the motion of the center 

of the bead in the (x, y) plane, and the tether extension can be measured by generating a z 

stack of the diffraction ring patterns of the tethered bead above its focal plane and 

comparing them with the diffraction ring patterns of a stuck bead on the surface 

(“reference bead”) (Figure 1.3, right) (25).  

  

1.5 DNA behavior under torsion and tension: Hat curves and force-extension curve 

In vivo, DNA is thought to be most often under certain level of tension as well as torsion 

because of the physiological processes it undergoes. Besides the torsion-inducing 

enzymes reviewed in section 1.1, DNA is under piconewton-range tension when 

packaged into bacteriophage capsids, replicated, or transcribed (31-34). 
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Magnetic tweezers may be used to stretch as well as twist DNA (35). A typical extension 

versus rotation curve for the DNA depends on the magnitude of force applied (Figure 1.4, 

left): under low force (<1 pN), positive or negative supercoils form when the DNA is 

wound or unwound, respectively, and the formation of plectoneme (DNA supercoiling 

cluster) decreases the DNA extension. The extension vs. rotation curve has the shape of a 

hat and thus is called a “hat curve”. Under higher force (1~8 pN), since B-form DNA is 

right-handed, positively supercoiled DNA behave in the same way as described above, 

while negatively supercoiled (unwound) DNA denatures more and buckles less with 

increasing force (36, 37); the extension vs. rotation curve then becomes asymmetric. 

Several theories have been developed to analyze extension vs. rotation curves under 

different forces using an elastic rod model (38-41). Of these, the better developed was 

published by J. Marko in 2007 based on a minimization of the free energy approach (40). 

He characterized the behaviors of DNA with a few key properties of DNA elasticity, 

including the persistence length (bending rigidity, characterizing the stiffness of the DNA 

molecule) (42) and the torsional persistence length (torsional rigidity) (43) of DNA. The 

DNA elasticity properties represent internal property of the DNA but are also expected to 

change depending on the buffer condition, especially ionic strength and magnesium 

concentration. Typically, the persistence length for B-form DNA is around 50 nm under 

physiological conditions (~10-100 mM monovalent salt) (44). More details about DNA 

elastic properties are provided in section 4.2. 

 

Similar curves on different DNA fragments were reported previously in the literature (35, 

42, 45-47). Several models have been used to classify the DNA extension response to 
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force (Figure 1.4, right). The worm-like chain (WLC) model (usually for forces ~5-10 

pN) developed by J. Marko and E. D. Siggia in 1995 (42), and its later improvements 

considering elastic stretching terms (for forces >5-10 pN) (46) are most commonly 

applied. 

 

Figure 1.4. DNA hat curves and force versus extension curve. (Left) Extension versus rotation 

curve for a 5kbp DNA tether (construct design described in section 3.1) under different force 

conditions, with diagram schematics of DNA states consistent with particular conditions of 

tension and torsion. The data points were acquired by following procedures described in section 

3.2 and 3.3. (Right) The force versus extension curve for the same 5 kbp DNA tether. Blue 

square: experimental data. Red curve: the worm-like-chain (WLC) model fitting of the 

experimental data. The extrapolation of the WLC fitting gives the expected full contour length of 

the DNA. 

 

The WLC model relates the force applied on the DNA molecule   to the extension of the 

DNA (end-to-end distance) z, the DNA contour length L, and the persistence length (P). 

As mentioned above, P is a measure of how stiff the molecule is: the bigger P is the 

stiffer is the molecule: 
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]                                                                                            [Eq. 5] 

In the second part of this dissertation (section 7.5, section 8.2), the force - extension 

curve will be measured and its WLC fitting will be carried out to calibrate a magnetic 

tweezers setup that I integrated to a commercial fluorescence microscope. 

 

1.6 Research questions 

The questions addressed in this dissertation are focused on the dynamics of the cI-

mediated DNA loop in conditions of DNA tension and torsion which mimick those that 

DNA could experience in vivo. In particular, we were interested in 1) whether or not 

long-range interactions mediated by soluble or membrane-bound proteins that secure 

DNA loops can block supercoil diffusion and maintain torsional differences between two 

adjacent loops of chromatin, and 2) whether supercoiling favors the formation of loops. 

The cI protein from the lambda bacteriophage is an ideal model system to address these 

questions because of 1) the fact that a wealth of biochemical data are available on this 

protein and its binding to individual sites on DNA, and 2) the experience that the Finzi 

group has matured with this particular protein. 
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Chapter 2 Materials and Methods 

2.1 Design of plasmid DNA constructs for supercoiling study in MT experiments 

DNA constructs for magnetic tweezers (MT) experiments in the study of the effect of 

supercoiling on protein-induced DNA looping were formed by tethers of either 4.4kbp or 

4.95 kbp containing the λ oL and oR regulatory regions ligated at both ends to a biotin-

labeled fragment and a digoxigenin-labeled fragment, respectively, using T4 DNA ligase 

(New England Biolabs, NEB). Tether segments with four different separations between 

the oL3 and oR3 sites (loop lengths) bp were produced as indicated in Table 2.1. Biotin- 

or digoxigenin-labeled end fragments of 800 -1000 bp were created using PCR (KOD 

Hot Start Polymerase kit, Novagen) with the primer pairs and templates listed in Table 

2.2 and Table 2.3 to incorporate about 5%~10% biotin or digoxigenin-labeled dUTP. 

Appropriate double digestions (listed in Table 2.2) were used to generate complementary 

ends for ligation to the central DNA fragments. All restriction enzymes were from NEB. 

 

The DNA constructs were attached at one end to the anti-digoxigenin-coated glass 

surface of a flow chamber and at the other end to a 1.0 μm-diameter streptavidin-coated, 

paramagnetic bead (Dynabead MyOne Streptavidin T1, Invitrogen, Carlsbad, CA). 

Multiple biotin-streptavidin bonds at the bead surface and digoxigenin-anti-digoxigenin 

bonds at the glass surface torsionally constrained the tethers. Flow-chambers of ~ 50 μl 

volume were assembled between two glass coverslips spaced by double-sided scotch tape 

and lined with silicon grease. DNA tethers were incubated for at least one hour in λ 

buffer (10 mM Tris-HCl (pH 7.4), 0.1 mM ethylenediaminetetraacetic acid (EDTA), 200 
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mM KCl, 0.2 mM dithiothreitol (DTT), 5% dimethyl sulfoxide (DMSO), and 0.2 mg/ml 

α-casein). 

Tether 

length (bp) 

Loop size 

(bp) 

Template or 

input DNA 

DNA production 

method 

Primers/Restriction 

enzymes 

4397 393 pDL944 PCR 
NAR & NHE/NarI & 

NheI 

4948 1051 pDL1051 mini prep --/NgOMIV & DraIII-HF 

4959 1231 pDL955A mini prep --/HindIII & NgOMIV 

4983 1662 pDL950B mini prep --/NcoI & DraIII-HF 

Table 2.1. Tether fragments for MT experiments. Linear DNA segments were produced either 

by PCR amplification from a plasmid template or direct digestion of the plasmids.  Restriction 

enzymes were then used to generate “sticky” ends for ligation to biotin- or digoxigenin-labeled 

attachment fragments (Table 2.2). 
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Amplicon 
Labeled 

Nucleotide 

Plasmid 

template 

Forward 

Primer 
Reverse Primer 

Restriction 

Site 

393-biotail bio-dUTP 

pDL944 

λbiotailF λbiotailR NarI 

393-digtail dig-dUTP λdigtailF λdigtailR NheI 

1051-

biotail 
bio-dUTP 

pDL1051 

S/pDL2317/2526 A/pDL2317/3645 DraIII-HF 

1051-

digtail 
dig-dUTP S/pUC19/2019 A/208-12/337 NgOMIV 

1231-

biotail 
bio-dUTP 

pDL955A 

S/pDL2317/2526 A/pDL2317/3645 NgOMIV 

1231-

digtail 
dig-dUTP S/pUC19/2019 dig-control HindIII 

1662-

biotail 
bio-dUTP 

pDL950B 

S/pDL2317/2526 A/pDL2317/3645 NcoI 

1662-

digtail 
dig-dUTP S/pDL2317/2526 A/pDL2317/3645 DraIII-HF 

Table 2.2. PCR reagents for attachment fragments. Biotin- and digoxigenin-labeled DNA 

fragments about 1000 bp in length were produced and ligated to opposite ends of the tether 

fragments in order to attach opposite ends of the tethers to the anti-dig-coated glass and the 

streptavidin-coated, paramagnetic beads. After PCR to produce the desired fragment with the 

indicated labeled nucleotide, “sticky” ends complementary to those of the tether fragments were 

generated by restriction digest. 
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Primer Name DNA Sequence (5’ to 3’) 

NAR 
TCCAGAGGCGCCCTCACCGGCTCCAGATTTATCAGCAATAAAC

CAGCCAGCCGGAAGGGCCGAGCGC 

NHE 
TGGTAAGCTAGCCTGGGGCCAGATGGTAAGCCCTCCCGTATCGT

AGTTATCTACACGACGGGGAGTCAGG 

λbiotailR CTGCGCACAAACCATAGATTGC 

λbiotailF CTGCCTCTTTCTCTTCACGG 

λdigtailR 
CTGGCCCTGCTTATTACAGGATGTGCTCAACAGACGTTTACTGT

TCAAAACAAACCG 

λdigtailF 
CTGATAACGGACGTCAGAAAACCAGAAATCATGGTTATGACGT

CATTGTAGGCGGAGAGC 

S/pDL2317/2526 TGTATGGAACAACGCATAAC 

S/pDL2317/3645 TCCAAACTGGAACAACAC 

A/208-12/337 TGGCGTAATAGCGAAGAG 

S/pUC19/2019 TGCACAACATGGGGGATCAT 

dig-control GACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGC 

S/pUC19/2412 TGGGTGAGCAAAAACAGGAAGGCA 

A/pUC19/1435 CGTAATCTGCTGCTTGCAA 

Table 2.3. DNA sequences of PCR primers.  
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2.2 DNA manipulation for supercoiling studies 

For a normal single molecule magnetic tweezers experiments without fluorescence, DNA 

was stretched and twisted using a pair of permanent magnets on a mount above the 

microscope stage which could be both translated along, and rotated about, the optical axis 

of the microscope. Details regarding the microscope can be found in previous 

publications (48). First, torsionally constrained DNA tethers were identified by twisting 

them to verify that plectonemes formation would reduce the overall extension. Under 

both low and high forces (0.2 and 3 pN, respectively) the tethers were unwound to σ ~ 

−10% (−42 turns for ~ 4950 bp DNA), rewound to +10%, unwound to −10% again, and 

unwound back to 0 in steps of 3 turns while recording the extension. This produced 

overlapping extension versus twist curves. These curves are symmetric at low tension 

under which plectonemes form and there are no phase transitions to denatured or left 

handed helices (49). Under high tension (~ 3 pN), the peaks of such curves indicate the 

contour lengths of torsionally relaxed DNA. Then tethers were gently stretched and 

twisted both before and after the addition of cI protein diluted in λ buffer to a final 

concentration of 160 nM (393 bp loops) or 200 nM (all other loops). Wild-type cI protein 

from the laboratory of Sankar Adhya (NIH) was used for experiments with 393 bp loops, 

and a His-tagged protein provided by Keith Shearwin (University of Adelaide) was used 

with all other loops. Wild-type and His-tagged cI proteins behave identically in looping 

experiments in vitro (50). Two types of experiments were performed. In one, the tether 

extension was recorded at constant tensions between 0.1 ~ 0.8 pN to detect the DNA 

supercoiling level (σ) constrained in lambda repressor-mediated loops that formed 

spontaneously in extensively twisted DNA. In another, extension was recorded as a 
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function of time under constant tensions at different levels of σ to monitor spontaneous 

loop formation and breakdown.  

 

2.3 Data acquisition and analysis for supercoiling study: The change-point 

algorithm  

Using video-rate, three-dimensional tracking, X, Y, and Z coordinates of mobile (tethered) 

and non-specifically stuck beads were acquired at 10 frames/s. From the extension of the 

tether along the microscope axis and the transverse excursions of the tethered bead 

perpendicular to the direction of the magnetic field, the tension in the molecule was 

determined using the equipartition theorem. The time versus extension data was then 

analyzed to identify probable looping events. A Matlab-coded “change-point” algorithm 

and expectation-maximization routine (51, 52) was used to parse the time series for 

looped and unlooped states without filtering or averaging which requires assumptions on 

structural states. The looped (τL) and unlooped (τU) lifetimes and the associated 

uncertainties were determined by optimization of the maximum likelihood function for 

the lifetime segments and fitting with an exponential distribution with at least 150 data 

points. The energy associated with looping under various tension and twist conditions 

was calculated using ΔG/kT= - ln (τL / τU). Error bars were 99% confidence intervals for 

mean lifetimes determined from the exponential fit or the propagation of errors from 

lifetime measurements in the calculation of looping energies. 
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Chapter 3 Results and Discussion 

3.1. cI-loops can constrain high levels of supercoiling 

To examine whether or not more torsional energy can be confined within a loop secured 

by lambda repressor, the DNA supercoiling level (σ, the change in linking number in a 

DNA molecule divided by the linking number of the same molecule in its relaxed state; 

see section 1.1) was varied in the range of ±10% using the tweezers (23) to twist DNA 

tethers in the absence or presence of cI protein. In the absence of protein, when the torque 

surpassed a critical level in the tether, the DNA buckled and formed plectonemes which 

reduced the extension of the tether (Figure 3.1, black curve). At higher tension the curves 

were not symmetric as expected, since while overwinding still produced B-form 

plectonemes, unwinding induced a phase change without significant length reduction (49, 

53). Under moderate tension, less than 0.5 pN, either under- or over-twisting produces 

similar plectonemes of B-form DNA and a symmetric extension versus twist curve. 

 

When DNA was twisted under moderate tension in the presence of cI, plectonemes 

formed as usual, but when highly plectonemic molecules were unwound, extension 

versus rotation curves were often shifted and/or exhibited maxima reduced by a length 

comparable to the loop length (Figure 3.1, red and blue curves vs. black curve). The shift 

indicated the amount of twist that had become constrained within a DNA loop that 

formed in an extensively plectonemic molecule, which no longer influenced the extension 

of the remainder of the DNA tether outside the loop. cI-mediated loops were expected to 

reduce the maximum extension, but shifts of the maxima along the rotation axis indicated 

that the cI-mediated loops often constrained more than a proportional amount of a 
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molecule’s overall DNA supercoiling level and modified the extension versus rotation 

response of the remainder of the DNA tether. 

 

Figure 3.1. Shifted DNA hat curves with trapped supercoils. Representative extension vs. 

twist curves showing shifted and reduced maxima upon loop formation. Under 0.4 pN of tension 

in the absence of cI protein (black), a tether with a 1051 bp loop tether formed plectonemes that 

reduced extension for both positive and negative twist. At the same tension, in the presence of 

200 nM cI protein (red and blue), as the twist in a tether was relaxed from -10% (red) or 10% 

(blue) superhelical density levels, reduced maxima were observed with shifts that indicated -2.2% 

(red) or 1.1% (blue) of the original superhelical density of the relaxed tether, Lk0, was constrained 

within a cI-mediated loop. Upon rupture of the loops (arrows), the tether extension suddenly 

returned to unlooped values. 

 

In the case of a tether with extensive plectonemes and operator sites separated by 1051 

bp, most cI-mediated loops ruptured shortly after the twisting was reversed; the extension 

abruptly increased, and subsequent extension versus rotation data followed the unlooped 
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curve of the control condition (Figure 3.1, red curve). However, in a few cases, the loop 

did not rupture until the torque had completely reversed sign (Figure 3.1, blue vs. black 

curves) or did not rupture at all. Both negative and positive shifts were observed and the 

levels of superhelicity constrained in the loop varied from -10% to 16% (with respect to 

the looped segment, Figure 3.2). This is remarkable since plectonemes were formed by 

twisting only +/-10% (with respect to the entire tether); plectonemes begin to form at 2-

3% supercoiling, so only 7-8% should have been localized in a plectonemic loop. 

 

Figure 3.2. Distributions of trapped supercoils in 1051 bp loops. Levels of superhelical 

density constrained in 1051 bp DNA loops as shown in Figure 3.1, ranged from -10% to 16% 

under tensions of 0.2 - 0.4 pN. Although the tethers were only twisted to introduce between -10 

and +10% supercoil density, the superhelical density indicated by the shift of curves was 

constrained within a DNA segment of only 1051 bp. Therefore constrained superhelical density 

was as high as 16%. At 0.2 pN, the constrained superhelical density levels were distributed 

around zero but slightly more negative values were observed. At 0.4 pN, the constrained 

supercoiling levels formed a broad distribution in three clusters. 
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In 1051 bp DNA loops, at 0.4 pN tension, the distribution of constrained superhelicity 

exhibited peaks at -6, 0, or +6% supercoiling level. In contrast, at 0.2 pN of tension the 

distribution was more continuous. Similar experiments were conducted using DNA with 

operator sites separated by 393 bp. Within mechanically produced plectonemes, 393 bp 

loops often formed which shifted the extension versus rotation curves upon unwinding. 

However, this smaller looped formed more readily and experiments at higher tension 

were possible. Unexpectedly, the amount of superhelicity trapped in cI-mediated loops 

increased with tension (Table 3.1). Tension alters the conformational equilibrium of a 

DNA tether under torsional strain to favor twist over writhe, and twist diffuses rapidly 

along DNA (54), so superhelical density should be more delocalized under tension. 

However, if tension reduces the number of plectonemes in the tether, the DNA 

supercoiling level might be restricted to one plectoneme. This would effectively localize 

the DNA supercoiling level, so that it can be captured more easily in a loop surrounding 

that plectoneme. 

Tension (pN) Trapped supercoils N 

0.2 -3.2 ± 0.8 5 

0.35-0.4 -3.8 ± 3.3 5 

0.44-0.51 -5.3 ± 2.3 6 

0.65-0.71 -6.7 ± 3.2 3 

Table 3.1. Statistics of supercoils trapped in 393 bp loops under tension. Amount of 

superhelicity trapped in cI-mediated 393 bp loops increased with tension. Fitting extension versus 

rotation curves, like those in Figure 3.1, for DNA tethers with separations between operators of 

393 bp, produced estimates of the average, constrained superhelical density. N: number of 

observations; ±: standard deviations (S.D.). 

 



 

 

 

 24 

 

 

3.2. Loops alter effective DNA elasticity 

In absence of cI protein, the dependence of DNA extension on the DNA supercoiling 

level, σ, can be described by the analytical approach described in (41). Briefly, the 

method is based on the assumption that in a DNA fragment at a given tension, the degree 

of its supercoiling level affects its free energy. 

 

In the presence of a cI-mediated loop, three different regimes can be defined 

corresponding to: (i) purely stretched DNA for |σ| < |σs| for which       
 

 
   

  (ii) 

purely plectonemic DNA for |σ| > |σp| for which    
 

 
    and (iii) a mixture of the two 

“pure” states for |σs| < |σ| < |σp| for which    
  

      
  

   

      
     (40). In these free 

energy expressions, we introduced   , the supercoiling level presumably trapped inside 

the loop after its formation, where its number fitted consistently with the superhelical 

density of each individual in Figure 3.2, and replaced all the   in expressions (i) ~ (iii) 

with      when the cI-mediated loop is formed and extension is shortened. For other 

parameters,   is the force-dependent free energy of stretched, nicked DNA and    is the 

force dependent, twist stiffness of stretched DNA. The statistical mechanical expressions 

for these two quantities are published (41). They both depend on the persistence lengths 

of DNA bending, A, and twisting, C. The constant   is instead related to the twist 

stiffness for plectonemic DNA, P, through the expression:         , where    
  

   
 

nm
-1

 is used to convert the linking number to an angle of rotation per contour length. The 

threshold values of supercoiling that separate the three regimes can be calculated as 
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  and      

 

 
 

   

      
 . In the presence of cI-mediated loop, the force 

derivative of the free energy gives the relative DNA extension as the linking number 

changes: 

 

 
  

   

  
                                                                                                                 [Eq. 6] 

where z is the extension measured in the extension versus rotation curve, and L is the 

double-helix DNA contour length. We introduced ∆L, the length shortening factor solely 

due to the loop formation, when fitting the relative DNA extension 
 

 
 in looped extension 

versus rotation curve data. 

Figure 3.3. Computational modeling for shifted DNA hat curves. (Left) experimental data of 

extension versus rotation curve in the absence (black curve) and presence (red curve) of cI protein 

and its loop formation. (Right) Model fitting (blue lines) for the experimental data in the presence 

of cI-mediated loop (red dots and curve, same as the red curve on the left except the exclusion of 

the error bars).  
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For 1051 bp loop, using (Eq. 6) and the above parameters without replacing   with 

    , across the entire range of tension investigated, the data for the extension versus 

rotation curves for DNA without cI protein gave satisfactory fits with A = 50 nm, C = 95 

nm (Figure 3.3, Table 3.2). These values correspond well with those determined in single 

molecule measurements (55-57), theoretical modeling (41, 58, 59), and bulk 

measurements (60, 61). In the presence of cI, the extension versus rotation curves of 

tethers containing a loop were fitted using (Eq. 6) and the above parameters by 

optimizing the DNA length and σ0, the shift of the extension maxima. For the looped 

DNA tethers, σ directly revealed the linking number constrained within the loops (Table 

3.2, Figure 3.2). Similarly to measurements for nucleosome formation (62), magnetic 

tweezers permitted direct and quantitative measurement of the linking numbers 

associated with the transient cI-mediated loop in a DNA molecule.  

curve ∆L (μm) <σ+> % <σ-> % A (nm) C (nm) P (nm) 

0.4 pN looped 

-0.24±0.04 5.6 -6.4 

50 95 

8.6±2.3 

0.4 pN unlooped 11.0±1.0 

0.2 pN looped 

-0.27±0.04 5.3 -4.3 

6.9±1.8 

0.2 pN unlooped 8.3±0.9 

Table 3.2. Properties of DNA elasticity change upon loop formation. Estimates of the loop 

size, and the average, constrained, positive or negative superhelical densities were obtained from 

fits of extension vs. twist curves for tethers as shown in Figure 3.2. 

 

As shown in Table 3.2, the magnitudes of positive or negative constrained DNA 

supercoiling levels, <σ+> and <σ->, averaged 4-6%. The reduction in length upon loop 
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formation was commensurate with the size of the loop, 1051/4947 = 0.21. P was lower at 

lower tension (0.2 pN) and in the presence of looped DNA. Plectonemes are torsionally 

softer at lower tension (41), but also became softer when the cI-mediated loop formed 

(see discussion). P was lower than previously reported values from single molecule 

experiments (63), perhaps due to the higher concentration of salt in the present 

experiments. 

 

3.3. Supercoiling influences the ability of lambda cI repressor to secure DNA 

loops 

To further explore the interaction between supercoiling and loop topology, the 

spontaneity of looping in gently stretched tethers was characterized as a function of 

superhelical density for several different loop sizes. 

 

3.3.1. Looping requires (negative) supercoiling 

Loop formation and rupture was monitored in a 4397 bp DNA tether (loop length 393 bp) 

in the presence of wild-type cI at a concentration of 160 nM (Figure 3.4). Gentle 

stretching of DNA tethers obstructed looping, but as little as 0.5% unwinding enabled 

loop formation. When the superhelical density of DNA was positive (positive linking 

numbers), formation of 393 bp loops was extremely rare and short-lived. In fact, with 

about +1% superhelical density and 0.2 pN of tension, only 4 events, lasting about 2 s 

each, were observed during hours of recording. Furthermore, loops never formed in 
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rotationally relaxed DNA. Instead, looping occurred in negatively supercoiled DNA at 

tension less than or equal to 0.8 pN (Figure 3.4, upper panel). 

A. 

 

B. 

 

Figure 3.4. Formation and rupture of 393 bp loops mediated by cI in DNA with σ = -1.4% 

under 0.5 pN of tension. (A) Representative recordings of tether extension vs. time (left) 

exhibiting transitions in the presence of 160 nM cI (black) but not in the absence of cI (grey), and 

respective extension histograms (right) for single DNA tethers under 0.5 pN tension. (B) Intervals 

of looped (red) and unlooped (black) lifetimes for the entire set of recordings in the presence of 

160 nM cI were fitted with single exponential decays to determine mean lifetimes. Original (left) 

and semilog (right) scale were both plotted out. Original experimental data for this particular loop 

size were acquired by Dr. Carlo Manzo during his postdoctoral training in the Finzi lab. 
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Figure 3.5. Formation and rupture of 1051 bp loops. Representative recordings of extension 

vs. time (left) and respective extension histograms (right) for single DNA tethers under 0.2 pN 

tension, showing the formation and rupture of 1051 bp loops at different supercoiling levels. In 

the absence of cI protein, the DNA extension was constant appearing as a single peak on the 

respective extension histogram. The peak corresponding to the unlooped tether shifted slightly 

towards shorter values as negative superhelical density increased. In the presence of 200 nM CI, 

the extension of the tether intermittently shifted between looped and unlooped configurations 

creating telegraphic signals that gave rise to two peaks in histograms. An additional -0.3% of 

twist was enough to shift the DNA from nearly evenly splitting time in looped and unlooped 

states to remaining almost always looped. 

 

3.3.2. Negative supercoiling lowers free energy of looping 

While 393 bp loops formed spontaneously even at forces of 0.8 pN, longer loops only 

formed at lower tension. In control traces at 0.2 pN without cI, 1051 bp loops did not 
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form (Figure 3.5, left panels, light grey traces). In contrast, with 200 nM cI and negative 

DNA supercoiling levels between -1.061 to -1.349%, spontaneous looping was observed 

(Figure 3.5, left panel, dark grey traces). More negative DNA supercoiling levels may 

also promote looping, but loops cannot be reliably distinguished when plectonemes form 

at such low tensions. Distinguishable, longer loops only formed under tensions less than 

or equal to 0.4 pN, and loop formation in even longer loops of 1231 or 1662 bp, required 

even lower tension. In the associated histograms, as the DNA supercoiling level became 

progressively more negative, the peak associated with the approximately 1 micron long, 

unlooped DNA tether progressively decreased while the peak corresponding to the 

shorter, looped form near 0.8 micron length increased (Figure 3.5, right panel). 

 

Loop formation was significantly enhanced by further supercoiling. Extension vs. time 

recordings showing loop formation/rupture were analyzed using the “change point” 

algorithm (see section 2.3) to determine when the DNA extension changed significantly. 

Refinement with an expectation-maximization clustering algorithm allowing two states 

(looped and unlooped) produced a best estimate of the actual transitions between states in 

the recordings. The “change-point” and the expectation-maximization clustering 

algorithms were adapted to magnetic tweezers data from an original version developed 

for tethered particle microscopy (TPM) (51, 52). Based on this reconstruction, the dwell 

times in each of the two states were tabulated and fit as exponential distributions to 

determine the characteristic lifetimes of the looped (τL) and unlooped (τU) configurations 

(Figure 3.4, lower panel; Figure 3.6). The characteristic values of τL and τU at different 

forces for different values of DNA unwinding ranged between 2~35s and are plotted as 
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functions of DNA supercoiling level in Figure 3.7. For 393 bp looping, as σ increased, 

the characteristic unlooped lifetime decreased and that of the looped lifetime increased. 

For larger loops, the same trend was observed for unlooped lifetime, while the average 

looped lifetime only fluctuated around 5s. 

 

Figure 3.6. An example of calculation on DNA looping lifetimes. An example calculation of 

the mean lifetime for unlooped (black) and looped (red) states for a DNA tether with cI operator 

sites separated by 1051 bp under 0.4 pN Tension and unwound by -1.804% sigma (-8.5 turns). 

The lifetimes of looped and unlooped states were determined using the change-point algorithm, 

binned and plotted as histograms, and fitted with single exponential decay functions. Original 

(left) and semilog (right) scale were both plotted out. 
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Figure 3.7. Lifetime calculation for different loop sizes. For DNA tethers under different 

applied tensions and supercoiling levels for different loop sizes, the calculated mean lifetimes of 

unlooped (black) and looped (red) states varied from 2 to 35s. For 393 bp loops, unlooped 

lifetime (black) decreased and looped lifetime (red) increased as the supercoiling density became 

more negative. For 1051 bp loops, the mean lifetime of the unlooped state still decreased as 

negative supercoiling increased, but the mean lifetime of the looped state fluctuated around 5s. 

For even larger loops of 1231 or 1662 bp, mean lifetimes fluctuated with no clear trends. 

 

3.3.3. Negative superhelical density offsets tension to favor looping 

The free energy for loop formation under specific tension and supercoiling levels was 

calculated using the expression ∆G / kBT = - ln (τL / τU). Looping was observed only 
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across a narrow range of superhelical density for a given tension, because with too little 

negative σ, no looping occurred, and with too much, the molecule formed plectonemes 

making it impossible to detect looping events. However, within these limits, and 

especially for the 393 and 1051 bp loops at higher tension, ∆G decreased with more 

negative DNA supercoiling level (Figure 3.8). In fact, the level of DNA supercoiling 

level compensated for increased tension. 

 

For the 393 and 1051 bp loops as the tension increased, the free energy of looping could 

be maintained low by unwinding the tether even further. Estimates of the free energy 

change for cI-mediated DNA looping in vivo are -3.5 kcal/mol (10, 64). This is the result 

of the favorable free energy change from assembly of an octamer plus a tetramer to 

secure the loop, -0.5 kcal/mol plus -3 kcal/mol, which compensates for the unfavorable 

entropy change associated with large loops. Less cooperative loop-securing proteins, like 

the bidentate Lac repressor tetramer, fail to achieve less than 9-10 kcal/mol free energy 

change in vivo for the sizes of loops used in these experiments (65). The in vitro data with 

loops ranging from 393 to 1632 indicates that a minimum amount of negative 

superhelicity lowers the ∆G by a factor of four, and further unwinding makes looping 

spontaneous (negative ∆G). Unwinding DNA may be the key to spontaneous looping in 

vivo. 
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Figure 3.8. Free energy calculation for different loop sizes. The calculated free energy (∆G) 

for the formation of loops under different tensions and superhelical density levels based on the 

lifetimes of looped and unlooped states, using ∆G / kBT = - ln (τlooped / τunlooped). For identical loops 

under identical tension, more negative superhelical density decreased ∆G. This trend was clearer 

for smaller loops (393 bp and 1051 bp) than for bigger ones (1231 bp and 1662 bp). 

 

3.4. Discussion 

The idea that loops and genomic domains can sequester supercoiling may have important 

implications for regulatory processes within the loop/domain. The present data show that 

cI-mediated loops of wild-type length (2317 bp) can sequester superhelicity on the time 

scale of minutes, and that shorter cI loops are even more effective. Such cI-constituted 
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“insulators” could separate topologically distinct genomic domains. Furthermore quite 

high levels of superhelicity can be constrained in a cI-mediated DNA loop. Finally, the 

fact that negative superhelicity favors the formation of cI-mediated loops in DNA under 

slight tension suggests that the lambda phage utilizes supercoiling as a signal. 

Polymerases are known to be able to exert tens of pN of tension (66), much more than 

was investigated in the experiments presented here, and transcription can produce large 

values of superhelicity (67). DNA supercoiling has been shown to be a general regulatory 

mechanism in several organisms (68-70) and superhelical domains seem to serve as locus 

control mechanisms for related human genes (15, 67). These genomic observations 

correlate well with recent single molecule work with E. coli RNA polymerase, and 

demonstrate that number of transcriptional pausing increases and the transcription rate 

decreases as a function of torque in the DNA template (34). A very intriguing linkage 

between DNA supercoiling, nucleoid-associated proteins (NAPs), and the ordering of 

genes exists in bacteria and is suggested to coordinate oxygen and nutrient availability 

with chromosome structure (71). This body of work solidly demonstrates that excess 

negative linking number is a fundamental parameter in gene regulation. 

 

In the present experiments, unwinding certainly catalyzed DNA looping into 

topologically distinct domains, suggesting that negative superhelicity may toggle the lytic 

versus lysogenic switch when the lambda bacteriophage infects an E. coli bacterium. 

During quiescent infection of E. coli by bacteriophage lambda, the lambda repressor 

binds to operators separated by 2317 bp causing a loop that represses transcription of cI. 

This DNA loop circumscribes just one promoter, but is stabilized by and can effectively 
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constrain negative DNA supercoiling level on the timescale of minutes. These features 

suggest that the phage genome has evolved to facilitate quiescent propagation through 

lysogeny maintained by efficient, negative supercoiling enhanced looping during 

favorable growth conditions for the bacteria. If oxygen and nutrients begin to diminish, 

so does negative supercoiling in the bacterial chromosome into which that the phage 

genome is inserted. Diminished DNA supercoiling level would then destabilize looping 

to eliminate cI auto-repression and block the switch to lysis in cells that are unlikely to be 

able to complete the process. 

 

These experiments demonstrate that an archetypical regulatory loop in prokaryotic 

transcriptional regulation effectively divides a DNA molecule into loops of distinct 

superhelical densities and that loop formation is catalyzed by DNA unwinding. Such 

features are essential for transcriptional regulation through superhelical density, which 

could be the most dynamic of all epigenetic “marks”. In the future, correlations of 

transcription and DNA supercoiling within topological domains, such as that produced by 

bacterial repressors, would greatly enhance our understanding of the dynamics of 

transcriptional regulation. 
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Chapter 4 Introduction 

4.1. Cellular Force: Important yet poorly understood 

Mechanotransduction converts mechanical stimuli into chemical activities and plays an 

important role in physiological, developmental, and cellular processes (72-75). Studies 

during the past ten years have focused on identifying critical mechanosensitive molecules 

and cellular components, including stretch-activated ion channels, integrins, cadherins, 

growth factor receptors, myosin motors, cytoskeletal filaments, nuclei, extracellular 

matrix, etc (76). Despite the apparent significance of force-dependent regulation in vivo, 

understanding of this phenomenon is lagging behind. Until recently, development was 

made by understanding the molecular mechanisms under tension within the structural 

context of living cells and tissues, with direct visualization of cellular force in the 

mechanotransduction processes (77-79). Furthermore, little is known about the range of 

forces involved in mechanotransduction processes, except that most cellular force ranges 

within 100 pN.  

 

4.2.  Molecular Tension - Based Fluorescence Microscopy (MTFM) and its probes 

Despite the efforts in understanding mechanical forces in biology, few methods are 

available to measure molecular forces in living systems (80-85). One of the pioneer 

works (80) introduced a new type of tension sensor based on fluorescence to measure 

mechanical tension across vinculin, a protein that connects integrins to actin filaments 

and has been known for its force-dependent recruitment to focal adhesions (FAs, 

complex intracellular linkages between integrins and the F-actin cytoskeleton). Between 

its N-terminal head domain and C-terminal tail region, the authors inserted an entropic 



 

 

 

 39 

 

 

spring composed of a 40-amino-acide-long repetitive flagelliform linker motif and 

flanked by a pair of fluorophores, to measure the conformational changes of vinculin 

based on the fluorescence resonance energy transfer (FRET) readout from the N-terminal 

donor, mTFP1, to its C-terminal acceptor, venus. When force across vinculin extends the 

inserted elastic linker, FRET efficiency decreases. In this way, the authors combined 

tension detection with fluorescence measurement, and demonstrated the independent 

regulation of vinculin recruitment to FAs and force transmission across vinculin (~ 2.5 

pN measured by the authors).  

 

To measure cellular forces, the Salaita Lab developed molecular tension - based 

fluorescence microscopy (MTFM), a technique that allows one to visualize piconewton 

forces using a conventional fluorescence microscope (84, 85). In MTFM, a flexible linker 

(one of the polymers such as DNA or PEG) is flanked by a fluorophore and a quencher, 

such that tension leads to extension of the linker and significant increase in fluorescence 

(Figure 4.1). To calculate the applied force, the extension of the polymer is determined 

from the fluorescence resonance energy transfer (FRET) detection, and the worm-like 

chain model is then used. 

 

MTFM provides a direct approach to map piconewton forces at the cell membrane, by 

measuring the ensemble force from a number of receptors per probe molecule. However, 

since the forces were all calculated based on worm-like chain or other theoretical model 

fitting to the biomacromolecules, the accuracy of obtained results was not verified and 

validated experimentally. Also, the force measured in cells depends on the surface 
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density of receptors on the cell membrane. To accurately measure the single-molecule 

level force applied on each receptor, concentration of the force probes needs to be tuned, 

and the individual probe requires accurate calibration, which is, to measure the extension 

of polymer used in the force probe with known applied force and obtain a force - 

fluorescence curve for that particular probe.  

 

Figure 4.1. Molecular tension - based fluorescence microscopy (MTFM) probes. Schematics 

showing the working principle for molecular tension - based fluorescence microscopy (MTFM) 

probes. (A) The MTFM probe consists of a PEG linker with one end immobilized on the glass 

surface by a quencher-labeled streptavidin and a fluorophore-labeled ligand attached to the other 

end. In the absence of its respective cellular membrane receptor, the PEG linker in the probe is 

relaxed, and the fluorescence is quenched. Upon ligand binding on the cellular receptor, cellular 

force is transduced through the membrane onto the probe, rendering a gradual fluorescence 

increase with extension of the PEG linker. Figure adapted from (84). (B) When force is applied, 

the fluorescence of a DNA hairpin MTFM probe behaves in a binary state: low when the hairpin 

is closed (fluorophore quenched), and high when the hairpin is open (fluorophore unquenched). 
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4.3. Research Questions 

The key problem to solve here, as mentioned above, is to accurately calibrate the MTFM 

probes, by quantitatively measuring the applied force on an individual probe while at the 

same time detecting its fluorescence change at single molecule level. This will eventually 

lead to a better understanding of the origin and mechanical properties of cellular forces, 

and their relevant roles in cellular function and regulation. Some of the main questions 

are, for example, what the force ranges are in mechanotransduction, and in what way 

molecular interactions across the membrane such as receptor clustering or aggregation 

affect force generation and conduction in cells. To address this issue, a single molecule 

technique such as atomic force microscopy (AFM), optical trap (OT) or magnetic 

tweezers (MT) that can generate and measure piconewton force should be integrated with 

fluorescence microscopy. Previous work has provided a few examples to confirm the 

possibilities of combining fluorescence microscope with AFM (77), OT (80), and 

magnetic tweezers (87-91). Due to the space limit for optical path setup, the range of 

force needed to generate (1-40 pN), and the instrumental difficulties for integration, AFM 

or OT was not considered in our case. To generate the most stable force within the 

required force range with relative ease of integration, magnetic tweezers become our 

choice of instrument. 

 

This does not mean that magnetic tweezers do not have practical limitations. MT 

typically have a lower temporal resolution than OT or AFM, limited by the video-based 

detection, which prevents the direct measurement of very fast (ns to μs scales) or very 

small (Å to nm level) displacement (86). According to the spring pendulum model and 
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equipartition function (Eq. 3), the MT trap stiffness decreases inversely with the polymer 

length l, and a reduction in its stiffness leads to a reduced fc (sampling frequency), which 

sets its temporal resolution. One way of compensation is to use shorter molecules at 

higher forces, but this is limited by the nature of our question (and thus the force range) 

and the requirement of avoiding autofluorescence emitted from the tethered paramagnetic 

beads. Since the spatial resolution is correlated with the temporal resolution, the spatial 

resolution of MT is also naturally restrained within a few nanometers (25).  

 

Fortunately, the calibration of the MTFM probes with typical resolution limited by ~1 μm 

at 100 ms acquisition times (85) does not involve the limiting factors for fast events or 

small displacement detection as discussed above. The main focus of incorporating the 

magnetic tweezers is to exert stable, high-enough force (up to 50 pN) on MTFM probes 

without interfering with their fluorescence detection, with details on the difficulties and 

respective solutions discussed in the next chapter.   
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Chapter 5 Materials and Methods 

5.1 Integration of Magnetic tweezers (MT) into the fluorescence microscope 

To accurately calibrate the MTFM probes, we integrated magnetic tweezers to an 

objective total internal reflection fluorescence (TIRF) microscope for single molecule 

fluorescence resonance energy transfer (smFRET) - force measurement, using a pair of 

rare-earth magnets to apply different known forces to a DNA tether with designed length, 

and coupling the force information with distance information extracted from smFRET 

measurement. The smFRET experiments were performed following protocols similar to 

the previous experiments (84, 85). In sum, strands of biomacromolecule polymers such as 

DNA or PEG were immobilized on the surface of a microchamber at one end, internally 

or externally labeled with fluorescent dye pairs, and were tethered with a paramagnetic 

bead at the other end of the molecule. The microchamber was then placed on the stage of 

the fluorescence microscope. Instrumental specifics regarding the fluorescence 

microscope are in 5.1.2 and have been described in previous publications (84, 85). 

Different forces can be applied to the polymers by changing the position of magnets near 

the microchamber.  

 

Several groups have designed combined magnetic tweezers with fluorescence 

experiments so far (54, 77, 87-91), with only a few fully integrated magnetic tweezers 

with fluorescence imaging system (87, 90, 91). The difficulties of the instrumentation 

design lie on the specifics of each individual studied system and thus vary from case to 

case. In general, the designed magnetic tweezers hardware should enable exerting desired 

range of force (here 1-50 pN) with stable alignment; illumination of the magnetic 
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tweezers should generate clear, stable diffraction ring pattern of the paramagnetic beads 

for accurate instrumental calibration of both polymer tether length and force without 

interfering with FRET measurement; software control for the magnetic tweezers should 

be modified to work compatible with the use of a commercial fluorescence microscope. 

 

Since fluorescence comes from total internal reflection of lasers exciting from the bottom 

of the objective, it allows magnets to be placed either on the side of the chamber (side-

pulling, utilizing chamber flow) (35) or the top of the chamber (overhead-pulling) (23) 

without interfering with fluorescence measurement. It was observed that many 

microbeads became irreversibly bound to the surface via non-specific interactions in 

surface flow, thus we decided to set up an overhead-pulling design to manipulate the 

DNA with a vertical force that lifted the DNA tethers on the paramagnetic beads, for the 

simplicity of hardware design and convenience of instrumental calibration, while 

minimizing potential non-specific interactions of the beads with the surface. The 

schematic of the integrated MT-smFRET instrument is shown in Figure 5.1 and the actual 

pictures of the instrument are shown in Figure 5.2. Based on this design, longer DNA 

constructs should be chosen in experiments to avoid autofluorescence from the 

paramagnetic bead, and thorough surface passivation for smFRET signal detection is 

required.  

 

5.1.1 Set-up and illumination of the magnet tweezers  

A schematic of the portable magnetic tweezers design is shown in Figure 5.1 and photos 

taken in its working mode are shown in Figure 5.2. We used neodymium block 
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permanent magnets (NdFeB) with a linear translation stage (Thorlab) to vary the relative 

distance of the magnets to the sample and consequently tune the magnetic force in the 

range of 1-50 pN perpendicular to the surface. A pair of small cubic block magnets (K&J 

Magnetics, B664, grade N42) were stacked and aligned on the top of another pair of big 

flat square-shape magnets with stronger magnetism (K&J Magnetics, BX082-N52). Both 

magnet pairs were separated with a piece of Teflon filling by distance of 1 mm, and were 

mounted on a Ø1" Optics lens holder by a homemade rotational aluminum thumbwheel 

with set screws that holds the cylindrical upper part of the Teflon filling. The Teflon 

filling was designed to be cylindrical on the top with a centered hollowed, reverse U-

shape at the bottom, in order to separate the magnet pairs and allow light to go through 

the 1 mm space between them. The lens holder was fixed with set screws on a linear 

translation stage that was immobilized at the back center of the microscope eye pieces 

with home-made aluminum adaptor plates and controls the vertical height of the magnets 

head from the sample surface.  

 

LED light source was integrated in the set-up to allow separated illumination for 

magnetic tweezers calibration and prevent light interference with fluorescence signal 

detection. A red-colored LED (Luxeon Star Rebel, 627nm, LXML-PD01-0040) was 

mounted on a 20mm LED base (Luxeon Star CoolBase) to provide 75 lm illumination at 

700mA by connecting to a stabilized fixed-voltage DC power supply (BK Precision, 

Models 1680, 13.8V) and a 15 Ω Chassis mount resistor (Digi-Key, RHRC-15-ND). The 

LED with base was then mounted on a 20mm fiber coupling optic collimator lens with its 

matching hex optic holder with flat bottom (Carclo). Focused light from the collimator 
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then goes through the separated space between the magnets and illuminates on sample 

surface.  

 

Figure 5.1. A schematic of the portable magnetic tweezers design. Figure adapted from Figure 

13.1 in (24). 

 

 

Figure 5.2. Photos of the portable magnetic tweezers instrumentation. (Left) Setup in 

working motion mounted on the fluorescence microscope. (Right) Zoom-in of the magnetic 

tweezers part over the microchamber on the stage. 
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5.1.2 Fluorescence microscopy system 

The fluorescence microscope used in the experiment is a Nikon Eclipse Ti driven by the 

NIS-Elements software package. The microscope features two charge coupled device 

(CCD) cameras (Evolve electron multiplying charge coupled device (EMCCD), 

Photometrics, Tucson, AZ; CoolSNAP ES, 1392 x 1040 pixels, Photometrics, Tucson, 

AZ), an Intensilight epifluorescence source (Nikon), a CFI Apo 100× (numerical aperture 

(NA) 1.49) objective (Nikon), and a TIRF launcher with two laser lines: 488 nm (10 

mW) and 638 nm (20 mW). This microscope also includes the Nikon Perfect Focus 

System (PFS), an interferometry-based focus lock that allowed the capture of multipoint 

and time-lapse images without loss of focus. The following Chroma filter cubes were also 

equipped in the microscope: TIRF 488, TIRF 640, FITC and reflection interference 

contrast microscopy (RICM). 

 

5.1.3 Image acquisition and processing 

The images are acquired from both CCD cameras with different purposes. CoolSNAP 

CCD has a smaller pixel number (0.06 μm/pixel) and was used in the extension and force 

measurements by magnetic tweezers with its LED as light source. For the calibration of 

DNA tether length, a 0.2μm-step z-stack series of scattered diffraction ring patterns of the 

paramagnetic beads were obtained at different focal planes and subsequently analyzed 

using homemade Matlab programs. The programs track x-y positions of the beads by 2-D 

Gaussian fitting to obtain the centroid position and calculate the extension of DNA-tether 

by comparing the intensity patterns of z-stack images from a DNA-tethered bead with 
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images from a stuck bead on the chamber surface in Fourier transformation. The focal 

plane (z grid) was then set at a fixed level and a series of scattered diffraction ring pattern 

bead images were obtained at different magnet positions by manually moving the 

magnets vertically along the y axis. Homemade Matlab programs then utilizes the 

calibrated DNA length from the previous step and uses the spring pendulum model (see 

1.4) to calculate the force applied on the tether at each magnet position.  

 

The EMCCD is ideal for the single molecule fluorescence measurement and was used in 

the measurement solely for this purpose with one of the laser beam as its light source and 

respective TIRF filter. Despite having a higher pixel number (0.16 μm/pixel), it has a 

solid state electron multiplying (EM) register that allows weak signals to be multiplied 

before readout noise being added by the output amplifier, thus has a high sensitivity for 

photon counting and not limited by the readout noise of the output amplifier even when 

operated at high readout speeds.  

 

Images taken from both cameras were saved in .nd2 format and then transformed to .tiff 

format using the software of either ImageJ or the Nikon NIS-Element ND2 bio-formats 

reader. Fluorescence images taken by the EMCCD were then analyzed by ImageJ to 

extract background fluorescence, calculate point fluorescence maximum intensity, or 

statistically analyze the distribution of single molecule fluorescence.  
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5.2 Design of lambda DNA constructs for cellular force probe calibration combining 

MT-smFRET experiments 

As mentioned in the previous section, to minimize autofluorescence from paramagnetic 

beads in general, DNA constructs were formed in a similar fashion as Chapter 2.1 

described by tether segments of ~13.4 kbp lambda DNA (central DNA fragments) ligated 

to dye-labeled (Cy5, fluorescein or Alexa647) MTFM sensor and digoxigenin-labeled 

attachment fragments at opposite ends using T4 DNA ligase (New England Biolabs, 

NEB). Schematic of the construct with the DNA hairpin sensor is shown in Figure 5.3. 

The 4.4 micron lambda-DNA central fragment is linked on one end with a Cy5-QSY21-

labeled 28mer DNA hairpin tension probe and immobilized on a PEG surface, and the 

other end is ligated with a 1 μm long multi-digoxigenin labeled DNA tail and attached on 

a 2.8 micron anti-digoxigenin coated paramagnetic bead (Figure 5.3). The dye-labeled 

DNA hairpin fragment was made by a 28-base hairpin single strand DNA with an extra 

triple-T single base addition at the end of its hairpin region for rigidity support (5’-

GTGAAATACCGCACAGATGCGTTTGCGCGCGCGCGCTTTTGCGCGCGCGCGC

TTTAAGAGCGCCACGTAGCCCAGC-3’) and then annealing with its two 24mer 

complementary single strand DNA, one upper strand coupling with QSY21 and one 

lower strand coupling with Cy5, creating a NgOMIV-cut sticky end to ligate with the 

central DNA fragment. The digoxigenin-labeled end fragment of ~1000 bp was created 

using the same protocol provided in 2.1 with the primer pairs and templates listed in 

Table 2.3 and Table 5.1. Enzyme digestion by XhoI was then used to generate 

complementary ends for ligation to the central DNA fragment, which was digested by 

XhoI and NgOMIV from full length λ DNA. After ligation for the full construct under 
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16˚C overnight, the construct was filtered twice with Amicon Ultra-0.5 mL Centrifugal 

Filters (100kDa for DNA and Proteins, Millipore) before use.   

Amplicon / 

Product 

Labeled 

Nucleotide 

Plasmid 

template 

Forward 

Primer 

Reverse 

Primer 

Restriction 

Site 

XhoI-digtail dig-dUTP pBluKSP S/pUC19/2412 A/pUC19/1435 XhoI 

4.4 μm Central 

DNA Fragment 
-- 

full λ DNA 

(48.5 kbp) 
-- -- 

XhoI & 

NgOMIV 

Table 5.1. Reagents for central and attachment fragments in MT-smFRET experiments. 

 

The DNA constructs were attached at one end to the streptavidin-biotin glass surface of a 

flow chamber and at the other end to a 2.8 μm-diameter anti-digoxigenin-coated, 

paramagnetic bead (use anti-digoxigenin from mouse, Roche #11333062910, coated on 

Dynabead Protein G from Invitrogen/Life Technologies, details described in 5.4). 
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Figure 5.3. A schematic of the MT-smFRET DNA construct design, with the DNA hairpin 

probe.  

 

5.3 Functionalization of coverslip chambers (surface passivation) 

The protocol for functionalizing one side of the coverslip surface was adapted from 

previous publications (84, 85) and adjusted for optimal experimental results.   

 



 

 

 

 52 

 

 

Glass coverslips were cleaned in a 5-column glass slide rack with Milli-Q
®
 (MQ) water 

for 10 minutes and sonicated in acetone for another 10 minutes. They were then dried in 

the oven for a few minutes before etching with Piranha solution (H2SO4: H2O2 (v/v) = 35: 

15) for 15 minutes to create excessive hydroxyl group (-OH) on the surface. The acid-

treated coverslips were then rinsed with MQ water for at least five times to stop the 

reaction and subsequently sonicated in acetone for a few seconds. After rinsing the 

coverslips with acetone for another three times, add amine group (-NH2) and passivate 

the surfaces with PEG monolayer by treating for 1 hour in acetone solution containing 

1% silane APTES (Gelest, SIA0610.0-25GM) and 7-12 unit short PEG (Gelest, 

SIM6492.72-25GM). The APTES-treated coverslips were then sonicated for a few 

seconds and rinsed for 2-3 times with fresh acetone, followed by blow drying in N2 

stream and heating in the oven for another 10 minutes to create an evenly connected PEG 

monolayer surface. If not used immediately, cooled coverslips can maintain their function 

for another 1-2 days in a dry, sealed environment. The last step is to couple NHS-biotin 

on the surface via reacting with -NH2 groups. This can be achieved by soaking one side 

of the coverslips in 2 mg/mL NHS-biotin solution diluted with dry DMSO and incubating 

for at least 4 hours under room temperature or overnight in a cold room before use. The 

coverslips can then be rinsed with acetone and dried in nitrogen stream. They can be 

stored under room temperature in a dry, sealed environment for a maximum of 2-3 days 

without jeopardizing its optimal function. 

 

 

 



 

 

 

 53 

 

 

5.4 Functionalization of paramagnetic beads 

In the force-fluorescence measurements, some of the DNA construct designs require 

biotin end-labeling on the chamber surface. To obtain heterogeneity of chemical 

modification at the two ends of the DNA for experimental convenience, additional 

chemical modification of the paramagnetic microspheres with anti-digoxigenin were 

introduced for specific binding to the digoxigenin-modified end of the DNA construct, 

besides the common use of streptavidin-coated paramagnetic beads for specific binding 

to the biotin-modified end of the DNA construct. 

 

5.4.1 Preparing Beads 

Dynabeads
® 

Protein G (Life Technologies, 10003D) were resuspended from stock by 

vortexing for 30 seconds or tilting and rotating for 5 min. Then 50 μL (1.5 mg) of the 

Dynabeads® were transferred to a tube, and the beads were separated from their original 

solution by placing the tube on a permanent magnet and carefully removing the 

supernatant, leaving concentrated beads only inside the tube.  

 

5.4.2 Binding Anti-digoxigenin 

Anti-digoxigenin was diluted in 1X PBS buffer (pH 7.4) with 0.02% Tween-20 to a final 

concentration of 40 μg/ml before mixing with the concentrated paramagnetic beads 

prepared from previous steps. The mixture was incubated with rotation for 10 min at 

room temperature, and then the beads were washed by placing the mixture on the magnet 

and removing the supernatant. The beads-anti-dig complex was then rinsed twice with 

200 μl 1X PBS solution containing 0.02% Tween-20. The anti-dig-conjugated Dynabeads 
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were subsequently stored in 1X PBS with 0.1% Tween®-20 at 4˚C to prevent 

aggregation.  

 

5.4.3. DMP Crosslinking  

To avoid co-elution of anti-dig with digoxigenin when binding to the dig-tail, it is 

necessary to crosslink anti-dig to the Dynabeads® before use in a magnetic field. 

Available crosslinking reagents include Bis[sulfosuccinimidyl] suberate (BS3) (protocol 

from Dynabead®) and dimethyl pimelimidate•2 HCl (DMP) (87; protocol adapted from 

Pierce Biotechnology). Here DMP crosslinking is adopted for practical convenience. 

 

Fresh crosslinking buffer solution was prepared as 5ml 0.2M triethanolamine (TEA), pH 

adjusted to 8.0. DMP was then diluted to a final concentration of 5 mM in 1 ml 

crosslinking buffer. Anti-dig-coupled beads were washed twice in 200 μl crosslinking 

buffer on the magnet. Supernatant was removed and beads were resuspended in 200 μl of 

5mM DMP. They were then incubated at room temperature for 30 min with tilting / 

rotation. Quenching of the crosslinking reaction was accomplished in a solution of 50mM 

Tris-HCl (pH 8), before the beads were incubated at room temperature for 15 min with 

tilting/rotation. The cross-linked beads were then ready to use after rinsing for 3 times 

with 200 μl PBS with 0.1% Tween-20 on the magnet and discarding the supernatant.  
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5.5 DNA manipulation: Calibration and force - extension measurement in MT-

smFRET experiments 

With the surfaces dried clean and ready to use, chambers were prepared by sealing two 

pieces of treated glass coverslips together with their treated surfaces face-to-face in a 

cross shape, using grease and double-sided scotch tape to create the boundary of a 

channel (Figure 5.2). The channel of each chamber was rinsed with 200 μl PBS with 

0.02% Tween-20, and then with 200 μl PBS buffer for twice. 1μl of prepared anti-dig 

beads were then mixed with 40 μl PBS buffer and injected into the chamber before 

incubating for 10 minutes. Each chamber was then rinsed with 200 μl PBS buffer, and 

followed by another 3-6 hours of incubation at 4˚C in ~50 μl of 100 μg/ml streptavidin 

solution in a sealed, moist environment to prevent the chamber from drying. The 

chambers were then examined under the microscope with the EMCCD camera to ensure 

that each surface existed minimal spots (< 10 spots per field of view) of non-specific 

fluorescence. 

 

Before taking the chambers out of the cold room, 2-4 μl of the prepared DNA were mixed 

with 40 μl PBS buffer in a tube for each chamber. The mixture was then injected into the 

chamber and incubated for 1 hour after rinsing each with 200 μl PBS buffer for 3 times. 

During the incubation, 200 ml of imaging buffer was prepared per chamber containing 

1X Tris buffer (20 mM Tris, pH 8.0, 50 mM NaCl), 2 mM Trolox, and an oxygen 

scavenging system consisting of 2.5 mM PCA (protocatechuic acid) and 50 nM PCD 

(protocatechuate-3,4-dioxygenase) (92). Comparison of the oxygen scavenging effect 

between the PCA/PCD system and the previously commonly used GODCAT (~56 mM 
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glucose, 100 nM glucose oxidase, 1.5 μM catalase) system were performed with different 

imaging buffers (Tris buffer and lambda buffer), resulting with better and more stable 

performances from the former (data not shown). 

 

After incubation, freshly prepared imaging buffer was injected into the chambers before 

setting up the instrument with COOLSNAP CCD on and magnetic tweezers held tight on 

the microscope. The magnetic tweezers were aligned, its LED light was turned on, and 

the magnets were set to the position of ~13mm on the translational stage. Possible tethers 

were found by observing different diffraction ring patterns between the stuck bead 

(“reference bead”) and the tethered DNA bead. A rough calculation on the length of the 

tether can be accomplished by changing z grid between the focal plane of the tether bead 

and that of the stuck bead, until the diffraction ring pattern for the tethered bead at one z 

plane is almost identical to that of the struck bead from another z plane. The length of the 

tether equals to the vertical displacement between these two planes. Tethered beads with 

lengths around 3-4 μm were considered as tethers of interest. For calibration, the magnet 

position was set to ~15 mm on the translational stage, and protocol described in 5.1.3 was 

followed.  Z-stack measurements were taken in a distance change of 6 μm, starting from a 

position slightly above the central plane of the tether bead. After measurement, a 10-

minute video with 1 frame / minute interval was taken for thermal drift detection; usually 

the microscope is thermally stable after 8 hours and the drift should be minimal. For force 

measurement, videos containing at least 20 images were taken at individual magnet 

positions ranging from 11 mm to 20 mm on the translational stage, and measurements 

were repeated at various magnet positions with minimal interval of 0.5 mm. The images 



 

 

 

 57 

 

 

were then processed with offline ImageJ and Matlab software to calculate DNA 

extensions and forces at different magnet positions. Finally, the force - extension curve 

was plotted in Matlab and fitted with worm-like chain model using nonlinear least 

squares fitting method and trust-region optimization algorithm, with the persistence 

length P set around 50 nm. Fitting results were evaluated by the goodness-of-fit statistics 

mainly by examining the value of adjusted-R
2
. The force - extension data should be 

comparable to that of the worm-like chain model, with expected value of adjusted-R
2
 no 

less than 0.95.  

 

5.6 Coupling single molecule fluorescence measurement in MT-smFRET 

experiments 

Once the tether of interest was found and both force and tether extension data were 

recorded at different magnet positions with a satisfactory force - extension curve fitting, 

the magnet position was adjusted to apply force of ~1 pN on the tether and then the LED 

light on the MT was turned off. EMCCD was switched on and the focal plane was set on 

the chamber surface by achieving a crisp, edge-distinctive view of the RICM field. Then 

the 638 nm laser was turned on, so was the TIRF 640 filter cube; all the ND filters were 

off. The position of the tether was recorded before moving the stage horizontally to a 

neighboring field. The angle of the light was adjusted to be slightly bigger than the TIRF 

angle, so that both the autofluorescence spots of the stuck beads and the single-molecule 

fluorescence spots on the surface were easily observed. The perfect focus system (PFS) 

was turned on and the focal plane was manually adjusted until images with clean and 

clear single molecule fluorescence spots were observed (Figure 6.1). The microscope 
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setting conditions were saved and the PFS system was locked before switching back to 

the same field with the tether. Before starting the experiment, an RICM image of the field 

with both the tether and stuck beads nearby was captured to ensure that the focus was on 

the surface.  

 

A short video containing 10 images was taken (under 300 ms or 500 ms exposure time), 

and then compared with the previous RICM image to identify isolated fluorescence spots 

within ~2-3 μm radius of the tether center. Fluorescence intensities for those spots were 

then measured to identify those spots with approximately single-molecule level of 

fluorescence (spots of interest). Magnets were subsequently lowered on the surface so 

that a bigger force (for example, ~17 pN in the case of the DNA hairpin MT construct) 

was applied on the tether. After retaking the video at the same field of view with the 

bigger force, fluorescence intensity on the spots of interest were re-measured and 

compared to their respective values in the previous video, to examine if the fluorescence 

on any of the spots has been significantly increased. If comparing frames were taken 

under different exposure times, fluorescence intensities were normalized at 500 ms 

exposure time using dark pixel intensity (93). When increase of the fluorescence intensity 

was observed for a single spot, measurements on this particular spot were repeated at 

different levels of force between the previous two values (in our case here, between 1~17 

pN). After the experiment, background fluorescence was subtracted and changes in the 

fluorescence intensity of the identified spots were analyzed using ImageJ as described in 

5.1.3, by measuring the maximum fluorescence value in the isolated area around each 

spot for each frame and plotting out the curve of fluorescence intensity versus time. For 
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the DNA hairpin MT construct, a clearly binary fluorescence change was observed 

around the region of its rupture force, while for the PEG probe, gradual fluorescence 

increase should be observed with force increase.  
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Chapter 6 Results and Discussion 

6.1. Determining fluorophore concentration: Statistics for a single molecule 

experiment 

To determine the fluorophore concentration for single molecule measurement, and to 

measure the fluorescence level of a single Cy5 fluorophore under optimal settings of 

microscope and filter, fluorescence experiments without force (no magnetic tweezers set 

up) were performed with unquenched Cy5 DNA hairpin in a 8-room plastic chamber on a 

biotin-PEG surface prepared with method used in (80). The molar ratio of biotin / PEG 

used to coat the surface is 0.074, and the hairpin concentration varied between 1 - 100 

pM in different rooms of the chamber. We found that a maximum of 5 pM concentration 

allowed the separation of single distinct spots. These are likely single molecules, as 

confirmed by a single Gaussian-fit peak for >1000 spots in the field (Figure 6.1), using 1s 

exposure time and ND8 filter on, with the fluorescence level of a single fluorophore at 

~14000-15000 i.u. in the center of the peak (Figure 6.1). This value is changed due to 

minor adjustment of the microscope setting, filter setting, exposure time, and TIRF angle, 

but rough measurement for individual spots were performed before each MT - smFRET 

experiment to ensure that the fluorescence detected was from single molecules. Time-

lapse measurements for 1 minutes were also performed and the single-step 

photobleaching of unquenched Cy5 was observed for multiple molecules (Figure 6.1), 

confirming the existence of Cy5 at single molecule level.  



 

 

 

 61 

 

 

 

Figure 6.1. Single molecule fluorescence test. Single molecule dye intensity measurement for 

surface-immobilized unquenched Cy5 DNA hairpin. [biotin] / [PEG] = 0.074; [DNA] = 5 pM. 

 

6.2. Calibrating a DNA tether: Force - extension curve on the TIRF microscope 

Before the force - extension measurement for the DNA tether, we first confirmed that the 

DNA tether is sufficiently long to avoid autofluorescence from the paramagnetic beads 

even under small force (Figure 6.2). Apparently, the TIRF channel 640 (labeled as TIRF, 

647 nm) is better than TIRF channel 488 (labeled as TIRF, 488 nm) in respect to 

avoiding autofluorescence intensity from the bead. For TIRF 640, the autofluorescence 

from the DNA tether is minimal even under a small force of 3 pN. 

 

Following the protocol described in 5.5, we measured force - extension curves for > 10 

molecules between 0.2 ~ 20 pN. As shown in the inset of Figure 6.3, images for the 

diffraction ring patterns are crisp and clear. The force - extension data (Figure 6.3, blue 

square) shown here is indeed comparable to that of the worm-like chain model (Figure 

6.3, red curve), yielding a robust fitting by trust-region algorithm with adjusted R
2
 = 
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0.98 > 0.95. The DNA extension is longer than expected due to the repeated pulling on 

the tether, resulting in partial dissociation of the anti-digoxigenin - digoxigenin tail from 

the paramagnetic bead surface. The force - rotation curve allows us accurately measure 

force within 10% accuracy with a set extension of the polymer.  

 

Figure 6.2. Autofluorescence control experiment for the tether. Autofluorescence is minimal 

in TIRF 640 (labeled as TIRF, 647 nm) under force ~3 pN. 
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Figure 6.3. Force vs. extension curve of the MT-smFRET DNA construct. Force - extension 

curve for the 4.4 μm DNA with the linkage of DNA hairpin sensor after multiple pulling. The 

forces range from 0.2 pN to 20 pN and the curve fits relatively well with WLC model, with 

adjusted-R
2
 = 0.980. Extrapolation of the WLC fitting gives estimated contour length for the 

DNA, which is slightly longer than expected, likely due to the dissociation of the bead and the 

dig-tail DNA. 

 

6.3. Proof of concept: Binary fluorescence change with the open and close of a DNA 

hairpin 

The opening of a DNA hairpin is induced by force at piconewton range, and for the 

particular DNA hairpin we used here (sequence in 5.2), its sequence-dependent force 

magnitude F1/2 was calculated to be around 16 pN theoretically (94), and was measured to 

be 13.7 pN using micropipetting technique (Zhang et al., under revision). Using magnetic 
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tweezers to apply forces ranging from 1-20 pN, we observed the significant fluorescence 

intensity increase of Cy5 coupled with force increase (Figure 6.4, upper panel, comparing 

the image captured under 1 pN and 17 pN). Based on the data, fluorescence intensity 

could increase from ~10,000 i.u. to ~22,000 i.u. at the force of 17 pN, rendering the 

possible range of expected F1/2 in between 13 pN and 17 pN (Figure 6.4, lower panel). 

This is consistent with the theoretical calculation and previous experimental result using 

the same DNA hairpin but an alternative technique with no fluorescence measurement 

suggesting that the signal change is likely due to its being pulled away from the QSY21 

quencher. This binary intensity change can also be repeatedly observed when cycling 

changing the force between 1 pN and 17 pN on a DNA hairpin (Figure 6.5), as another 

piece of supportive evidence, although more data on different hairpin molecules under 

varied forces are needed to confirm the reproducibility of this result.  
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Figure 6.4. Fluorescence vs. force for a DNA hairpin probe. Significant fluorescence intensity 

increase to ~22,000 i.u. observed at high force (17 pN) comparing to the relatively low 

background fluorescence ~ 10,000 i.u. at low forces (1 pN, 9 pN, 13 pN) in smFRET-MT 

experiment. This showed a binary fluorescence change which is likely due to the repeatable 

opening and closing of the Cy5 DNA hairpin under different forces, with expected F1/2 between 

13-17 pN. Top: Fluorescence is low under low force, and high under high force. Bottom: 

fluorescence intensity change with time. Notice that under the force of 17 pN, other than the 

bright fluorescence signals observed at ~22,000 i.u., fluorescence signals with intensities around 

~10,000 i.u. were also observed, which is likely due to the dynamic opening and closing of the 

hairpin, and/or the instability of the Cy5 dye.  
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Figure 6.5. Fluorescence change with time under tension for a DNA hairpin probe. Distinct 

force-induced fluorescence change between 22,000 i.u. and 10,000 i.u. was repeatedly observed 

in a Cy5-QSY21 DNA hairpin, by changing the force between 1 pN and 17 pN in a cycling 

fashion. This suggested the reversible opening and closing of a Cy5 DNA hairpin during the force 

cycles.  

 

6.4. Future work 

More data generated by repeating the DNA hairpin experiment can confirm the stability 

of this technique and provide more precise details on the F1/2. Ultimately, this method can 

be used to calibrate other MTFM tension probes such as the PEG-based tension sensors 

and gold nanoparticle tension sensor with continuous fluorescence change. Magnetization 

geometry could be improved for pursuing even higher force, but force applied by the 

current setup should be large enough (up to at least 50 pN) to measure cellular forces via 

ligand-receptor interactions. To improve the yield of total number of tethers on a surface 

and lower the experimental error due to non-specific attachment and dissociation, further 

advances could be made by adopting optimized methods for surface functionalization and 

optimal conditions for washing buffer to withstand higher force and prevent surface 
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contamination. One method for optimal immobilization and attachment process was 

developed by Janissen et al. (95) using coating beads with heterobifunctional 

poly(ethylene glycol)-linker (NHS-PEG-COOHMW3400), (NHS-PEG-AldehydeMW800), or 

(NHS-PEG-MaleimideMW3400). Covalent immobilization of different molecules was 

achieved via a one-step direct coupling with EDC (1-ethyl-3-(3-dimethyl-aminopropyl) 

carbodiimide) or a two-step indirect coupling with pre-activated carboxylic groups 

through EDC/NHS-activation. The method also demonstrated better surface amination in 

respect to the overall binding rate and homogenous coating through silanol group 

esterification with ethanolamine hydrochloride instead of the traditional amino silane 

(APTES).  This optimized protocol renders stable attachment for > 8 hrs of polymer 

tethers under forces at 140 pN (personal communication with R. Janissen). Further 

experiments will benefit from adaptation of this protocol to the MTFM system. 
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Chapter 7 Conclusions 

In part I, we showed that DNA supercoiling is a regulatory signal for the genetic switch 

in bacteriophage lambda that can influence the ability of lambda cI repressor to secure its 

mediated loop, by lowering the free energy of looping. Increased negative supercoiling 

compensate with the increased tension to favor loop formation. When the loop is formed, 

it alters effective DNA elasticity, especially shortening its twisting stiffness. In addition, 

this loop can constrain high levels of supercoiling, varying from -10% ~ 16%, much 

higher than the supercoiling level we manually introduced to the whole DNA fragments. 

This provides an explanation at the molecular level on how bacteriophage lambda made 

its switch from lysogenic to lytic stage under low energy when less negative supercoiling 

level could be maintained in vivo.  

 

In part II, we suggested a simple instrument with protocols combining smFRET 

measurement and magnetic tweezers force – extension measurement to accurately 

calibrate the fluorescence-based DNA hairpin tension probe, by directly observing the 

force-induced fluorescence intensity change which is likely due to the opening and 

closing of the hairpin; it will eventually result in a relationship between force and FRET 

efficiency, given more data collected to confirm the reproductivity of this method. In the 

future, we would like to apply this method to other MTFM tension probes such as the 

PEG-based tension sensor and gold nanoparticle tension sensor. This simple and direct 

measurement of force-induced extension change provides a good tool for determining 

cellular force with higher accuracy. 
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Appendix 1 DNA-Nicking Gel Assay  

All the work listed here in the Appendix 1 was done by our collaborators Geraldine 

Fulcrand and Fenfei Leng from Florida International University. This section is adapted 

from part of a submitted manuscript for future publication (Ding et al., under revision). 

  

Materials and Methods 

1) Analysis of supercoils constrained by cI-mediated looping of plasmids 

1 mM DTT was assembled on ice and incubated for 30 min at 37 ºC, before nicking a 

mixture (320μl) containing 0.156 nM of negatively supercoiled DNA template and 170 

nM or various concentrations of wild-type λ repressor (cI) in a buffer consisting of 20 

mM Tris-acetate (pH 7.9 at 25 ºC), 50 mM potassium acetate, and 10 mM magnesium 

acetate. The supercoiled DNA templates were then digested by 20 units of Nb.BbvCI at 

37 ºC for 2 min or as indicated. Next, a large excess of a double-stranded 

oligonucleotides containing the Nb.BbvCI recognition site was added to the reaction 

mixtures to inhibit further plasmid digestion. The nicked DNA templates were ligated 

using T4 DNA ligase in the presence of 1 mM ATP at 37 ºC for 5 min, and the reaction 

was terminated by extraction with an equal volume of phenol. Plasmids were precipitated 

in ethanol and dissolved in 25 μL of 10 mM Tris-HCl buffer (pH 8.5). The ligated DNA 

products were separated using 1% agarose gel electrophoresis in the absence or presence 

of 1 μg/mL of chloroquine and the linking numbers of the topoisomers were calculated 

from the gel images stained with ethidium bromide using KODAK 1D Image Analysis 

Software. 
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2) Determining the superhelical density of supercoiled plasmids before CI addition 

100 μl mixtures containing 1.5 μg of negatively supercoiled DNA template, 200 nM of 

E.coli DNA topoisomerase I, and various concentrations of ethidium bromide in 20 mM 

Tris-acetate (pH 7.9 at 25 ºC), 50 mM potassium acetate, 10 mM magnesium acetate, 1 

mM DTT, 10 μg/mL BSA were assembled on ice and incubated for 15 min at 37 ºC. The 

reactions were terminated by extraction with an equal volume of phenol. The DNA 

topoisomers were isolated and subjected to 1% agarose gel electrophoresis in the absence 

or presence of 0.5, 1, or 2.5 μg/mL of chloroquine for the determination of the 

supercoiling density (S1). 

 

Results 

Lambda repressor-secures DNA loops and is a barrier to supercoil diffusion 

It was previously demonstrated using gel electrophoresis of topoisomers that soluble 

proteins like the Lac and Gal repressors and the λ O protein can trap supercoils in DNA 

loops and form barriers to prevent supercoil diffusion between topological domains (18). 

One experiment used DNA-binding proteins that recognize and simultaneously bind 

widely separated sequences to partition plasmids into topologically distinct segments 

before nicking one segment with a site-specific endonuclease for various time intervals 

before re-ligation, and characterizing the resulting topoisomers. This method was adopted 

(Figure S1) to test whether and to what extent lambda repressor trapped supercoils in the 

larger of the two segments it created in pDL1051 or pDL2317 plasmids, and how rapidly 
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torsion traverses the lambda repressor barrier from that segment into the smaller, nicked 

segment where it dissipates. Nicking has been shown to relieve torsion on the time scale 

of milliseconds (S2).  

 

The lambda repressor efficiently trapped supercoils in both plasmids with initial 

supercoiling densities around -6.1% (Figure S2) that decayed exponentially over time in 

an apparently stochastic, single-step process (Figure S3, Table S1). Torsion dissipated 

through the cI oligomer more slowly in pDL1051 than in pDL2317. The exponential 

decay constant for the disappearance of supercoiling from the plasmid was 7.6 minutes 

for the 1051 bp loop versus 1.8 minutes for the 2317 bp loop. All of the loops created by 

lambda repressor in these plasmids are long enough so that any strain due to bending 

DNA was negligible, and the supercoiling energies present in the initially supercoiled, 

4000 bp segments were similar. This result suggests that the entropy change associated 

with looping governs the stability of the barrier; which is smallest for loops of 

approximately 400 bp and increasingly penalizes the formation of progressively longer 

loops, governs the stability of the barrier. The higher entropic penalty associated with 

securing a 2317 loop would make it less stable than the 1051 bp loop.  
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Figure S1. Schematic representation of the DNA-nicking gel assay. (A) The location of a 

restriction site for the enzyme Nb.BbvCI is shown relative to enterobacteria phage lambda OR 

and OL operators in plasmids pDL2317 and pDL1051. Red dots represent lambda operators OL1, 

OL2, OL3, OR1, OR2, and OR3. (B) A topological barrier model for lambda cI repressor. Upon 

binding to OL and OR operators, the DNA-looping protein lambda cI repressor (red circles) 

functions as a barrier that blocks supercoil diffusion. A DNA nick introduced by the 

endonuclease Nb.BbvCI quickly relaxes superhelicity within the upper loop. Superhelicity in the 

bottom loop slowly escapes through the cI-mediated topological barrier where dissipates quickly 

as well.  
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Figure S2. Protein-divided topological domains in plasmids. Lambda repressor (cI) divided 

supercoiled plasmids into two independent topological domains. The DNA-nicking assays were 

performed as described under Materials and Methods. In addition to 0.156 nM of either pDL1051 

or pDL2317, the reaction mixtures also contained 0, 10, 20, 52, 80, or 170 nM λ cI (lanes 1-6 

respectively) and Nb.BbvCI (20 units). The DNA molecules (topoisomers) were isolated and 

subjected to agarose gel electrophoresis in absence (-) or presence (+) of 2.5 μg/mL chloroquine. 

Leftmost lanes (1) contains DNA relaxed at 37 °C and slightly (+) supercoiled because the gels 

were run at 24 °C.  
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Figure S3. Supercoiling dissipation through the protein-binding junction. Supercoiling 

slowly dissipated over several minutes from the larger 4000 bp domain of plasmids partitioned by 

a loop mediated by 170 nM cI. DNA-nicking assays were performed as described under Materials 

and Methods with incubation at 37 °C. At the indicated times, the DNA was isolated and 

subjected to agarose gel electrophoresis without chloroquine (left, pDL2317; middle, pDL1051). 

The percentage of remaining supercoiled DNA was plotted as a function of the incubation time 

(right). Fitting with a single exponential decay yielded a decay constant of 7.6 or 1.8 min for 

loops of 1051 or 2317 bp, respectively. 
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Plasmid 
Nicked segment 

length (bp)
a
 

Supercoil density 

(s)
b
 

t1/2 (min)
c
 

Supercoils constrained 

in loop
d
 

pDL1051 1051 -0.061 
10.41 ± 

0.29 
7.56 ± 0.59 

pDL2317 2317 -0.062 
2.44 ± 

0.42 
11.94 ± 0.45 

Table S1. Data on supercoiling diffusion in different plasmids. The diffusion of superhelicity 

within plasmids from cI-secured loops into the nicked adjoining segment. 
a 
The nicked segment is 

the shorter separation between the lambda OL and OR operators. 
b 

The DNA superhelical 

densities of plasmids pDL1051 and pDL2317 were determined as described in Materials and 

Methods. 
c 

t1/2 represents the decay constant of supercoiling, determined by the DNA-nicking 

method as described in Material and Methods. 
d 

Values refer to supercoils constrained in the 

DNA-loops of plasmids pDL1051 and pDL2317 before nicking, which were calculated based on 

data shown in Figure S3. 
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