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Abstract 
Gene regulation comprises a complex network of events. Transcription is the first step of gene expression 
and is regulated by proteins that bind to DNA. Such proteins may facilitate or interfere with any of the three 
steps of transcription: (i) initiation, (ii) elongation, (iii) termination. DNA-bound proteins may also be 
roadblocks along the DNA template affecting RNA polymerase (RNAP) processivity. Protein mediated 
looping is a ubiquitous mechanism for DNA compaction and long-range interaction between distant DNA 
sites, either of which can regulate transcription. Similarly, DNA supercoiling, the level of which is 
modulated by DNA-binding proteins, DNA-processing enzymes, including RNAP, is an inherent regulatory 
mechanism. To understand the interplay between transcription, protein-mediated DNA looping, and 
supercoiling is important to understand gene regulation. The experiments described here, which leveraged 
the power of magnetic tweezers and tethered particle motion microscopy and used the lac repressor protein 
(LacI) as a model DNA-binding and looping protein, provide insight into this problem. In particular, they 
show that (i) negative supercoiling can make protein-mediated looping deterministic and ergodic within the 
bacterial doubling time, (ii) although the LacI repressor mediating a loop is a very strong roadblock for an 
incoming RNAP external to the loop, (iii) RNAP may become trapped inside a loop, in which case (iv) 
positive supercoiling generated by RNAP progress facilitates LacI repressor dissociation from its binding 
site, allowing RNAP to exit from a loop.  
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§1.1 Motivation and hypothesis 

Deoxyribonucleic acid (DNA) encodes up to tens of thousands of genes and is highly compacted inside the 

cell. In some cases, the linear length of the DNA compacted inside the nucleus is as much as a million-fold 

longer than the length of a cell. Compaction of DNA requires supercoiling and protein-mediated DNA 

topologies, such as loops. How can, therefore, RNAP transcribe along supercoiled, protein-decorated DNA 

(Figure 1.1). Given the well-known, twin-domain model of transcription 1, which states that RNAP 

generates positive and negative supercoiling ahead and behind itself, respectively, it is natural to 

hypothesize that supercoiling generated by RNAP progress may play a key role in freeing the path from 

DNA-bound proteins for RNAP. Protein-mediated DNA loops bring distant DNA sites in contact and 

compact DNA; they are also common regulatory mechanisms of transcription. For example, eukaryotic 

transcription is almost always regulated by the kbp-range loop between an enhancer/silencer and a promoter 

while prokaryotes use few hundred bp-long loops to activate or repress essential metabolic genes 2-4 and 

temperate bacteriophages use looping, for example, to simultaneously maintain lysogeny and guaranteeing 

a reliable switch to lysis 5, 6. Such loops represent genetic switches as they turn transcription of genes on or 

off depending on if they are in the closed or open configuration. However, just as any protein bound to 

DNA may be a roadblock to transcription, so may a protein securing a loop, especially if the DNA sequences 

bridged by the protein are part of different genes. Thus, I set out to investigate how RNAP navigates past 

protein-mediated loops. 
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Figure 1. 1. A schematic illustration of the interplay between RNA polymerase elongation, topological 

DNA structures, and regulation by representative proteins and enzymes. During transcription of the 

torsionally constrained DNA segment, negative supercoiling accumulates upstream while positive 

supercoiling accumulates downstream (twin domain model 1). Supercoiling accumulation is managed by 

topoisomerases, a special class of enzyme which can relax torsional stress. lac repressor is used here as an 

example of a transcriptionl roadblock and a DNA loop-mediating protein. Negative supercoiling enhances 

lac repressor binding 7 whereas positive supercoiling produces a shallower minor groove 8 that may 

attenuate binding, as shown in the blue and red dashed boxes, respectively. 

 

§1.2 DNA structure 

§1.2.1 DNA primary structure 

DNA is a macromolecule made up two anti-parallel polynucleotide chains that coil around each other in a 

double helix. Each chain is composed of a sequence of deoxyribonucleotides which can contain one of four 

different bases: Adenine(A), Guanine(G), Thymine(T) or Cytosine(C). The double stranded helical 
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structure of DNA is stabilized by stacking interactions and hydrogen bonds (H-bonds) formed between 

pairs of bases across the two chains, according to base pairing rules (A pairs with T through two H-bonds, 

while C pairs with G through three H-bonds) (Figure 1.2A). The best known DNA form is B-DNA (Figure 

1.2B, left) where the double helix is right-handed with ∼10.5 base pairs per turn 9, the average distance 

between two adjacent base pairs is around 0.34 nm. The DNA double helix is characterized by a minor 

groove (narrower) and a major groove (wider). Different proteins show preferential interaction with either 

the major or minor groove 10. Z-DNA (Figure 1.2B, right) is a left-handed, zigzag-like form of the DNA 

double helix 11. Although this form is not as well-known as the B-form, it may occur more commonly than 

expected. Certain DNA sequences like d(GC)n have the tendency to adopt the Z-form 12 which is also 

induced by negative DNA supercoiling under tension, or high salt concentration 13-15. 

 

Figure 1. 2. Sketch of basic structures of DNA. (A) AT and GC Base pairing. (B) B- and Z-form DNA. 

 

§1.2.2 DNA structure under tension and torsion 

In vivo, DNA experiences both tensile and torsional stress, which mainly result from the topological 

constraints of DNA and the activities of DNA-processing enzymes. For example, E. coli RNA polymerase 

(RNAP) twists DNA positively ahead and negatively behind itself as it unwinds the double helix to gain 
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access to the template strand during transcription 1, while topoisomerases help relieve the accumulated 

torsional stress by nicking (breaking) one, or both, DNA strands and rejoining them after relaxation (Figure 

1.1). It has also been tested in vitro that the E. coli RNAP motor is capable of generating forces up to 25 

pN during elongation 16, DNA polymerase, the enzyme that carries out DNA replication 17, can generate 

force against large load (~50 pN) 18, etc. Therefore, tension and torsion are ubiquitous elements in vivo, and 

their effects on DNA structure have been widely studied by various in vitro single molecular technologies 

and fitted with theoretical models. Thus, the form of DNA is very likely to change dynamically as a function 

of local levels of tension and twist. 

DNA supercoiling refers to the over- or under-winding of a double-stranded DNA molecule which is often 

quantified as the ratio of the number of turns added, or subtracted, to a DNA molecule, n, over the number 

of helical turns in its torsionally relaxed form, n0. This ratio defines the change in linking number, ∆Lk, 

with respect to the torsionally relaxed state. Expressed in percentage, ∆Lk is called σ, or superhelical 

density. The linking number itself is defined as, Lk = Tw + Wr where twist (Tw) is the number of times the 

single strands of the DNA helix intertwine, and writhe (Wr) is the number of times the main axis of double 

helix crosses itself. By convention right-handed intertwining is considered positive. The linking number of 

relaxed B-DNA with no torsion is given by Lk0 = n0 (bp) / 10.5 (bp/turn) in which n0 stands for the total 

number of base pairs in the DNA molecule. In this case, Lk0 = Tw0 and Wr =0. Thus, when DNA is under 

torsional stress, the change in linking number is ΔLk = Lk – Lk0 = ΔTw + Wr. According to White’s theorem 

19, the linking number is a constant in a topologically constrained system. Genomic DNA has large 

negatively supercoiled regions as shown by psoralen staining of eukaryotic cells 20 or bacteria 21, and 

plasmids extracted from bacteria display supercoiling as low as -7.75% and rise to -6.5% as cultures reach 

saturation 22. 

Under low tension (f <̰ 10 pN), in the absence of, or below 40 pN·nm positive torque, DNA remains in B-

form. Added torsion initially generates a twisted molecule, but when the torsional stress on the DNA 

exceeds a critical level, at the buckling transition 23, a “curl” forms and the DNA writhes and crosses over 
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itself to form a loop (Figure 1.3). The aggregate writhe and twist in DNA determine the supercoiling, which 

can be positive or negative. Further torsion applied to the DNA molecule adds gyres to the stem of this loop 

to form a plectoneme, which may encompass a long segment of DNA 24 (Figure 1.3). Plectonemes are 

fundamental elements of compacted DNA and facilitate interactions between distant DNA sites 25, 26 and 

their associated proteins 27-29. The number of plectonemes that form depends on the applied tension and 

ionic strength 30. They have been observed to diffuse along DNA, as well as to abruptly disappear at one 

position before reappearing at a another 31, although intrinsically curved DNA sequences, DNA 

deformability, and DNA-protein complexes can pin plectonemes at a specific site 32-37.  

 

Figure 1. 3. Sketches of the plectoneme formation. Winding DNA may produce a “soliton” in which the 

DNA curls about the long axis, without significantly changing the tether length. Detectable tether length 

changes result when the curl aligns perpendicular to the direction of extension and subsequently twists to 

form a plectoneme. 

 

Plectoneme formation is not the only structural response of the DNA helix to tensile and torsional stress. 

Previous experiments have shown that even a small negative torque (when f < 10 pN, τ < 40 pN·nm) may 

induce stretches of a DNA molecule to transition from B- to a left-handed L-form (L-DNA) 38. L-DNA 
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appears to be a mixture of melted and base-paired DNA with left-handed intertwining of the two strands. 

AT-rich regions, being less thermodynamically stable than sequences rich in GC, may melt if unwound 

under tension 39. Thus, in negatively supercoiled plasmids, single-stranded regions may occur 40 as well as 

Z-DNA, one of the non-canonical, left-handed DNA forms adopted by GC-rich sequences in high salt and 

believed to be important during transcription 41, 42. Only a slight negative torque of ~-3 pN·nm can trigger 

the B-Z transition in GC/GT-rich regions under 1.4 pN of tension 15 indicating that this transition may be 

more common than melting in physiological conditions, since the average torque for DNA melting is ~10 

pN·nm. Although it is unlikely that a plasmid will fully convert from B- to L-DNA, certain segments may 

adopt this form. 

§1.2.3 Nucleoid-associated protein HU  

E. coli HU is one of the most abundant nucleoid-associated proteins. HU binds to all nucleic acids and 

DNA-RNA hybrids in a sequence nonspecific manner 43. In vitro, HU acts similarly to histone proteins and 

can introduce negative supercoiling into torsional relaxed DNA with the help of topoisomerase I 44. In vivo, 

HU was found to help maintenance of DNA super-helical density and modulate topoisomerase I activity 45. 

HU dimers were able to bend DNA 46 and compact DNA 47, which favors looping activities in vivo 48, 49 

(Figure 1.4). 

 

Figure 1. 4. Protein HU (blue in middle) binds with DNA (gray). (From Protein Data Bank in Europe). 
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§1.3 Transcription in Bacteria 

§1.3.1 Basic concepts of bacterial transcription 

Transcription is the first step of gene expression. Bacterial transcription refers to the process by which 

genetic information encoded into special DNA sequences called genes is transcribed into messenger RNA 

(m-RNA) by the motor enzyme RNA polymerase (RNAP). Every organism has slightly different RNA 

polymerases. In my studies, I used E. coli RNA polymerase whose core consists of 5 subunits: α, α, β’, β, 

ω. The three main steps of transcription are initiation, elongation (Figure 1.5) and termination. Initiation 

refers to the phase following promoter unwinding (open complex formation) by RNAP holoenzyme (core 

plus σ70), when RNAP can start “reading” one of the two DNA strands. My project focused on elongation, 

the steady elongation of transcript RNA after the first initial 21 nucleotides. During elongation, RNAP 

unwinds the DNA ahead and progresses along it to transcribe one strand of DNA (template strand) into 

mRNA by hybridizing incoming ribonucleoside triphosphates at the active site. The newly synthesized 

nascent mRNA exits from the RNA exit channel. Finally, RNAP stops at a specific DNA sequence called 

terminator where the mRNA transcript is released, and transcription ends. There are two mechanisms of 

termination, rho dependent or rho independent. 

 

Figure 1. 5. Cartoon of elongation by RNA polymerase. The blue arrow indicates the elongation direction. 
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§1.3.2 Transcription regulation: DNA looping and roadblocks 

Transcription is regulated by various proteins and corresponding DNA binding sequences. The most basic 

mechanism of transcription regulation relies on proteins (transcription factors) that interact with RNAP in 

order to either favor or disfavor its activity. Accordingly, transcription of a gene may be activated by an 

“activator” protein which binds at a site adjacent to the promoter for that gene to increase the level of 

expression. On the other hand, a “repressor” protein may bind to a specific site that partially overlaps with 

the promoter in order to sterically prevent RNAP binding to decrease the expression of a gene. External 

stimuli determine the level of expression of activators vs. repressors. Both repression and activation are 

strengthened by long-range interactions where the activator/repressor binds simultaneously not only near 

the promoter but also a second site further away, causing the looping out of the intervening DNA. This 

bridging of two distant sites causes an increase in protein local concentration and, therefore, a cooperativity 

effect that thermodynamically stabilizes the protein at the site near the promoter. Protein-mediated DNA 

looping can occur over different ranges (from a few base pairs to hundreds of kilobase pairs). For example, 

the AraC, Lac, Deo and Gal repressors, all have at least two specific binding sites, one of which is close to 

the promoter, while the other is one to few hundreds of base pairs away and mediate small loops which 

repress more effectively the genes these repressors regulate 2-4. Now, the second binding site (promoter 

distant) of proteins like these may be located in a different gene, meaning that the RNAP transcribing that 

second gene will run into an obstacle constituted by a protein mediating a loop. I will call the physical 

obstacle represented by a protein on the path of an elongating RNAP on the DNA template a “roadblock”. 

In vitro, roadblocks can be DNA-binding proteins like repressors, nucleoid architectural proteins 50, protein 

that direct replication 51, DNA-based molecular motors 52, repair proteins, proteins part of editing complexes, 

such as RNA-directed Cas9 53. These factors interact with transcription factories inside the dynamic, 

structured nucleoid 54-58 and can cause RNAP to pause and backtrack 59. In this dissertation the Lac repressor 

serves as a either a looping or roadblock, or both.  
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§1.3.3 lac repressor (LacI) and LacI mediated loop 

The lac repressor (LacI) is a DNA binding protein that binds to specific DNA sequences (operators). It is 

produced to repress the expression of the lac operon (a sequence of three genes responsible for the 

metabolism of lactose in E. coli) by binding at the O1 operator which partially overlaps the operon promoter. 

Structurally, lac repressor is a homo-tetramer with two pairs of dimers interacting via their C-terminal 

domains (CTDs) to form the “hinge” of a “V”. The ends of the V each contain a DNA binding NTD (Figure 

1.6A). Such V-shaped structure enables LacI to bind to two operators simultaneously and loop DNA. There 

are four types of operators with different binding affinities for LacI which in order of affinity are: “Oid”, 

“O1”, “O2” and “O3”. Oid is an engineered operator while the other three are naturally occurring. In vivo, 

O1 slightly overlaps with the lac operon promoter while O2 is located 401 bp downstream of O1 and O3 is 

located 92 bp upstream of O1 60. These three operators cooperatively strengthen the effective binding of 

LacI to O1 and, consequently, the repression of the lac operon 61 (Figure 1.6B). 

 

Figure 1. 6. Cartoons of LacI and its mechanism of gene expression regulation. (A) LacI tetramer 

bound to two DNA operators. (B) LacI represses transcription in vivo. The promoter (black outlined 

arrow) slightly overlaps with O1 operator. LacI can block RNAP initiation by simply binding to O1 (top 

panel) or mediated a loop (bottom panel). 
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§2.1 DNA preparation 

The DNA fragments used in all my studies were produced by Polymerase Chain Reaction (PCR). The 

reaction mixture contains the desired plasmid, primers (eurofins Genomics) designed using “A plasmid 

Editor” (ApE), deoxynucleotide triphosphates (New England BioLabs, NEB), Taq/Q5 DNA polymerase 

(NEB), and nuclease-free water. The annealing temperature was calculated using NEB Tm calculator. 

Multiple biotins or digoxigenin labeled DNA tails were required for the experiments where tethers are 

torsional constrained, especially for magnetic tweezers (MTs) experiments. Such ~150 bp biotin- or 

digoxigenin-labeled DNA anchor fragments were generated by ApaI or XmaI restriction in the middle of 

302 bp PCR amplicons produced using dATP, dCTP, dGTP, dTTP (Fermentas-Thermo Fisher Scientific 

Inc., Pittsburgh, PA, USA), and digoxigenin-11-dUTP (Roche Life Science, Indianapolis, IN, USA), or 

biotin-11-dUTP (Invitrogen, Life Technologies, Grand Island, NY, USA), in a molar ratio of 1:1:1:0.7:0.3. 

The product of ligation of the main fragment and two anchor fragments was purified and the total variation 

in DNA tether length, due to random placement of 30% biotin- or digoxigenin along the anchor fragments 

did not exceed 50 bp (16 nm) 29. 
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§2.1.1 DNA for the looping project in chapter 4 

Details about template and primers that were used to generate the MT DNA constructs are summarized in 

Figure2.1. 

 

Figure 2. 1. Plasmids, primers, and templates for the looping project in chapter 4. (Top table) The 

DNA constructs were constructed using plasmid templates with the indicated pairs of primers. (Bottom 

table) Sequences for each primer. Bio- or B- is a biotin tag at the 5’ end of the primer, and D- or dig- is a 

digoxigenin tag at 5’ end of the primer. Cartoons at left bottom shows the templates of DNA tethers. Blue 

dashed wall on the left represents the coverslip, the gray dashed half circles on the right represent beads. 

Unit of DNA length is base pair. 
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§2.1.2 DNA for the transcription project in chapter 5 

Details about template and primers that were used to generate the MT DNA constructs are summarized in 

figure 2.2. 

 

Figure 2. 2. Plasmids, primers, and templates for transcription project in chapter 5. (Top table) The 

DNA constructs were constructed using plasmid templates with the indicated pairs of primers. (Bottom 

table) Sequences for each primer. Bio- or B- is a biotin tag at the 5’ end of the primer. Cartoons at left 

bottom shows the templates of DNA tethers. Blue dashed wall on the left represents the coverslip, the gray 

dashed half circles on the right represent beads. λt1 is the name of terminator. Unit of DNA length is base 

pair. 

 

§2.2 Chamber preparation 

The bottom coverslip of the microchamber (Fisherbrand, Thermo Fisher Scientific, Waltham, MA, USA) 

supported a parafilm gasket produced with a laser cutter (Universal Laser Systems, VLS 860, Middletown, 

CT) with a central observation area connected through narrow inlet and outlet channels to inlet and outlet 

reservoirs, extending beyond the edges of the top coverslip (Figure 2.3). The coverslips with parafilm 

assembly were heated to seal its components together and form the microchamber. The narrow inlet and 
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outlet reduced the evaporation of the buffer, while the triangular shape of the chamber, confined the reaction 

in a relatively small volume and provided a gradient of tether densities to optimize throughput. 

 

Figure 2. 3. Image of a typical micro chamber. The bottom coverslip supports a parafilm gasket with 

inlet and outlet reservoirs at the edges of the top coverslip connected through narrow inlet and outlet 

channels to the central observation area under the coverslip. The parafilm and coverslips are heated and 

sealed together, and the total volume of the chamber is approximate 6 µL. 

 

The buffer used in different projects were slightly different. Basic Incubation buffer (BIB: 20 mM Tris-Cl 

(pH 7.4), 50 mM KCl, 1 mM DTT) and transcription buffer (TXB: 20 mM Tris-glutamate (pH 7.4), 10 mM 

magnesium glutamate, 50 mM potassium-glutamate, 0.2 mg/mL α-casein (Sigma-Aldrich, St. Louis, MO), 

1 mM DTT) were used for the transcription experiments while phosphate buffered saline (PBS) and λ buffer 

(10 mM Tris-HCl (pH 7.4), 200 mM KCl, 5% DMSO, 0.1 mM EDTA, 0.1 mg/mL α-casein, 0.2 mM DTT) 

were used in DNA looping related non-transcriptional experiments. The entire sample preparation was 

performed at room temperature (~25 °C) and materials were kept on ice. The beads used in TPM 

measurements were 0.32 µm diameter, streptavidin-coated polystyrene beads (Spherotech, Lake forest, IL, 

USA), while the beads used in MT measurements were 1.0 µm diameter, streptavidin-coated super-

paramagnetic beads (Dynabead MyOne Streptavidin T1, Invitrogen, Grand Island, NY).  

For looping projects, the chambers were first incubated with reference beads resuspended in PBS for 5 

minutes to let some beads adhere to the surface and serve as references during data acquisition and analysis. 

The chambers were then incubated with 4 μg/mL anti-digoxigenin (Roche Life Science, Indianapolis, IN, 
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USA) in PBS at room temperature for 30 min. They were then passivated with PBS supplemented with 6 

mg/mL α-casein at room temperature for 1 hour. DNA tethers in λ buffer were then introduced into the 

chamber for 15 min incubation to be attached through a single digoxigenin (TPM), or a multiply 

digoxigenin-labeled tail (MTs) to the anti-digoxigenin coated coverslip. The opposite end of the DNA was 

attached to a streptavidin-coated bead via a single biotin (TPM), or a multiply biotin-labeled tail (MTs) by 

flowing in the microchamber 0.03 mg/mL beads solution and letting them incubate for 10 min (TPM, Figure 

2.4A) or 0.02 mg/mL bead solution incubating for 5 min (MTs, Figure 2.9A). Both types of beads were 

washed in PBS twice and resuspended in λ buffer before introducing them into the chamber. 

For transcription measurements, the chambers were first incubated with reference beads resuspended in 

BIB for 5 minutes to let some beads adhere to the surface and serve as references during data acquisition 

and analysis. The chambers were then incubated with 10 g/mL purified Anti-HA 11 Epitope tag antibody 

(BioLegend, San Diego, CA, USA) in BIB at room temperature for 1 hour. They were then passivated with 

BIB supplemented with 6 mg/mL α-casein at 4 °C overnight. 60 nM doubly-HA tagged E. coli RNA 

polymerase were then drawn into the chamber and incubated 30 min at room temperature to let the HA-

labeled RNA polymerase bind to the anti-HA coated surface. 10 nM DNA template, 50 µM GpA (initiating 

dinucleotide, TriLink Bio Technologies, San Diego, CA, USA), and 10 µM ATP/UTP/GTP in TXB were 

introduced into the chamber to produce the stalled elongation complexes (SECs). For TPM experiments 

(Figure 2.4B), the end of the DNA far from the promoter was labeled with beads by flowing in the 

microchamber 0.03 mg/mL beads resuspended in TXB and letting them incubate for 10 min then wash out.  

For MTs experiments (Figure 2.9B), instead, a 0.02 mg/mL bead soμution was flowed in and incubated for 

5 min then wash out. Both types of beads were washed in PBS twice and resuspended in TXB before 

introducing them into the chamber. 
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§2.3 Proteins 

LacI was provided by Kathleen Matthews (Rice University). E. coli HU protein was overexpressed and 

purified in Fengfei Leng’s lab (Floride International University). RNA polymerases were provided by 

Karen Adelman (Harvard University) and Irina Artsimovitch (Ohio State University).  

 

§2.4 Tether particle motion (TPM) microscopy  

§2.4.1 Experimental setups for TPM measurements 

 

 

Figure 2. 4. Cartoons of the TPM experimental setup. (A) General TPM setup for looping projects. One 

end of DNA is immobilized on glass surface while the other end is linked to polystyrene bead. (B) General 

TPM setup for transcription projects. A stalled RNAP-DNA complex is immobilized on glass surface while 

the other end is linked to polystyrene bead. The projection of bead on XY plane gives ρ value relative to 

the anchor point which will then be used to analyze DNA excursion. 
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Tethered particle motion (TPM) microscopy is a simple but powerful tool for quantitative analysis of 

various tethered single polymers (DNA in this case) and their interaction with other entities (proteins in this 

case). The basic idea is to record the Brownian motion of microspheres tethered to a glass surface by single 

polymer molecules, analyze the effective length change of the tethered molecule in order to deduce its 

activity. Usually, the projection of tethered microspheres on the XY plane is recorded to infer the position 

of the anchor point and then the 2-D projection, ρ, of the 3-D position of the tethered bead. The ρ value 

provides a direct read-out of the effective tether length to which it can be converted using an appropriate 

calibration curve. Figure 2.4 shows the experimental setups of TPM used in this dissertation. 

 

§2.4.2 TPM microscope  

The microscope (Leica DM LB-100, Leica Microsystems, Wetzlar, Germany) I used is equipped with an 

oil-immersion objective (N-Plan 100 × 1.4) and a CV-A60 CCD camera (JAI, Copenhagen, Denmark). The 

video sequence was digitized with an IMAQ PCI-1409 frame grabber (National Instruments, Austin, TX) 

and analyzed using a custom Lab View (National Instruments, Austin, TX) routine. The exposure time of 

the CCD camera was minimized to avoid blurring that otherwise reduced the apparent amplitude of the 

motion of the bead. The exposure had to be much shorter than the time, tb, required by the bead to traverse 

its range of motion. A rough estimate is given by tb = σ2/D, where σ is the range of motion and D ≈ 1000 

nm2/ms is the diffusion coefficient of the bead obtained using the Stokes-Einstein formula. Typical values 

of tb are about 50 ms, I used 1 ms exposures, which are safely lower than tb. Standard PAL video cameras 

use an interlaced format: the even lines of each image are exposed 20 ms after the odd lines. To avoid 

blurring from this 20 ms offset, I analyzed the even and odd fields as independent sequences. This procedure 

effectively doubled the pixel spacing in the vertical direction (from 64 to 128 nm in the field of view) but 

did not significantly impair my determination of bead positions. 
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Figure 2. 5. Photograph of the TPM microscope in the Finzi-Dunlap lab used for the measurements 

described in this dissertation. 

 

§2.4.3 Data collection and analysis of TPM 

The absolute XY positions of each bead was recorded at 50 Hz with a custom Labview (National 

Instruments, Austin, TX, USA) program. Vibrational or mechanical drift in the position of each tethered 

bead was removed by subtracting the average position of multiple, stuck reference bead(s) within the same 

field of view 29, 62, 63. The excursion of each tether was then calculated as < 𝜌𝜌 >4/8𝑠𝑠=<

�(𝑥𝑥 −< 𝑥𝑥 >4/8𝑠𝑠)2 + (𝑦𝑦 −< 𝑦𝑦 >4/8𝑠𝑠)2 >4/8𝑠𝑠 , in which < 𝑥𝑥 >4/8𝑠𝑠, and < 𝑦𝑦 >4/8𝑠𝑠  are eight-second 

(looping projects) / four-second (transcription projects) moving averages representing the coordinates of 

the anchor point of a bead. Changes in the excursion of the bead reflect conformational (length) changes of 

the DNA tether 64-66. The beads that exhibited (x, y) position distributions with a ratio of the major to minor 

axes greater than 1.07, were discarded, since they were likely to be tethered by multiple DNA molecules 63. 

The excursion data from the time records of the beads, in the same experimental conditions, which passed 

this “symmetry test” were pooled for the following analysis. 
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§2.4.3.1 Looping probability Calculation 

For studies of DNA looping, the excursion data was used to generate probability distribution histograms. 

These summarized the average excursion distribution and, in the presence of LacI, they indicated three 

excursion peaks (two looped states and one unlooped state, figure 2.6) 29. The histogram of each selected 

temporal trace was fitted with three Gaussians, then the looping probability was calculated by dividing the 

area under the Gaussians corresponding to the two looped states (peaks with shorter excursion) by the total 

area under all three Gaussians. The mean value of looping probability under each protein condition were 

weighted by the length of each trace. 

 

Figure 2. 6. Looping probability calculation. A representative TPM trace (red) shows loop formation and 

breakdown, the unlooped state (blue dashed line) and the two looped states (green and yellow dashed lines) 

are indicated. The probability distribution function is shown with blue bars fitted with the sum of three 

Gaussians.  

 

§2.4.3.2 Looping probability distribution in transcription buffer (TXB) 

The looping probability distribution in TXB buffer was measured as a function of LacI concentration and 

is shown in figure 2.7. The highest looping probability of ~44% was obtained with a LacI concentration of 

0.2nM. The looping probability distribution in λ buffer is shown in figure 4.1. 
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Figure 2. 7. Looping probability vs LacI concentration. The looping probability was measured in 904 

bp-long DNA tethers with a 400 bp loop region under 0.02, 0.05, 0.1, 0.2, 0.5, 1, 5, 10nM LacI concentration 

in transcription buffer (TXB). 

 

§2.4.3.3 Calibration of rho square  

For transcription projects, in order to infer RNAP activity from the DNA tether length, a calibration curve 

relating tether length to <ρ2> values (Figure 2.8) was obtained.  

 

Figure 2. 8. Calibration of tether length and rho square. The recorded rho square values were converted 

into values of tether length by measuring rho square for tethers of DNA molecules with different known 
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lengths (244, 299, 480, 711, 904, 992, 1337 bp). The expression for the fitted line is: < ρ2 >= 36.05 ∗

tether length + 2973.4.  

 

§2.5 Magnetic tweezers (MTs)  

§2.5.1 Experimental set-up  

Although different implementations of magnetic tweezers exist 29, 67-70, the basic design is to use a pair of 

permanent magnets to apply tension or torsion to super-paramagnetic beads tethered by the molecule of 

interested to the surface of microscope flow-chamber. Cartoons of the experimental set-up I used are shown 

in figure 2.9. For both projects, the distances between magnet and beads were used to vary the tension 

applied to DNA. For looping projects (Figure 2.9A), the DNA tether is built torsional constrained (§2.2 

Chamber preparation), rotation of magnetic tweezer adds supercoiling into DNA tethers. For transcription 

projects (Figure 2.9B), RNAP was linked onto anti-HA coated coverslips by two HA-anti-HA linkages, 

while the bead labels the downstream end of DNA by a single, or multiple, biotin-streptavidin linkage(s) 

depending on the experimental torsional requirements. 

 

Figure 2. 9. Sketches of TPM mechanism and experimental setup. (A) General MTs setup for looping 

projects. (B) General MTs setup for transcription projects. 
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§2.5.2 MTs microscope equipment 

The custom-built magnetic tweezers microscope is shown as figure 2.10. From top to bottom, it is composed 

of illumination unit, magnet control unit, sample stage, objective control unit and image acquisition unit. 

All the units are aligned on a vertical rail which stands on a vibration damped optical table. Illumination 

unit contains custom LED (Luxeon Star LEDs, Quadica Developments Inc. Brantford, ON, Canada), 

brightfield illuminator. Magnet control unit contains magnetic dipole which consisted of two 

1/200x1/400X1/800 Neodymium N52 grade magnets (K&J Magnetics Inc. Pipersville, PA), spaced 1 mm 

apart, attached to a steel hub along with the illumination path. The steel hub was then mounted on a vertical 

translation stage and can be rotated using belt linkage with horizontally located motor (custom design). 

Sample stage is a customized aluminum plate whose XY position can be adjusted by two attached spiral 

micrometers. The center part of the plate is hollowed out for coverslip holding and interaction with objective. 

The objective control unit contains a Nikon Plan 100x/1.25 Oil immersion objective (Nikon Instruments 

Inc. Melville, NY), P-721 Piezo Flexure Objective Scanner (PI Physik Instrumente LP Auburn, MA) which 

can vertically control the position of objective. Image acquisition unit an f=160 mm tube lens (Thorlabs 

Inc. Newton, NJ) and a Basler acA2000-165um camera (IVS Imaging, Coppell, TX). 

Real-time 3D particle tracking was implemented following a previously published scheme 71. The XY 

location of each particle was tracked based on a radial symmetry detection algorithm 72. The pixel resolution 

is 72.5 nm/pixel. The noise the radial symmetry algorithm can moderate image noise to confine the particles 

to within 5– 10% of a pixel, yielding an accuracy of around 3–7 nm. Microscope controls and 3D tracking 

software were written in MATLAB (Mathworks Natick, MA) and utilize Micromanager (www.micro-

manager.org) to communicate with the hardware. Tracking routines and control software can be found at 

http://www.physics.emory.edu/faculty/finzi/research/code.shtml. 

 

http://www.physics.emory/
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Figure 2. 10. Photograph of the magnetic tweezer microscope in the Finzi-Dunlap lab used in the 

experiments reported in this dissertation. 

 

§2.5.3 Data collection and analysis of MTs 

Extension-versus-time data were acquired at 164 Hz using a custom-built instrument. A 60-point moving 

average of the motions of beads that were stuck to the surface was used to subtract mechanical drift 

introduced by vibration or thermal expansion of the microscope. A 200-point moving average of the drift-

corrected time-series was applied to abate the noise in each time series.  

 

§2.5.3.1 DNA extension calibration  

Z positions were determined by matching the radial profile of diffraction pattern intensity (𝐼𝐼𝑟𝑟) with the 

intensity pattern in the lookup table ( 𝐼𝐼𝑟𝑟[𝑧𝑧] ) that yielded the smallest total squared difference 

(argmin[∑ (𝐼𝐼𝑟𝑟[𝑧𝑧] − 𝐼𝐼𝑟𝑟)2𝑟𝑟 ]). Calibration experiments revealed that this scheme yielded a depth resolution of 

10-20 nm. Lookup tables were built by moving the objective over a preset range of heights, the diffraction 

pattern of a bead at every height was recorded and piled up to form a lookup table. Figure 2.11 shows how 

extension was extracted from the loop up table. A reference bead, stuck to the surface of the microchamber, 
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is away from the focal point and showed a larger diffraction pattern than that of a bead at the focal point. 

In the case illustrated in figure 2.11, the pattern of the stuck bead corresponded to the pattern around 59.7 

μm in the lookup table (blue dashed line) while the tethered bead which is close to the focal point showed 

a smaller diffraction pattern corresponding to the pattern around 56.7 μm in the lookup table (orange dashed 

line). Therefore, the difference in Z position between these two diffraction patterns shows the height 

difference between the reference bead and the tethered bead which represents the extension of the tethering 

DNA molecule. 

 

Figure 2. 11. Tether extension calibration. Cartoons on the left show the different Z values of reference 

bead and tethered bead relative to the focal point. Diffraction patterns in the middle show the imagine of 

tracked beads whose positions correspond to the cartoons on the left. Imagine on the right is the calibration 

lookup table which can be used to find the positions of beads according to their diffraction patterns. 

 

 §2.5.3.2 Force-magnet height curve and “Hat” curve achievement  

To control the force applied to the bead/DNA tether, the force-extension curve associated with the magnet 

height was necessary. The average tension F can be calculated by following equation at each magnet height: 
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〈𝐹𝐹〉 = 𝐿𝐿𝑘𝑘𝐵𝐵𝑇𝑇
〈𝛿𝛿𝑥𝑥2〉

, Where L stands for DNA extension, kB is Boltzmann constant, T is temperature, <δx2> is the 

mean square displacement in XY plane. Figure 2.12A shows the representative force-magnet height curve 

where the larger the magnet height is, the closer the magnet to the chamber. This curve enables me to 

achieve specific tension applying to DNA. 

 

Figure 2. 12. Force vs magnet height curve and “hat” curve. (A) Force vs magnet height curve calculated 

using equation: 〈𝑭𝑭〉 = 𝑳𝑳𝒌𝒌𝑩𝑩𝑻𝑻
〈𝜹𝜹𝒙𝒙𝟐𝟐〉

 . (B) “Hat” curve – DNA extension vs magnet turns curve. It was generated by 

sequentially increase DNA supercoiling from heavily negative to heavily positive. The inserted cartoons 

show the plectonemes forming and relaxing during this process. 

 

Under low tension, a torsionally constrained DNA tether can be twisted by rotating the pair of magnets. 

Increasing torsion induces plectonemes of increasing size. As plectonemic gyres are added in the DNA, its 

extension decreases monotonically and the slope of the sides of the hat curve yields the size of each 

plectonemic gyre. Figure 2.12B shows a representative extension vs magnet turns curve (“hat” curve). Hat 

curve shows the relationship between supercoiling level (σ = ΔLk / Lk0 = turns/ Lk0) and DNA extension. 

When multiple coilable tethers were recorded simultaneously in the same frame of view, the relaxed states 
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of each tether did not necessarily occur at the same rotation point of the magnet. In this case, hat curves are 

useful to indicate the relaxed state of each tether. 

§2.6 Transcription traces and pausing time measurement 

§2.6.1 Transcription on torsional relaxed DNA and no LacI-mediated looping 

For transcription measurements on torsionally relaxed DNA, the single biotin label at the end far from the 

T7A1 promoter acted as a swivel to relax any torsion the tether accumulated during transcription (Figures 

2.4B and 2.9B). Before adding NTPs, the extension of the tether was recorded for approximately 1 minute. 

Immediately after addition of 1 mM NTPs, turbulence lasting almost one minute produced spurious length 

measurements. When the turbulence subsided, many tethers returned to the previously measured extension 

value and shortly thereafter transcription elongation resumed, and the DNA extension decreased. When 

LacI bound at operator site, traces showed a clear pause with no clear extension changes for some time. 

These pause times were then calculated by simply picking two points located at the beginning and end of 

the pause, respectively. Pause duration was also determined by the scatter points that show no significant 

DNA extension changes comparing with the elongation process. As RNAP read through the operator, the 

DNA extension continues to decrease until RNAP reaches, or read through the terminator to the end of the 

DNA template at the flow chamber surface (Figure 2.13). 

 

Figure 2. 13. Representative transcription traces on torsionally relaxed DNA with no loop formation. 

Gray traces are control experiments without addition of LacI while blue traces are with LacI which shows 
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clear pauses at positions corresponding to the operators. The bar cartoons are the DNA templates used in 

each project and show the positions of T7A1 promoter, +22 start site, operators, λt1 terminator (MTs). 

 

§2.6.2 Transcription on torsionally-constrained DNA and no LacI-mediated looping 

A DNA tail labeled with multiple biotins was ligated at the end far from the T7A1 promoter to torsionally 

constrain the tether during transcription (Figure 2.4B and Figure 2.9B). The experimental was designed so 

that as RNAP encounters O1, ΔLk = +5. Since the distance between the +22 start site and the O1 operator 

is in the DNA construct is 253bp, the corresponding linking number of that stretch of DNA is 253(bp) / 

10.5(bp/turn) =24; Therefore, starting transcription on a DNA template with initial -19 turns will ensure 

ΔLk = +5 as RNAP encounters O1. The “hat” curve tells the height change from torsionally relaxed state 

to ΔLk = +5 which can be used to recognize RNAP pausing event at O1 operator as shown in Figure 2.14. 

The distance between 0 turn and +5 turn in “hat” curve tells the distance between the relaxed state and the 

+5 turn DNA state, facilitating recognition of a pause caused by the LacI obstacle. Note that -19 turns made 

the tether plectonemic and short at the beginning of the experiment. As transcription starts, positive 

supercoiling generated by RNAP annihilates the negative plectonemes present in the tether and causes it to 

extend, until the torsionally relaxed state is reached (highest extension). Further transcription adds positive 

plectonemes into the tether which shorten the tether again until RNAP is stopped by excessive accumulation 

of positive supercoiling.  
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Figure 2. 14. Measurement of pause time on supercoiled DNA. (Left) “hat” curve representing the 

relationship between tether extension and magnet rotation. (Right) A representative trace that starts 

transcription after -19 turns had been introduced in the DNA template of a stalled TEC. The two horizontal, 

black dashed lines show that the elongation pause occurred after RNAP had introduced +5 turns in the 

template. Given the distance of 253 bp between the stall and the O1 site, this is expected to be exactly in 

front of O1: [(253bp/10.4bp/turn) – 19 turns] = ~5 turns. 
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§2.6.3 Transcription on torsional relaxed DNA with LacI-mediated looping 

 

Figure 2. 15. An illustrative example which assembles segments from several traces that transcribing 

with loop formation. Top series of cartoon show putative configurations that correspond to different 

intervals in the example. The green areas indicate transcriptional activities, the purple arrows (PA) mark 

the time that loop forms while the blue arrows (BA) mark the time that loop breaks. 

 

A LacI-mediated loop can produce discrete jumps or plateaus as transcription decreases the tether length. 

To facilitate interpretation, an illustrative example was assembled from segments drawn from different 

traces (Figure 2.15). Note that transcription draws the bead toward the anchor point and shortens the tether. 

In interval (I), the DNA tether length remains constant before introducing NTPs and LacI (red arrow). 

Transcription begins shortly after introducing NTPs in interval II and a loop form (PA 1), but the loop 

ruptures (BA 1) as RNAP approaches Onear and RNAP pauses at this location suggesting that LacI is bound 

to Onear.  In interval (III), a loop forms (PA 2) while RNAP is paused in front of Onear and ruptures (BA 2) 

shortly thereafter, suddenly restoring the tether length to Onear. At the beginning of interval (IV), RNAP 

begins to transcribe the inter-operator region downstream of Onear as a loop form (PA 3). Loop breaks down 

(BA 3) after about 40 seconds and the new tether length corresponds to RNAP approximately in the middle 

of the loop segment, 200 bp from Onear. Then, RNAP stalls for 150 second until the loop reforms (PA 4). 
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Judging from the tether length at the time loop (BA 3) ruptures, RNAP has not progressed further while 

circumscribed by loop. Transcription resumes shortly after loop ruptures (BA 4) and then RNAP pauses at 

Ofar, interval (V). This indicates that LacI is bound to Ofar. In this region, loop formation may occur but does 

not significantly change the tether length and cannot be detected. In interval (VI) RNAP has passed Ofar 

and transcribes to the end of the DNA template. The x lengths of (III) and (V) intervals represent the pause 

time at Onear and Ofar, respectively. The x lengths of interval (IV) are the time RNAP spent inside the loop 

region. 
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Chapter 3 Energetics of twisted DNA topologies  
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§3.1 Summary 

Conformational changes in DNA that result from torsional stress, modulate subsequent transactions and are 

essential for the regulation of DNA biochemistry. The energy changes associated with these torsion-induced 

conformational changes direct this regulation and are important for understanding cellular energy 

transactions and balance 73. However, given the different types and length scales of conformational 

responses to torsion in DNA, it has been challenging to theoretically describe the energetics of torsion-

driven, topological or conformational changes in DNA with a single model. 

In this chapter 74 I review the main theoretical models used to calculate free energy changes associated with 

common, torsion-induced conformational changes in DNA and provide the resulting equations hoping to 

facilitate quantitative analysis of both in vitro and in vivo studies. This chapter begins with a summary of 

work regarding the energy change of the negative supercoiling-induced B- to L-DNA transition, followed 

by a discussion of the energetics associated with the transition to Z-form DNA. Lastly, it describes the 

energy changes associated with the formation of DNA curls and plectonemes, which can regulate DNA-

protein interactions and promote crosstalk between distant DNA elements, respectively. The salient 

formulas and parameters for each scenario are summarized in table format to facilitate comparison and 

provide a concise, user-friendly resource. 

§3.2 Free energy of torsion-induced conformational changes in DNA 

DNA adopts various conformations and topologies depending on the tension and torque to which it is 

subjected, and the dominant conformations over a range of tension and torque have been theoretically 

predicted 38. I confine my attention to the energy of DNA conformations most relevant in vivo, including 

B-form, melted, intertwined, Z-form, and plectonemic DNA (Figure. 3.1). 
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Figure 3. 1. Sketches of the twin-domain model. During transcription of a template that is torsionally 

constrained at each end, negative supercoiling accumulates upstream while positive supercoiling 

accumulates downstream. This RNA polymerase-generated supercoiling can produce plectonemes, though 

negative supercoiling may induce DNA melting or transition to the L/Z-form before plectonemes are formed 

at the buckling transition. Transcription is not the only supercoiling-generating process in the cell, but it is 

used here as an example. 

§3.2.1 Energies of DNA melting and of the B-Z transition 

As B-DNA is progressively unwound, the magnitude of (-) torque increases. The B-L transition is triggered 

beyond a threshold of negative torque and continues until the entire molecule adopts the L-form. In this 

transition, if tension is high enough (but still physiological, f < 20 pN) to prevent buckling of a negatively 

twisted DNA molecule, base pairs will start melting when the torque reaches about -10 pN·nm. With further 

negative twist, the torque remains constant as B-DNA transitions to L-DNA. Since L-DNA has a much 

higher twist persistence length (CL ϵ (10-20) nm) 75 than intertwined, melted DNA (Cmelt ≈ 1nm, Eq. 1), L-

DNA is believed to be composed of intertwined, melted DNA and other non-canonical structures like Z-

DNA 76. Previous models have shown that less energy is required to denature an A:T base pair than a C:G 

base pair, ΔG ≈ 1.9 and 2.9 kBT, respectively 77, so DNA melting occurs preferentially in AT-rich regions. 

Conversely, the B-Z transition is most common in DNA regions containing dinucleotide repeats of d(pCpG) 

or d(pGpT)78. Both melting and the B-Z transition are highly sensitive to increases of temperature and pH, 

which destabilize hydrogen bonding in base pairs, and salt concentration, which reduces repulsions between 
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the sugar phosphate backbones to stabilize base pairing. This discussion is limited to the most common 

experimental conditions, namely room temperature (25 °C), pH 7.5-7.7, and salt concentrations from 10 to 

400 mM. 

The energy necessary to melt B-DNA can be divided into two contributions (EbpM in Eq. 1, Table 1): (1) 

The energy required to melt an initial base pair which depends on the base pair type and averages Ɛini,melt ≈ 

9-11 kBT 79 , and (2) the energy associated with melting successive base pairs, which depends on each base 

pair and its neighbors 77, 80, 81. After melting, the twist energy of the melted region changes as torsional stress 

within what was previously dsDNA is sustained by intertwined, but unpaired, single strands and can be 

expressed as EtwM in Eq. 1 in Table 1. The twist persistence length, Cmelt, varies from approximately 1 to 3 

nm as [Na+] drops from 400 mM to 10 mM 80, 81, as expected since the ionic screening of electrostatic 

repulsions falls with the salt concentration. Cmelt for (AAT) repeats can even exceed 15 nm in Tris buffer 

with no salt, which indicates that like B-form DNA, the twist rigidity of intertwined, melted DNA increases 

as monovalent cation concentrations decrease. For non-hybridized, intertwined strands, the average twist 

angle of each disrupted base pair, �̅�𝜃, is determined by minimizing the overall energy 82. An intertwined, 

melted region contributes ΔLkmelted = (n�̅�𝜃)/2π to the linking number, where n is the number of denatured 

base pairs after loss of n/10.5 turns due to melting. If the overall linking number of the molecule is fixed, 

the linking number change of DNA segments surrounding the melted region will be -ΔLkmelted, 82 which can 

be plugged into Eqs. 3, 4, or 5 in Table 1 (depending on the model used; see section ii) to calculate the twist 

energy of the flanking B-DNA.  

Similar to melting, the free energy for the B-Z transition can be calculated considering two contributions 

(EbpZ in Eq. 2, Table 1). One is the energy of disrupted base stacking including the “domain wall energy”, 

Ɛwall, of ~8.4 kBT at each junction between B- and Z-form segments 76, 83, 84. The other is the energy associated 

with disrupting each additional base pair, following the first one, which depends on the nature of the base 

pair, for example, ~1.1 kBT/bp, for d(pCpG) repeats, ~2.4 kBT/bp, for d(pCpA) repeats 83, 84. After a B-Z 

transition has initiated, considering only d(pCpG) repeats with m base pairs, in a conventional zipper model 
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84, the change in twist in going from B-form (10.5 bp/turn) to Z-form (-12 bp/turn) is ΔLkB-Z = -am -2b, 

where a is the change in twist for a single GC base pair flipped from B to Z and is given by: a = 2·(1/10.5 + 

1/12), while b = 0.4, is the twist at the boundary between the B- and Z-forms. Such a change in twist 

consequently alters the linking number of flanking DNA and its twist energy as well. The twist energy of 

Z-DNA is expressed as EtwZ in Eq. 2, Table 1, where the twist persistence length, Cz, is determined to be 

approximately 7 nm in Tris buffer without salt85.  

DNA melting and the B-Z transition alter the DNA conformation over a long-range and may affect the 

DNA-binding energy of proteins. For example, RNA polymerase binds more readily if the DNA is partially 

melted, and there is a lowered energy barrier for strand separation. Similarly, Z-form DNA is the binding 

target of certain proteins, such as human ADAR1, a prototypic Z-DNA binding protein (ZBP), which 

otherwise must induce Z-form DNA upon binding 86. Knowledge of the energetics of different DNA 

conformations facilitates a quantitative understanding of how DNA topological changes regulate protein 

binding and enzyme activity. 

§3.2.2 Energies of extended, curled, and plectonemic DNA 

This section focuses on the buckling transition and the associated energy change. Studies of the buckling 

transition have often focused on positively supercoiled DNA, where DNA remains in the B-form under 

tension up to 10 pN and torsion up to 40 pN·nm 38.  

Initially, twisting a DNA molecule under tension produces an extended conformation (Figure 1.3). One of 

the simplest models for this is the twistable worm-like chain (TWLC) (Table 1, Eqs. 3 and 6), which treats 

DNA as an inextensible rod with independent flexural and torsional elasticities 87.  However, given the 

intrinsic helicity of DNA, a twist-bend coupling parameter, G, improves the accuracy of theoretical 

descriptions 88, 89. 

In the absence of tension,  f=0, and externally applied torsion, τ=0, when taking into consideration the 

coupling that must exist between helical DNA bending and the consequent twist, the intrinsic bending 
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stiffness, A, and twisting stiffness, C, should be calculated as the renormalized, G-dependent values κb, and 

κt, respectively 90. Then, κb, κt can be used to calculate the tension-dependent (f > 0) effective twisting 

stiffness, Ceff (Table 1, Eq. 3). This was found to be in excellent agreement with the one derived from a 

coarse-grained model of DNA, which used improved conformational parameters and salt dependence, and 

in reasonable agreement with experiments, especially at low tension (f ≤ 1 pN) 91. For small values of G, 

Nomidis et al. 91 proposed a calculation of the free energy of extended DNA under both tension and 

externally applied torsion based on perturbation theory (Table 1, Eqs. 4 and 7). Their approach identified a 

very large characteristic force, f0 ≈ 600 pN, above which Ceff finally approaches the intrinsic value C. For 

almost all single-molecule measurements on DNA with mechanical properties under physiologically 

relevant conditions, the forces at play are a lot smaller than f0, making it justifiable and accurate to use Ceff, 

instead of C. 

If the extensibility of DNA is taken into consideration, instead of using the TWLC model, the chiral, 

extensible worm-like chain (CEWLC) model can be used, which takes into consideration the coupling 

between twist and stretch, expressed as the coupling parameter g 92. Using this model, the free energy of a 

DNA molecule under both tension and torsional stress was formulated by Marko 92 (Table 1, Eq. 8) and 

used to fit experimental data and determine the value of g 93, 94. Under low tension, the extension of double-

stranded DNA increases upon winding and a negative g characterizes this behavior. DNA has a narrower 

minor groove, but a positive base pair inclination, which leads to a slenderer and more extended double 

helix than that of RNA 95. Under the same conditions, double-stranded RNA is characterized by a positive 

g 94, 96, with a more compact conformation, a narrower major groove, and reduced helical extension 

compared to DNA.  

Either the TWLC or CEWLC, with G or g, respectively, ≠ 0, are still simplified models of DNA mechanics 

under torsion, since the bending and twisting stiffness are DNA sequence dependent 97, 98. Both the TWLC 

and CEWLC models have been used to successfully predict the torsional and bending stiffness of DNA 91, 

92. However, combination of these two models into one that couples G and g would provide a unified model 
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that allows simultaneous consideration of both the asymmetric nature and extensibility of double-stranded 

DNA. More rigorous constitutive theoretical frameworks have been developed for the short-range 

mechanical behavior of DNA as a function of sequence 32, defects 34-36, and distortions 37. These models 

have proved useful to predict, for example, sequence-dependent local DNA topologies, such as the 

positioning of nucleosomes 99, 100, or the position of DNA supercoils 32, based on energy cost of deforming 

specific DNA sequences.  

When the torque on a DNA molecule exceeds a critical value, τ’, accumulated strain will trigger buckling 

23 and plectoneme nucleation which abruptly shrinks the overall extension. This buckling transition is first 

characterized by a “soliton” transition state 101, 102 with energy given by Eq. 9 in Table 1. After a soliton is 

formed, a “curled” intermediate state 30, 102 is the following step towards the formation of plectonemes 

(Figure 1.3). Near the buckling transition, the extension of DNA molecules toggles between two distinct 

values, the frequencies of which display the probabilities of these states 103. The critical value of linking 

number at the buckling transition, which corresponds to the torsion that causes the curled and extended 

DNA states to be equally probable, increases with the applied tension and molecule length 104. The 

analytical formula is available 30, and the critical torque, τ’, can be easily calculated by using Eq. 7 (Table 

1).  

Theoretical expressions for the free energy of stretched-twisted DNA (Table 1. Eq. 6), curls (Table 1. Eq. 

10), and plectonemic DNA (Table 1. Eq. 11) describe the partitioning of energy associated with a single 

DNA molecule 30, 105. These expressions can be used to calculate the number of curls, plectonemes, the size 

of plectonemic gyres, the probability of each conformation, and the average extension of DNA as a function 

of tension, DNA length, and salt concentration.  

For salt concentrations lower than 50 mM, the persistence length of DNA increases due to reduced 

electrostatic screening. This contributes to the electrostatic repulsion energy term, U(r, α) in Eq. 11 of Table 

1, and the number of curls and plectonemes along DNA decreases. Even under the most common 

experimental conditions in which f > 0.25 pN and the monovalent salt concentration is in the range of 100 
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– 200 mM, a buckling transition rarely involves more than one plectoneme 30 due to the high energy required 

to curl the DNA and repulsion between the negatively charged helices. As might be expected since tension 

opposes bending fluctuations and reduces entropy, the DNA length per plectonemic gyre decreases as 

tension f increases. However, under very low forces (f < 0.25 pN), which negligibly penalize the formation 

of curls and plectonemic end-loops, multiple plectonemes may occur 30. 

In vivo, distortions or sequence-dependent architecture of the DNA as well as protein binding may favor 

the formation of multiple plectonemes or curls along DNA. Instead of plectonemes randomly nucleating 

along DNA, the DNA sequence can favor plectonemes and curls in particular positions due to the intrinsic 

curvature or deformability of specific DNA sequences, although the AT versus GC content per se is not 

necessarily a determinant for plectoneme formation 32. In addition, local defects induced by DNA mismatch, 

or damage, can also spur the formation and localization of plectonemes, which suggests that plectoneme 

formation might be a mechanism for locating the site of lesions requiring repair in vivo 36, 102. Epigenetically, 

proteins that bind to and stabilize curls might lower the energy required to induce curls at multiple protein 

binding sites 30, 99, 100. In turn, mild torsion generated by motor enzymes may facilitate transcriptional 

initiation while highly plectonemic regions might stall transcriptional elongation. 

The nucleation energy largely determines whether specific DNA sequences with mismatches, kinks, or 

other deformities pin plectonemes, and various models with which to calculate it have been proposed 32, 34, 

35, 37, 106. Most begin with the bending or twisting energy of DNA and introduce additional mechanical 

features. Given that DNA buckling and plectonemes directly affect DNA long-range interactions, it is 

important to understand how the sequence and tension within a DNA segment, as well as the surrounding 

salt concentration, affect the free energies of these topologies. This improves my understanding of DNA 

dynamics and regulation in vivo. 

§3.3 Table of energy equations 
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Common symbols: 
𝐿𝐿𝑠𝑠: Stretched DNA contour length;  𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒: Effective twist persistence length (twist modulus/𝑘𝑘𝐵𝐵𝑇𝑇); ∆𝐿𝐿𝑘𝑘: linking number change in stretched B-
form DNA; 𝑓𝑓: tension;  𝜏𝜏: torque; 𝜔𝜔0: intrinsic twist of DNA, 𝜔𝜔0 = 2𝜋𝜋

3.57
 nm−1; 𝐺𝐺: twist-bend coupling parameter ( 𝐺𝐺 : 30 -- 40 nm 90, 91); 𝑔𝑔: 

twist-stretch coupling parameter (unitless) ( 𝑔𝑔 : -22 ~ -17 93, 94, 96 ); 𝐴𝐴: bend persistence length; 𝐶𝐶: twist persistence length. 

Energy 
type 

Equations Annotations Ref. 
# 

Eqn. 
# 

Energy of 
intertwined, 
strand 
separated 
DNA 

𝐸𝐸𝑀𝑀𝑒𝑒𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 = 𝐸𝐸𝑀𝑀𝑡𝑡𝑀𝑀 + 𝐸𝐸𝑏𝑏𝑏𝑏𝑀𝑀 
 
𝐸𝐸𝑀𝑀𝑡𝑡𝑀𝑀: Energy of intertwined, melted region: 
 

𝐸𝐸𝑀𝑀𝑡𝑡𝑀𝑀 =
1
2
𝑛𝑛 𝜅𝜅𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀�̅�𝜃2

=
𝑘𝑘𝐵𝐵𝑇𝑇𝐶𝐶𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀

2𝐿𝐿𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀
(2𝜋𝜋∆𝐿𝐿𝑘𝑘𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀)2 

 
 
𝐸𝐸𝑏𝑏𝑏𝑏𝑀𝑀: Energy cost for denature base pairs in 
a melted region: 

𝐸𝐸𝑏𝑏𝑏𝑏𝑀𝑀 = 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖,𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀 + �𝜀𝜀𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀,𝑖𝑖

𝑖𝑖

𝑖𝑖=1

 

 

𝑛𝑛: number of unpaired base pairs. 
�̅�𝜃: average twist angle of each 
disrupted base pair. 
Length of melted region: 𝐿𝐿𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀 ≈
𝑛𝑛 ∗ 0.54𝑛𝑛𝑛𝑛/𝑏𝑏𝑏𝑏 75 , 2𝜋𝜋∆𝐿𝐿𝑘𝑘𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 =
𝑛𝑛�̅�𝜃. 
𝜅𝜅𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀: twist modulus of two 
intertwined strands, ~2.3𝑘𝑘𝐵𝐵𝑇𝑇. 
Twist persistence length: 𝐶𝐶𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀 =
𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚∗𝜅𝜅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑖𝑖𝑘𝑘𝐵𝐵𝑇𝑇
≈ 1.2𝑛𝑛𝑛𝑛. 

 
𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖,𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀: initial energy for melting: 
9 − 11  𝑘𝑘𝐵𝐵𝑇𝑇. 
∑ 𝜀𝜀𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀,𝑖𝑖
𝑖𝑖
𝑖𝑖=1 : sum of energy cost for 

each individual base pair melting, 
where 𝜀𝜀𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀,𝑖𝑖  depend on each base 
pair and its neighbors, particular 
values can be found 77. 
 

Change of linking number 
that melted region 
contributes to flanking 
DNA: 
 
 

Δ𝐿𝐿𝑘𝑘𝐵𝐵−𝑚𝑚𝑒𝑒𝑀𝑀𝑀𝑀 =
𝑛𝑛

10.5
−
𝑛𝑛�̅�𝜃
2𝜋𝜋

 

75, 

77, 

79-

82, 

85, 

107 
 

 
 
 
 
 
 
(1) 

Energy of Z-
form DNA 
(fixed two 
boundaries) 

𝐸𝐸𝑍𝑍 = 𝐸𝐸𝑀𝑀𝑡𝑡𝑍𝑍 + 𝐸𝐸𝑏𝑏𝑏𝑏𝑍𝑍 
 
𝐸𝐸𝑀𝑀𝑡𝑡𝑍𝑍: Energy of twisting Z-DNA: 
 

𝐸𝐸𝑀𝑀𝑡𝑡𝑍𝑍 =
𝑘𝑘𝐵𝐵𝑇𝑇𝐶𝐶𝑍𝑍

2𝐿𝐿𝑍𝑍
(2𝜋𝜋Δ𝐿𝐿𝑘𝑘𝑍𝑍)2 

 
𝐸𝐸𝑏𝑏𝑏𝑏𝑀𝑀: Energy cost for B-Z transition: 

𝐸𝐸𝑏𝑏𝑏𝑏𝑀𝑀 = 2𝜀𝜀𝑡𝑡𝑤𝑤𝑀𝑀𝑀𝑀 + �𝜀𝜀𝐵𝐵−𝑍𝑍,𝑖𝑖

𝑚𝑚

𝑖𝑖=1

 

 

𝐿𝐿𝑍𝑍:  Length of Z-form DNA. 
Δ𝐿𝐿𝑘𝑘𝑍𝑍: twist change in Z-form 
DNA. 
𝐶𝐶𝑍𝑍: Twist persistence length, 
~7𝑛𝑛𝑛𝑛  for d(pCpG)n repeats. 
 
𝜀𝜀𝑡𝑡𝑤𝑤𝑀𝑀𝑀𝑀: domain wall energy, 
~8.4 𝑘𝑘𝐵𝐵𝑇𝑇. 
𝑛𝑛: number of base pairs that 
undergo B-Z transition,𝐿𝐿𝑍𝑍 = 𝑛𝑛 ∗
0.37𝑛𝑛𝑛𝑛/𝑏𝑏𝑏𝑏 108. 
∑ 𝜀𝜀𝐵𝐵−𝑍𝑍,𝑖𝑖
𝑚𝑚
𝑖𝑖=1 : sum of energy cost for 

disrupting each additional base 
pair, following the nucleus of Z-
DNA, where 𝜀𝜀𝐵𝐵−𝑍𝑍,𝑖𝑖 ≈ 1.1 𝑘𝑘𝐵𝐵𝑇𝑇 for 
d(pCpG) repeats, 𝜀𝜀𝐵𝐵−𝑍𝑍,𝑖𝑖 ≈ 2.4 𝑘𝑘𝐵𝐵𝑇𝑇 
for d(pCpA) repeats 83, 84. 

Change of linking number 
that B-Z transition 
contributes to flanking 
DNA: 
 
∆𝐿𝐿𝑘𝑘𝐵𝐵−𝑍𝑍 = −𝑎𝑎𝑛𝑛 − 2𝑏𝑏, 
 
𝑎𝑎 = 2 � 1

10.5
+ 1

12
�, 

 
𝑏𝑏 = 0.4. 

83-

85, 

108, 

109 

 
 
 
 
 
 
(2) 

 
 
 
 
 
 
 
Twist energy 
of stretched 
B-form DNA 

 
 
 
 
 
 
 
 
 

𝐸𝐸𝑀𝑀𝑡𝑡𝐵𝐵 =
𝑘𝑘𝐵𝐵𝑇𝑇𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒

2𝐿𝐿𝑠𝑠
(2𝜋𝜋Δ𝐿𝐿𝑘𝑘𝐵𝐵)2 

 
 
 
 
 
 
 
 
 

1
𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒

=
1
𝐶𝐶∗

+
1

4𝐴𝐴∗
�
𝑘𝑘𝐵𝐵𝑇𝑇
𝑓𝑓𝐴𝐴∗

 

TWLC model (G=0): 
𝐴𝐴∗ = 𝐴𝐴 (≈ 50nm) 
𝐶𝐶∗ = 𝐶𝐶 (≈ 100nm) 

105  
(3) 
 

TWLC (G≠0 & very large 
G) 
Non-perturbation theory: 
𝐴𝐴∗ = 𝜅𝜅𝑏𝑏

= 𝐴𝐴
1 − 𝜀𝜀2

𝐴𝐴2 −
𝐺𝐺2
𝐴𝐴𝐶𝐶 (1 + 𝜀𝜀

𝐴𝐴)

1 − 𝐺𝐺2
2𝐴𝐴𝐶𝐶

 

𝐶𝐶∗ = 𝜅𝜅𝑀𝑀 = 𝐶𝐶
1 − 𝜀𝜀

𝐴𝐴 −
𝐺𝐺2
𝐴𝐴𝐶𝐶

1 − 𝜀𝜀
𝐴𝐴

 

𝜀𝜀: the bending anisotropy. 

90  
 
 
(4) 
 

TWLC (G≠0&G is small) 
Perturbation theory (𝑓𝑓 ∈
(0.1𝑏𝑏𝑝𝑝, 10𝑏𝑏𝑝𝑝): 

1
𝐴𝐴∗

=
1
𝐴𝐴

(1 +
𝐺𝐺2

2𝐴𝐴𝐶𝐶
) 

1
𝐶𝐶∗

=
1
𝐶𝐶

(1 +
𝐺𝐺2

𝐴𝐴𝐶𝐶
) 

91  
 
 
(5) 
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Table 1. Energy expressions for DNA under different conditions of tension and torsion. Some variable 

names have been changed and values/units have been converted from those used in the original reports for 

uniformity.  

 

Stretched 
DNA, TWLC 
model (G=0) 

 
𝐸𝐸(𝑓𝑓,∆𝐿𝐿𝑘𝑘)

= [−𝑓𝑓 + �𝑓𝑓𝑘𝑘𝐵𝐵𝑇𝑇
𝐴𝐴

+
𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑘𝑘𝐵𝐵𝑇𝑇

2
�

2𝜋𝜋∆𝐿𝐿𝑘𝑘
𝐿𝐿𝑠𝑠

�
2

]𝐿𝐿𝑠𝑠 

Definitions of 𝑓𝑓,𝐴𝐴,𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒,∆𝐿𝐿𝑘𝑘, 𝐿𝐿𝑠𝑠 see above. 105  
 
(6) 

Stretched-
twisted 
DNA, 
(perturbation 
theory) 
(G≠0) 

 

𝐸𝐸(𝑓𝑓, 𝜏𝜏) ≈ �−𝑓𝑓 + �𝑓𝑓𝑘𝑘𝐵𝐵𝑇𝑇
𝐴𝐴∗

+ Γ𝜏𝜏

−
𝜏𝜏2

2𝑘𝑘𝐵𝐵𝑇𝑇𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒
� 𝐿𝐿𝑠𝑠 

 
 
Torque:𝜏𝜏 ≈ 2𝜋𝜋𝑘𝑘𝐵𝐵𝑇𝑇𝐶𝐶𝑚𝑚𝑒𝑒𝑒𝑒

𝐿𝐿𝑠𝑠
∆𝐿𝐿𝑘𝑘 

Proportionality constant Γ. 
 

Γ =
𝐺𝐺2

8𝐴𝐴2𝐶𝐶2𝜔𝜔0
 

 

91  
 
(7) 

Stretched-
twisted 
DNA, 
(CTWLC 
model) 
 

 
𝐸𝐸

𝑘𝑘𝐵𝐵𝑇𝑇𝐿𝐿𝑠𝑠

=
1
𝐴𝐴
�
𝐴𝐴𝑓𝑓
𝑘𝑘𝐵𝐵𝑇𝑇

−
1
4

(𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝜔𝜔0𝜎𝜎 +
𝑔𝑔𝑓𝑓
𝐾𝐾0

)2

+
𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒

2
𝜔𝜔0
2𝜎𝜎2 −

𝑓𝑓
𝑘𝑘𝐵𝐵𝑇𝑇

−
𝑘𝑘𝐵𝐵𝑇𝑇
2𝐾𝐾0

(
𝑓𝑓
𝑘𝑘𝐵𝐵𝑇𝑇

− 𝑔𝑔𝜔𝜔0𝜎𝜎)2 

𝜎𝜎: supercoiling level 

𝜎𝜎 =
∆𝐿𝐿𝑘𝑘
𝐿𝐿𝑘𝑘0

 

𝐾𝐾0: the stretch modulus. 
𝐾𝐾0 ≈ 1200𝑏𝑏𝑝𝑝 

 
𝑓𝑓,𝐴𝐴,𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 ,∆𝐿𝐿𝑘𝑘, 𝐿𝐿𝑠𝑠 ,𝑔𝑔,𝜔𝜔0 
see above 
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�

− 2𝜋𝜋𝑊𝑊𝑊𝑊𝑠𝑠(𝜏𝜏 +
𝜋𝜋𝑘𝑘𝐵𝐵𝑇𝑇𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑊𝑊𝑊𝑊𝑠𝑠

𝐿𝐿
)2 

𝐿𝐿: DNA 
length in 
nm. 

𝑙𝑙: soliton length 
scale: 
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�
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1
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𝑊𝑊𝑊𝑊𝑠𝑠: writhe in soliton: 
 

2
𝜋𝜋
𝑡𝑡𝑎𝑎𝑛𝑛−1[

2𝐴𝐴
𝜏𝜏𝑙𝑙

tanh (
𝐿𝐿
2𝑙𝑙
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Curled DNA  
𝐸𝐸𝑐𝑐
= (8

−
3.14𝑓𝑓(0.8 + 2.2𝜅𝜅𝐷𝐷−1)2

𝐴𝐴𝑘𝑘𝐵𝐵𝑇𝑇
)�𝑘𝑘𝐵𝐵𝑇𝑇𝐴𝐴𝑓𝑓 

𝜅𝜅𝐷𝐷−1: Debye length,  𝑓𝑓,𝐴𝐴 see above. 30  
 
(10) 

Plectonemic 
DNA 𝐸𝐸𝑏𝑏 =

2𝜋𝜋2𝐶𝐶𝑘𝑘𝐵𝐵𝑇𝑇
𝐿𝐿𝑏𝑏 + 𝑞𝑞Γ �Δ𝐿𝐿𝑘𝑘𝑏𝑏 −𝑊𝑊𝑊𝑊𝑏𝑏�

2 

+𝐿𝐿𝑏𝑏 �
𝐴𝐴𝑘𝑘𝐵𝐵𝑇𝑇(𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠)4

2𝑊𝑊2 + 𝑈𝑈(𝑊𝑊,𝑠𝑠)� 

+𝑞𝑞𝜀𝜀𝑏𝑏�𝐴𝐴𝑓𝑓𝑘𝑘𝐵𝐵𝑇𝑇 

𝑞𝑞: number of plectonemes along DNA, 𝐿𝐿𝑏𝑏: plectoneme length, 
Δ𝐿𝐿𝑘𝑘𝑏𝑏: linking number change of plectoneme, 𝑊𝑊𝑊𝑊𝑏𝑏: total writhe of 
the plectonemic regions: 𝑊𝑊𝑊𝑊𝑏𝑏 = 𝐿𝐿𝑝𝑝𝑠𝑠𝑖𝑖𝑖𝑖2𝛼𝛼

4𝜋𝜋𝑟𝑟
+ 𝑞𝑞𝜔𝜔𝑏𝑏 (𝜔𝜔𝑏𝑏 ≈ 1),  𝑈𝑈(𝑊𝑊,𝑠𝑠):  

electrostatic repulsion and entropic confinement free energy,  Γ: 
length of the end-loop and tail region of a plectoneme (Figure. 3.1), 
more details please refer to 30. 
--Top part of left expression represents the twist energy of 
plectoneme. 
--The middle term in the sum represents bending energy as well as 
the electrostatic repulsion and entropic confinement free energy 
(whole plectonemes except end-loop and tail region). 
--Bottom part contains the energy contribution of end-loop and tail 
region 

30  
 
 
 
 
(11) 
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§3.4 Remarks 

As described in Figure 3.2, the interplay between DNA processing, DNA conformational and topological 

changes, and regulation via protein binding is tuned by a complex network of energy contributions. In vivo, 

DNA conformations are dynamic due to protein binding and processing by such enzymes as polymerases 

and helicases which can generate tension and torque. In turn, different DNA conformations affect 

protein/enzyme-DNA interactions. Highly supercoiled regions stall transcription while transcription-

generated positive supercoiling destabilizes nucleosomes and other protein roadblocks 110 to facilitate 

elongation. Previous experiments have shown that elongation by RNAP will stall if the torque in the DNA 

template exceeds approximately 11 pN·nm 111, and topoisomerases are thought to relax excessive torsion 

to sustain transcription 112-114. Transcription-coupled DNA supercoiling has also been shown to enable 

multiple RNAPs moving in the same direction to elongate faster than a single RNAP, since the supercoiling 

emanating from one reduces the supercoiling produced by others ahead or behind. Likewise, repression of 

an upstream promoter antagonizes downstream transcription and can cause downstream RNAPs to 

prematurely dissociate 115, 116. Interestingly, the torque at which transcription stalls in negatively supercoiled 

DNA is similar to the torque that facilitates the separation of duplex DNA into single strands 109. 

Backtracking on an unwound upstream DNA may be more favorable than on canonical B-form DNA, 

thereby stalling RNA polymerases. Furthermore, melted regions resulting from unwound upstream DNA 

may favor the formation of R-loops that might stall transcriptional elongation. For example, in the human 

c-myc promoter, transcription-induced torsional stress can melt the distant upstream element (FUSE) 117, 

and elongation from a promoter may recruit additional RNAPs to the same or further upstream promoters 

116, 118. Negative supercoiling also favors the binding of other transcriptionally relevant proteins such as 

TATA binding proteins 119. 

Knowledge of the free energy of different DNA conformations and topologies provides a quantitative basis 

for understanding the relationship between genomic structure and function. It also provides insight into the 

likelihood of architectural/topological and conformational rearrangements that, for example, modulate 
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DNA transactions by inducing transitions between B- and Z-form DNA 41, 42, by juxtaposing distant sites 

for regulatory proteins, or by melting DNA to favor the recruitment of enzymes to particular sites.  

 

Figure 3. 2. Schematic representation of the interplay between torsion-generating DNA transactions, 

like transcription, conformational and topological changes in DNA, and protein binding. DNA 

enzyme-induced torsional stress causes local and long-range DNA conformational changes that include 

DNA melting, B-to-L/Z transition, major and minor groove changes, curls, and plectoneme formation. This 

affects protein binding. For example, plectonemes facilitate the juxtaposition of binding sites for looping 

proteins. Also, DNA bending, kinking, melting or B-L/Z transition can affect the energy barrier required 

for specific DNA binding proteins, or motors, to process DNA. 

 

§3.5 Discussion and Conclusions  

In this chapter, I reviewed the expressions with which to estimate energies of different DNA conformations 

under specific conditions of tension, torque, salt concentration, pH, and temperature. The formation of 
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melted DNA, L/Z-DNA or plectonemic domains follow a quite similar pattern: first nucleation, which 

requires relatively high energy to overcome a barrier, followed by progressive expansion of: denatured base 

pairs within a bubble, L/Z-form DNA between B-L/Z junctions, or more gyres in a plectoneme that require 

relatively less energy. Comparison of the energies associated with nucleation and expansion of these 

different DNA topologies under different tension, torsion, salt conditions will give insight into their 

likelihood in vivo.  

Note that these expressions do not consider DNA sequences or other DNA defects.  However, the 

mechanical properties of individual base pair steps have been theoretically assessed 120-122, and they have 

been used in the calculation of the energy for specific sequences to show that intrinsic curvature lowers the 

energy required to bend and effectively pin plectonemes 32. Similarly, DNA defects, such as mismatches 

and kinks, decrease bending energy which can be predicted using available models 79-82. By incorporating 

sequence-specific parameters into the general energy expressions in Table 1, I might parse the interactions 

that dictate protein binding and the syntax of gene expression. Knowing the energy of mismatched, kinked, 

or melted DNA sequences could be an incisive tool to define a sequence or a mismatch to pin a plectoneme. 

Calibrating these features according to tension in the DNA and salt concentrations will establish the energy 

required for long-range interactions.  

I focused on melted DNA, Z-DNA and plectonemic B-DNA which are ubiquitous in vivo. Melted DNA 

plays a critical role in regulating gene expression by recruiting RNA polymerases or altering elongation. 

Tools with which to predict melting energies may help indentify potential promoters 122, 123 and indicate 

DNA melting behind polymerases. Moreover, since melted DNA regions are potential targets for a variety 

of DNA-binding proteins, learning to control DNA topology with sequence variations would improve my 

ability to maniuplate gene expression. 

DNA melting not only makes bases accessible but also relieves torsional stress in the flanking DNA. The 

transitions to left-handed forms do this as well and appear to be associated with disease. Z-DNA is 

implicated in diseases of genomic instability and immune responses including cancer and systemic lupus 
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erythematosus 124. Indeed, the level of Z-DNA assayed with Z-DNA antibodies reflected different disease 

stages of lupus 125. The ability to predict the energies of Z-DNA formation along a sequence might allow 

specific removal/placement of Z-DNA to treat such diseases. For example, Z-DNA near promoters favors 

mutagenesis 126 perhaps due to mechanical constraints that interrupt transcription. The mechanical 

properties of Z-DNA also affect nucleosome organization. Z-DNA is stiffer than B-DNA or melted DNA 75 

and does not easily wrap histone octamers, so the ability to predict Z-DNA formation would help identify  

nucleosomal regions 127. 

Of course, there is still much to learn about how DNA topology influences protein binding and function. 

For example, how (un)winding affects the site-specific protein binding to DNA is unclear, especially at the 

level of the interactions between protein binding domains and the DNA backbone and base pairs. The 

suggestion, from unconstrained MD simulations 8, that local DNA twist may change the local bendability 

of DNA and the shape of the major and minor grooves, in such a way as to affect protein binding, has yet 

to be experimentally demonstrated. Knowledge of how protein binding changes DNA structure will 

improve prediction of DNA topology in complex mixtures using the approaches described herein. 

In summary, the effect of tension and torsion on DNA conformation has, at this point, been under 

investigation for about three decades and several general models exist to estimate the free energy of each 

of these conformations. These are valuable tools with which to begin to quantitively describe the free energy 

changes of DNA associated with protein-DNA interactions and predict regulatory behavior. Further 

computational, theoretical, and experimental work could help: improve my understanding of how 

torsionally induced DNA conformations affect protein binding; determine the in vivo likelihood of 

mismatched, kinked, or melted DNA topologies under different tension, torsion, salt conditions; and predict 

sequences likely to form left-handed conformations including Z-DNA which appears to be an important 

epigenetic signal 128. 
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§4.1 Summary 

In this chapter 129 I describe how looping probability is affected by Lac repressor (LacI), HU concentration 

and negative supercoiling level to show that that negative supercoiling makes LacI-mediated looping 

deterministic and ergodic within the bacterial doubling time. I used TPM to measure the looping in a DNA 

fragment with two Lac repressor binding sites, O1 and O2, that form a 400 bp loop. Adjusting the 

concentration of LacI changes the average looping probability and increasing the concentration of HU at a 

fixed LacI concentration will also increase the average looping probability. Although the average looping 

probabilities displayed trends as a function of conditions, individual traces in each condition showed 

heterogeneous looping behavior with looping probabilities that varied from 0% to 100% unless observations 

lasted much longer than the doubling time of E. coli bacteria. Such heterogeniety in molecular switches 

might not be advantageous for live bacteria. However, when I used MTs to negatively supercoil DNA, I 

observed quite homogeneous behavior in the ensemble of molecules during observations commensurate 

with the doubling time of the relevant bacterium. 

 

§4.2 Supercoiling makes protein-mediated looping deterministic  

§4.2.1 Looping probabilities of different tethers varies widely 
 

As shown in the cartoon in Figure 4.1, I used a DNA template containing two LacI binding sites. At low 

LacI concentrations, neither operator is likely to be occupied by a LacI tetramer, and the looping probability 

is low, so the DNA tether remains extended, and the attached bead exhibits large excursions. When the 

concentration is high, both operators become occupied by distinct tetramers which cannot bind to each other 

to form loops. Excursions are large for beads attached to these tethers as well. Only at intermediate 

concentrations, in which one tetramer may bridge two operators, does the probability of looping increase 

significantly. When loops form, the tether is less extended, and the excursions of the attached bead are 

restricted. Average looping probability, calculated as the time spent in the looped state over the total 
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observation time, is indicated by crosses in Figure 4.1, which summarizes ∼30 min-long TPM 63, 64, 130 

measurements of LacI-mediated DNA looping between the strong O1 and weaker O2 operators separated 

by 400 bp 29.  
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Figure 4. 1. The looping probabilities of different DNA tethers vary widely. (A) The calculated looping 

probabilities of individual tethers exposed to a range of LacI concentrations are summarized in a box-

whisker plot. As the LacI concentration was titrated from 0 to 20 nM, the looping probability increased 

from 0 to approximately 45 and then fell again to 0 when repressor molecules saturated the binding sites. 

Note however, that at each concentration of LacI, the looping probabilities based on 30-minute observations 

varied from 0 to 100%. The upper and lower borders of the boxes indicate the upper and lower quartiles. 

The midline and cross of each box indicate the median and average of the distribution of looping 

probabilities. Schematic diagrams of prevalent DNA/LacI configurations are depicted below their 

corresponding LacI concentrations. (B) Representative temporal records of the TPM excursion parameter 

<ρ2> with 0.5 nM [LacI] are ranked by looping probability from 0 (top) to 1 (bottom). Unlooped states are 

depicted in red, and looped states are shown in blue and green. The actual <ρ2> values are encoded using 

the color scale at right.  

 

Although the average behavior of the population of DNA tethers is clear and follows expectation, the 

looping probabilities of individual DNA tethers under any given LacI concentration are very heterogeneous. 

Indeed, the whiskers of each box in the upper panel of figure 4.1, range from 0 to 100% looping probability. 

Raw data displaying this behavior is shown in representative temporal records for DNA tethers exposed to 

0.5 nM LacI (Figure 4.1B). Each time record corresponds to a different DNA tether. Unlooped states are 

depicted in red, and looped states are shown in blue and green corresponding to loops in anti-parallel or 

parallel configurations 131. Clearly, loop formation and breakdown occur randomly. However, some tethers 

are never looped, some are always looped, and some toggle between looped and unlooped states with 

various degrees of probability. 
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§4.2.2 Differences between lac repressor molecules contribute to the heterogeneity of looping 

To verify that the heterogeneity observed was indeed due to the activity of single lac repressors and not 

variations among DNA molecules introduced during PCR, a control experiment was performed in which 

excursions of the tethered beads were monitored for 30 min in λ buffer, and then the first solution containing 

LacI was washed out with buffer containing a high salt concentration (1 M KCl). Then the same tethered 

beads were monitored for 20 min in λ buffer. Excursions displayed no looping which verified elimination 

of LacI. Finally, another volume of solution containing LacI was introduced into the microchamber, and 

excursions of the bead were monitored for another 30 min. The percentages of time spent by individual 

tethers in the looped state during intervals when LacI was present were calculated and plotted. Figure 4.2 

shows the lack of correlation between the looping probabilities measured for individual DNA tethers with 

distinct LacI proteins in the two observation periods, suggesting that the the extent of looping is dictated 

by variations in the activity of associated individual LacI proteins but does reflect heterogeneity amoung 

DNA tether. While the activity of individual LacI enzymes varied, additional experiments on supercoiled 

DNA molecules established conditions in which all DNA tethers exhibited a narrow range of looping 

probabilities within intervals shoter than the doubling time of E. coli in nutrient-rich media. Thus, variations 

among LacI proteins may only modestly affect looping probabilities on negatively supercoiled DNA. 
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Figure 4. 2. Looping percentages are uncorrelated before and after LacI replacement. Using tethered 

particle motion analysis, the percentage of time spent in the looped state was measured for a field of view 

of individual tethers in a first measurement interval. Then LacI was washed out and re-introduced for a 

second measurement interval. The mean looping percentages before and after are 25+/-13 and 29+/-19, 

which are indistinguishable by t-test (0.61). However, the mean looping percentages for the individual 

tethers in the first and second intervals are poorly correlated, with a Pearson’s correlation coefficient of 

0.066, and do not extend along the line Y=X as would be expected if looping behavior depended on the 

specific DNA tether. The lack of correlation between looping percentages measured for individual tethers 

before and after LacI replacement indicates that the percentage of looping is not conditioned by a particular 

DNA molecule. 

 

§4.2.3 HU protein does not reduce variation in looping probabilities 
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It is difficult to rationalize how E. coli bacteria that should calibrate a response to lactose could contend 

with such extreme variation in the stability of lac-mediated loops. Thus, there might be factors in vivo that 

make looping a deterministic process. Since protein-mediated looping is a ubiquitous regulatory mechanism 

across kingdoms, this question is relevant for cells of all organisms. I hypothesized that genome-compacting 

proteins and DNA supercoiling, which are common to all species, might decrease the variation in looping 

probability, because they reduce the three-demensional distance between sites joined by the looping protein. 

As a model genome-compacting protein, I chose the nucleoid-associated protein HU which is abundant in 

bacteria, binds non-specifically to DNA, contributes to the overall architecture of the genome, facilitates 

protein-mediated looping, and influences DNA replication and transcription 28, 29, 44, 132-134. 

To determine whether HU reduces variation in looping probabilities, tethered particle motion (TPM) 

experiments were conducted at a LacI concentration of 2.5 nM while the HU concentration was titrated 

from 0 to ~1000 nM. The LacI concentration was chosen such that it would be easy to measure with 

negligible uncertainty, and increases or decreases in the looping probability would be obvious 29. As shown 

previously by our lab and others, the magnitude of excursions of beads tethered to single DNA molecules 

in the salt condition used here decreases as HU concentrations increase 29, 47, 135-137, and this protein-induced 

DNA compaction facilitates looping 29. Indeed, as shown in Figure 4.3A, increasing the HU concentration 

increased the median looping probability from around 20 to 80%. However, the looping probabilities of 

single DNA tethers ranged from 0 to 100% at each HU concentration as shown by the whiskers in the plot. 

The representative temporal traces in Figure 4.3B, show tethers that never looped, tethers that remained 

looped throughout the observation, and others that toggled between the looped and unlooped states. This is 

similar to what was observed for LacI-induced looping without additional factors (Figure 4.1), indicating 

that HU, despite its ability to compact DNA and favor looping overall, did not reduce the variation of 

looping probabilities between DNA tethers. 
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Figure 4. 3. HU did not reduce the variation of looping probabilities amongst DNA tethers. (A) The 

calculated looping probabilities of individual tethers, exposed to 2.5 nM and a range of HU protein 

concentrations, are summarized in a box-whisker plot. As the HU concentration was titrated from 0 to 1056 

nM, the average looping probability progressively increased from 25 to just above 80. Note however, that 
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at each concentration of HU, the looping probabilities for individual DNA tethers varied from 0 to 100%. 

The upper and lower borders of the boxes indicate the upper and lower quartiles. The midline and cross of 

each box indicate the median and average of the distribution of looping probabilities. (B) Representative 

temporal records of the TPM excursion parameter <ρ2> with 2.5 nM [LacI] and 66 nM [HU] are ranked by 

looping probability from 0 (top) to 1 (bottom). Unlooped states are depicted in red, and looped states are 

shown in blue and green. The actual <ρ2> values are encoded using the color scale at right. 

 

§4.2.4 DNA supercoiling reduces variation in looping probabilities 
 

Like nucleoid-associated proteins, DNA supercoiling contributes to genome compaction.. In live cells, 

DNA supercoiling is ubiquitous and dynamic 20, 21, 138, genomes are negatively supercoiled overall. 

Furthermore, it has been shown that DNA unwinding under low, physiological forces compacts DNA in a 

way that facilitates looping by proteins 29. To measure the effect of supercoiling on the variation in looping 

probabilities, magnetic tweezers 139 were used to modulate supercoiling and measure LacI-induced looping, 

focusing on the level of heterogeneity of the looping probabilities of different tethers. In these experiments, 

the magnetic field generated by a pair of magnets above the microchamber attracts and orients the beads 

applying tension to the DNA. In addition, if the magnets are rotated, DNA will be twisted. If DNA is twisted 

under low tension, either winding or unwinding will induce plectonemes that decrease the extension of the 

DNA. LacI-mediated loops persist long enough in supercoiled DNA tethers to reduce the average tether 

length. These stable intervals of reduced extension mark loop formation and breakdown and endure longer 

as (-) supercoiling increases. 

Figure 4.4 summarizes measurements of LacI-mediated looping probability for the 2115 and 2011 bp DNA 

tethers unwound to different degrees under three different tensions. Tension completely suppressed looping 

in torsionally relaxed DNA, σ ≈ 0 %, but negative supercoiling compensated and progressively increased 

the looping probability at all three levels of tension. This is consistent with enhanced the binding of LacI 
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to negatively supercoiled DNA 7. As expected based on previously published data increasing (negative) 

supercoiling drove the looping probability to 100% 29. However, what is remarkable is that looping 

probabilities measured for different DNA tethers were tightly grouped around the median values. Whereas 

the ensemble of torsionally unconstrained DNA tethers in TPM experiments displayed the entire range of 

looping probabilities, negative supercoiling dramatically reduced variation and produced quite uniform, 

deterministic behavior at each of the three tensions. This uniformity is illustrated in Figure 4.4B, in which 

individual time traces, recorded under 0.45pN of tension and σ ≈ -2.5% are quite similar and exhibit 

frequent switching between extended, unlooped (red) and shortened, looped (blue/green) states. As 

introduced in section 1.2.2, in vivo supercoiling levels range between -7.75 and -6.5%. Here, much lower 

levels of supercoiling shift the equilibrium completely to the looped state. 
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Figure 4. 4. Supercoiling dramatically reduces the variation of looping probabilities amongst DNA 

tethers. (A) The looping probabilities of individual tethers, exposed to 1 nM LacI and negatively 

supercoiled to varying degrees, are summarized in a box-whisker plot. As the supercoiling was varied from 

0 to almost -5% (σ), the average looping probability progressively increased from 0 to 100. Note that at 

each level of supercoiling, the looping probabilities for individual DNA tethers formed compact 

distributions. The upper and lower borders of the boxes indicate the upper and lower quartiles. The midline 

and cross of each box indicate the median and average of the distribution of looping probabilities. The 

whiskers and quartiles are only distinct for intermediate values of negative supercoiling. For low and high 

levels of negative supercoiling the whiskers collapse to the median value. (B) Representative temporal 

records of the instantaneous lengths of DNA tethers exposed to 1 nM [LacI] while stretched by 0.45 pN of 

tension and supercoiled to σ = -2.5% are shown. Unlooped states are depicted in red, and looped states are 

shown in blue and green. The actual tether length values are encoded using the color scale at right. 
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§4.3 Supercoiling induced ergodicity within a biologically relevant timescale 

It was puzzling that single supercoiled molecules observed over a period of 20 minutes behaved ergodically, 

while single, torsionally relaxed molecules observed for up to 30 min did not. I hypothesized that 

supercoiling changed the dynamics of looping and that torsionaly relaxed molecules might display ergodic 

behavior over longer intervals, Therefore, I conducted several much longer, up to five-hour, recordings of 

LacI-mediated looping in torsionally relaxed DNA using TPM (Figure 4.5).  

 

 

Figure 4. 5. Long TPM recordings. Three representative recordings are shown from a set of fifty lasting 

over one hour. The blue dots represent the amplitude of two-dimensional projections of momentary 

excursions of the tethered bead; the red trace is the 8-second moving average of these values. 

 

I then measured the looping probabilities over temporal windows of different lengths, ranging from 10 min 

to the entire 5 hour-long recording. Figure 4.6A is an overlay of the cumulative probability distributions 

for looping percentages calculated for entire 5-hour records (black) or divided into shorter segments of 10 

(blue), 30 (green), 40 (red), 60 (cyan), 80 (magenta), and 100 (yellow) min. At least 60 min of observation 

are required to accurately sample the dynamics of LacI-mediated looping in a DNA construct containing 
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the O1 and O2 operators separated by 400 bp, i.e., ergodicity is attained with recordings of no less than 60 

min. The looping probability for negatively supercoiled DNA was analyzed in a similar manner and showed 

that a cumulative distribution of looping probabilities equivalent to that attained in 20 min-long 

measurements is achieved in just 12 minutes (Figure 4.6B, Figure 4.7). 

 

 

 

Figure 4. 6. Minimum observation times for ergodicity. Cumulative distributions of the looping 

probability for (A) different intervals of TPM observations (10, 30, 40, 60, 80, 100 min, or 5 hours) and (B) 
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different intervals of MT observations (2, 5, 10, 12, 15, 18, or 20 min) are plotted along with the cumulative 

distribution for the entire set of observations (black curves). All records used in the MT analysis were for 

0.25 pN tension and 1.5% supercoiling. Only for observations of at least 60 min (A) or 12 min (B) do the 

cumulative distributions of the looping probabilities for individual molecules resemble the distributions for 

the maximum observation intervals. With shorter observation intervals, the looping probabilities measured 

for individual molecules varies widely.  For example, in the TPM data in A, looping probabilities measured 

for molecules observed for 10-minute intervals (blue) displayed a significant fraction of high probabilities 

that did not appear for the molecules observed for 60 min or more.  In B, looping probabilities spanning the 

entire range result for 2- or 5-min intervals of observation but narrow to the 40-80% range when observation 

times are 12 min or longer 

 

The TPM records in this work were between 20 and 30 minute-long, slightly below, or equal to the doubling 

time of E. coli which is approximately 30 minutes in the laboratory 140. The heterogeneity of looping 

probabilities observed in these records without supercoiling were extreme and seemingly at odds with a 

molecular system designed to respond to the presence of lactose. Such a system was expected to be ergodic, 

such that sufficiently long observations of single members of the ensemble would have exhibited the 

statistical behavior of the whole ensemble. When several much longer, five-hour, recordings of LacI-

mediated looping in torsionally relaxed DNA were acquired using TPM and the looping probabilities were 

measured over temporal windows of different lengths it was clear that observations for periods shorter than 

60 min exhibit a tail of high looping probabilities that is not present in distributions from longer 

observations. Only recordings greater than or equal to 60 min produce distributions like the five-hour 

distribution. In other words, ergodicity results when the dynamics of LacI-mediated looping in a DNA 

construct containing the O1 and O2 operators separated by 400 bp are observed for intervals of 60 min or 

more. This is due to the inherent stochastic nature of protein-mediated looping. If, however, DNA molecules 

are supercoiled, the reduced dimensionality modulating juxtaposition of the protein binding sites accelerates 
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dynamics such that the statistical behavior of the ensemble can be revealed in much shorter observations of 

a single molecule. Indeed, analysis of looping probability in records for unwound DNA show that a 

cumulative distribution of looping probabilities equivalent to that attained in 20 min-long measurements is 

achieved in just 12 minutes (Figure 4.6B, Figure 4.7). Thus, looping dynamics in supercoiled DNA are 

deterministic within the time scale of the doubling time of the bacteria, effectively the cell cycle. 

 

 

Figure 4. 7. Sufficiently long observations are ergodic. (A) Distributions of the looping probabilities 

derived from TPM records lasting 5 hours (gray) or split into shorter segments as indicated (cyan). (B) 

Distributions of the looping probabilities derived from MT records lasting 20 min (blue) or split into shorter 

segments as indicated (brown). All data was recorded at 0.25 pN of tension and -1.5% supercoiling. The 
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distributions of looping probabilities for the corresponding full-length record are included for comparison 

in each panel.  

 

§4.4 Discussion and conclusion 

§4.4.1 HU protein induced supercoiling is insufficient to promote uniform looping dynamics 

Since HU binding is known to supercoil DNA 141, it might similarly alter looping in a torsionally constrained 

DNA tether. This was not possible in a TPM experiment (Figure 2.4A) in which single-bond attachments 

of the DNA to the surfaces would swivel to release any torsion. However, previously published data 29 

showed that 1056 nM HU which produces a median value of 85% average looping probability in DNA 

tethers under no tension (Figure 4.3), produced just 3% or 5% in DNA tethers under 0.25 or 0.45 pN of 

tension, respectively. If HU were actually supercoiling the DNA, then it should have sustained the looping 

probability under tension. The fact that it did not suggests that HU binding only compacts but does not 

significantly supercoil DNA in the conditions used here. To verify this, extension versus twist curves were 

measured for DNA in the presence of HU. In this assay, any unwinding associated with protein or small 

molecule binding to the DNA will alter the intrinsic twist of the molecule and shift the maximum extension 

of the molecule with respect to that of bare DNA 142-144. As can be seen in Figure 4.8, increasing the 

concentration of HU up to 1000 nM steadily contracted a DNA tether stretched by 0.45 pN in 200 mM KCl 

but negatively supercoiled the molecule by only -1.35 turns. This is equivalent to -0.4% supercoiling, which 

is insufficient to produce writhe 33.  
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Figure 4. 8. HU binding significantly contracts but mildly unwinds DNA. A single 3352 bp DNA tether 

under 0.45 pN of tension in a magnetic tweezer was repeatedly wound and unwound in a buffer containing 

200 mM KCl with various concentrations of HU ranging from 0 to 1000 nM.  Increasing HU concentrations 

steadily reduced the extension of the DNA tether by nearly 50% but produced only very mild negative 

supercoiling.  A parabolic curve (thick) was fit to each pair of winding and unwinding curves corresponding 

to different concentrations of HU. The vertex of the parabola represents the shift of the twist versus 

extension curve due to the supercoiling induced by HU protein binding to the DNA tether. (Figure courtesy 

of Yan Yan, PhD. And Alex Zhang) 

 

Furthermore, HU remained bound to DNA tethers twisted to high levels of positive or negative supercoiling 

but could be washed out with 300 mM KCl (Figure 4.9). Thus, HU enhances looping by contracting DNA 

tethers but does not change the dimensionality of the looping mechanism to promote uniform looping 

dynamics.  



63 
 

 

 

Figure 4. 9. HU does not dissociate under a wide range of supercoiling levels. Extension versus twist 

curves were recorded in 100 mM KCl, after introducing 500 nM HU, after washing away HU with high 

salt, after re-introducing 250 and then 500 nM HU. 500 nM protein shifted and reduced the maximum 

extension of the curve. 300 mM KCl dissociated HU and restored the curve to the original position and 

height. Introduction of 250 nM HU partially shifted and reduced the maximum extension of the curve. Re-

introduction of 500 nM HU shifted and reduced maximum extension of the curve to the levels observed 

previously. (Figure courtesy of Yan Yan, PhD. And Alex Zhang) 

 

§4.4.2 DNA supercoiling may lower the energy barrier of looping by juxtaposing operators through 1-D 

diffusion 

In the absence of supercoiling, the probabilities of LacI-mediated DNA looping for individual DNA tethers 

with, as well as without, HU range from 0 to 100%. In these conditions, the LacI binding sites must 
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juxtapose by 3-D diffusion opposed by a high energy barrier before the protein can connect them. HU 

protein helps to overcome this barrier and enhance looping by compacting the DNA to reduce the separation 

between the operators to be bridged. In contrast, supercoiling induces plectonemes which allow slithering 

of DNA segments past one another 31, 32. Thus, the operators may juxtapose through 1-D diffusion, across 

a much lower energy barrier. Supercoiling reduced the dimensionality of the path to juxtaposition, to 

produce looping dynamics in DNA tethers that could not be achieved by adding HU to facilitate 

juxtaposition in three dimensions. 

Figure 4.10 is an illustration of hypothetical energy landscapes for looping, which involves bending and 

possibly twisting the DNA molecule, as shown in the cartoons on the left. Energy is color-encoded 

according to the scale at right. The end-to-end distance of the loop segment is represented along the vertical 

axis. Near-zero end-to-end distance corresponds to the looped state, while the unlooped states are more 

extended, up to 400 bp. The horizontal axis indicates the supercoiling in the DNA. Panel (A) describes the 

experimental conditions in a TPM measurement, with no applied tension or torsion, the DNA may coil, 

bend, and juxtapose the two operators via 3-D diffusion, as shown in the superimposed cartoon. Different 

pathways may be followed through the broad and shallow saddle point separating the looped and unlooped 

states. In panel (B), sub-pN tension gently extends DNA in the absence of imposed supercoiling, and the 

work associated with drawing the two operator sites together increases the energy barrier, effectively 

attenuating loop formation. These conditions correspond to a magnetic tweezer measurement in which the 

magnets exert tension but are not rotated to twist the DNA as shown in the superimposed cartoon. However, 

in plectonemic DNA as shown in the cartoon superimposed on panel (C), operator sites can juxtapose as 

DNA segments slither past each other in the plectoneme. This one-dimensional search for juxtaposition 

between looped and unlooped states changes the dynamics of looping with respect to the three-dimensional 

searches required in torsionally unrestrained DNA tethers. 
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Figure 4. 10. Energy landscapes for loop closure by LacI in different conditions of tension and torsion. 

The illustrations at the left show possible conformations of DNA tethers corresponding to different 

separations between the operators. A-C are three hypothetical energy landscapes for a DNA tether under 

different conditions of torsion and tension.  The energy values are qualitatively encoded using the color 

scale at right.  The y-axis indicates the distance between the protein binding sites that constitute the junction 

and may vary between zero and 133 nm for a 400 bp DNA segment. DNA supercoiling varies along the x-

axis. Superimposed on each panel are illustrations of likely DNA conformations under the different 

conditions of torsion and tension. 

 

§4.4.3 Conclusion 

Recently, LacI was observed to hop along the double helix 145. This feature together with negative 

supercoiling is probably key for the protein to efficiently locate a binding site, contact a secondary binding 

site, and maintain a constant ratio of looped versus unlooped states in the various states of tension and 

torsion that likely develop during the cell cycle. This ratio gives a definitive regulatory outcome to looping 

based on inherently stochastic molecular activity. Additional parameters may contribute to achieving a 

specific outcome, but for straightforward protein-mediated looping, DNA supercoiling appears to be key.  
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Chapter 5 Positive supercoiling favors transcription 

elongation through lac repressor-mediated DNA loops 
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§5.1 Summary 

Although loop formation can be tuned by negative supercoiling, how RNA polymerase, which produces 

supercoiling, passes through loop structure is also interesting to me. In this chapter, I describe experiments 

on the passage of RNAP through unlooped and looped LacI obstacles. The difference in the duration of 

pauses that RNAP exhibits at the two types of obstacles indicates the blocking efficiency. Transcription 

monitored using TPM showed that RNAP paused longer at a looped compared to an unlooped LacI obstacle. 

Furthermore, elongation through a looped segment was significantly delayed with respect to elongation of 

an identical unlooped segment. Given that a loop constrains supercoiling 146, and accumulated supercoiling 

can significantly affect the RNAP behavior 111, the significant delay within the loop may be due to 

supercoiling. Remarkably, when RNAP transiting within a loop encountered the LacI loop closure, it paused 

less compared than at unlooped LacI obstacles. To mimic this supercoiling effect at unlooped LacI obstacles, 

using magnetic tweezers I preloaded a DNA tether with negative supercoiling such that RNAP would create 

positive levels of supercoiling after elongation from the promoter to an obstacle. The results showed that 

positive supercoiling diminished pausing and helped RNAP overcome a LacI obstacle. Positive 

supercoiling propagating ahead of RNAP appears to facilitate elongation along protein-coated DNA. 
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§5.2 RNAP pauses longer at entry to than exit from LacI-loops 

§5.2.1 Monitoring elongation through LacI-mediated loops with tethered particle motion  

 

Figure 5. 1. RNAP can transcribe through a LacI-mediated loop after a pause. (A) On the left is a 

schematic diagram of the transcription template used to tether a microbead. Diagrams of the TPM samples 

at right show DNA (thick blue lines), LacI binding sites (yellow and red segments) and LacI (green, V-

shape). The black arrow near the promoter indicates the direction of transcription starting at the +22 site. 

From left to right they depict RNAP elongation without LacI (left), with LacI bound to single operator 

(middle), or with distinct LacI tetramers bound to the operators (right). (B) Plots of the amplitude of 
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excursions of tethered beads versus time corresponding to these cartoons are shown in Panel B. At left is a 

control experiment without LacI. Data in the middle shows transcription in the presence of 10 nM LacI on 

a DNA template with only the distal LacI binding site. The data at right shows transcription in the presence 

of 10 nM LacI on a DNA template with two LacI binding sites. At this concentration, each binding site is 

likely to be occupied by a distinct LacI tetramers, so looping is rare. The blue arrows indicate the time at 

which NTPs were introduced. (C) The data displayed at left shows transcription on a DNA template with 

two LacI binding sites in the presence of 0.2 nm LacI, conditions that promote looping. The vertical dashed 

lines identify six intervals (I - VI) in the progress of RNAP along the DNA template and the cartoons on 

the right depict the likely conformations of transcription elongation complexes in each interval. The purple 

areas in region IV indicate random pauses between operators. Schematics of the DNA templates left at in 

panels B and C shows the features of the DNA template used in TPM measurements. From top to bottom: 

a T7A1 promoter, a stall site at +22, a promoter-proximal binding site (Oprox) and promoter-distal binding 

site (Odist). The dashed horizontal lines in the data plotted to the right indicate the positions of the LacI 

binding sites in the construct, and the expected locations of pauses in the data. 

 

As RNAP transcribed the DNA template containing two LacI binding sites, three scenarios were possible: 

RNAP might encounter an unencumbered binding site, a binding site bound by LacI in unlooped DNA 

(Figure 5.1A, B), or a LacI bridging two operators to secure a DNA loop (Figure 5.1C). In addition, the 

progress of RNAP, LacI might randomly bind to/dissociate from either the promoter-proximal or -distal 

binding site, Oprox and Odist, respectively, producing/breaking intermittent loops. In data that satisfied 

screening criteria, Figure 5.1B for example, prior to addition of all four nucleotides the average excursion 

of the bead remained constant at a value consistent with the DNA tether length. Adding NTPs with or 

without LacI to initiate transcription, indicated by the blue arrows in Figures 5.1B and 5.1C, caused a short-

lived disturbance, which was omitted from the plot. Shortly afterward, RNAP began elongation producing 

a progressive decrease in tether length that continued uninterrupted to the end of the template, unless LacI 
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was present. In fact, control experiments with 1 mM NTPs revealed no pausing by RNAP at either of the 

two LacI binding sites in the absence of LacI (Figure 5.1B, left). In contrast, in the presence of 10 nM LacI, 

RNAP clearly paused at Odist on a DNA template containing only this LacI binding site (Figure 5.1B, middle) 

or paused in front of both Oprox and Odist on a DNA template containing both LacI binding sites (Figure 5.1B, 

right).  

The probability of looping in a DNA template containing two binding sites can be adjusted by varying the 

LacI concentration (Figure 2.7 or Figure 4.1A) 27. For a 400-bp loop between the O2 and O1 binding sites, 

a maximum looping probability of ~44% could be achieved with 0.2 nM LacI, while 10 nM LacI decreased 

the probability to ~6% as the two binding sites became occupied by distinct LacI tetramers (Figure 2.7). 

Indeed, with 10 nM LacI, RNAP paused at positions corresponding to the promoter-proximal and -distal 

LacI binding sites and no loops were observed (Figure 5.1B, right).  

However, with 0.2 nM LacI, loops occurred during transcription (Figure 5.1C) and the pattern was more 

complex. The record can be divided into six intervals (I-IV). In interval (I) the DNA tether length is constant 

before introducing 1 mM NTPs and 0.2 nM LacI. Transcription begins shortly after introducing NTPs and 

in interval II, a loop forms, but it ruptures at the beginning of interval III as RNAP approaches Oprox and 

pauses indicating that LacI is bound. In interval (III), RNAP paused at Oprox for approximately 50 s. In 

interval (IV), RNAP proceeded to transcribe the segment between the LacI binding sites and paused at two 

random locations (purple areas) before reaching the distal operator. 

Traces without loop formation (Figure 5.1B) did not reveal any random pauses. Thus, I concluded that 

pauses within the loop were induced by the accumulation of supercoiling within a loop, as depicted 

in Figure 5.1C cartoon IV. A previous study 111 had shown that a torque of +11 pN⋅nm ahead, or -11 pN⋅nm 

behind RNAP can stall its progress. Therefore, I calculated the possible progress that RNAP might make 

as inside a closed loop. Since a loop is a torsionally constrained region, an RNAP might proceed furthest 

within a loop if it is in the middle of the loop at the moment the loop closes and constrains torsion. At this 



71 
 

location in which the length of DNA flanking RNAP in both direction within the loop is maximal, the 

torque in the flanking DNA can be expressed as: τ ≈ 2πkBTCeff
Ls

∆𝐿𝐿𝑘𝑘 147 (table 1, equation 7), in which Ls is 

the contour length of the flanking DNA.  Ceff is the effective twist persistence length (twist modulus/kBT) 

determined as 𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 = C(1 − C
4A
�kBT

Af
) 147, where C = 100nm, A = 50nm, and the tension, f, in this case is 

0.45 pN. ΔLk is the linking number change in the DNA. In this study, Ls ≈ 200 bp ∗ 3.4
10.5

nm
bp

=  64.8 nm, 

Ceff ≈ 63 nm, kBT ≈ 4.1 pN⋅nm. Therefore, the maximum change in linking number that RNAP can induce 

before stalling (|τ| ≈ 11 pN⋅nm), is ∆𝐿𝐿𝑘𝑘 = |τ|Ls
2πkBTCeff

= 11∗64.8
2π∗4.1∗80

≈ 0.44 turns, which corresponds to ∆𝐿𝐿𝑘𝑘 ∗

10.5 bp
turn

≈ 5 bp. Thus, 5 bp is the furthest that RNAP should be expected to transcribe before stalling 

when it operates inside a ~400 bp loop, and this maximum is expected when RNAP is halfway between the 

two operators. According to this calculation, RNAP can stall very quickly after loop closure which 

corresponds to the random pauses in interval (IV). Elongation resumed after loop breakdown and RNAP 

transcribed to Odist. In interval (V), RNAP paused at Odist indicating that LacI was still associated with this 

operator, then continued transcription in interval (VI), finally reaching the end of the template. This record 

illustrates how transcription through a loop can be monitored using TPM. 

 

§5.2.2 RNAP pauses longer entering than exiting LacI loops 

To measure the time required for transcription of the loop and determine whether looping affected the 

passage of RNAP through bound LacI, the pause times of RNAP at O1 or O2 binding sites in the Oprox 

positions in unlooped templates (Figure 5.1B, rightmost) were compared with those in looped templates 

(Figure 5.1C, interval III). On unlooped templates, pauses at proximal or distal O1 (O2) operators occupied 

by LacI were similar and their pause time were aggregated in Figure 5.2. A loop had profound effects on 

RNAP elongation. RNAP paused longer at promoter-proximal LacI-O1 or LacI-O2 obstacles that were part 

of a loop (Figure 5.2A, left). Pauses at LacI-O1prox obstacles were 77 ± 7 s (N=215) without a loop, but 199 
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± 25 s (N=92) with a loop. Pauses at LacI-O2prox obstacles were 40 ± 5 s (N=104) without a loop, but 

79 ± 14 s (N=58) with a loop. A likely reason for the increases is that the secondary, distal binding site 

increases the local concentration of LacI and the effective affinity for the proximal binding site 27. The steric 

hindrance caused by the  loop itself may also contribute to the lengthening of the pause at the proximal 

binding site, although this effect is likely to be small 148. It is also informative that looped LacI-O1prox 

obstacles obstructed transcription for a considerably longer time (199 s / 77 s) than looped LacI-O2prox 

obstacles (79 s / 40 s) with respect to unlooped templates. Since LacI has higher affinity for the O1 than the 

O2 binding site, LacI is more likely to remain at O1 than at O2 after the loop break down, increasing the 

probability that an elongating RNAP pauses at O1.  

 

Figure 5. 2. The LacI-mediated loop enhances and attenuates RNAP pausing at the proximal and 

distal binding sites respectively. (A) Average pause durations were longer at the proximal operator 
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consisting of either O1 (cyan) or O2 (yellow), in the looped with respect to the unlooped conformations 

depicted at right (***𝒑𝒑 ≤ 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎, **𝒑𝒑 ≤ 𝟎𝟎.𝟎𝟎𝟎𝟎 for two-sample t-tests). (B) Average pause durations were 

shorter at the distal operator consisting of either O1 (cyan) or O2 (yellow), in the looped with respect to the 

unlooped conformations depicted at right (**𝒑𝒑 ≤ 𝟎𝟎.𝟎𝟎𝟎𝟎, ∗ 𝒑𝒑 ≤ 𝟎𝟎.𝟎𝟎𝟐𝟐  for two-sample t-tests). Standard 

errors and sample size, N, are indicated. 

 

I next investigated RNAP approaching the promoter-distal operator, Odist.  When RNAP is at the distal 

operator, any loops that form change the configuration of the already transcribed DNA segment but do not 

change the length of the untranscribed DNA ahead of RNAP (Figure 2.2 and cartoon (V) on the right of 

Figure 5.1C). I used traces such as those in the rightmost panel of Figure 5.1B and in interval (V) of Figure 

5.1C to compare pause durations at Odist with or without looping. Under the 0.2 nM LacI concentration 

used, 41% of the LacI obstacles at Odist can be assumed to secure loops (Figure 2.7). Surprisingly, and in 

contrast to Oprox, I observed that under these conditions, the average pause time of RNAP at LacI-O1dist and 

LacI-O2dist was shortened with respect to obstacles on unlooped templates to 54 ± 6 s (N=123) and 30 ± 4 

s (N=179), respectively. Assuming that pauses result from LacI bound to either looped or unlooped 

templates and 44% looped obstacles, RNAP inside the loop pauses at LacI for approximately 54 − 0.59 ∗ 77
0.44

≈

19 s at the distal O1 operator, and for 30 −0.59 ∗ 40
0.44

≈ 15 s at the distal O2 operator. These results suggest 

that transcription within the loop promotes the release of LacI from a distal operator site, despite the locally 

increased concentration of LacI and regardless of the operator affinity. 
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§5.3 Supercoiling plays a key role in regulating RNAP elongations through loop 

§5.3.1 Transcription of looped segments is slower 
 

Inspection of interval IV in Figure 5.1C suggests that a protein-mediated loop can significantly delay 

transcription by RNAP. According to the twin-supercoiled-domain model 1, rotation of the DNA template 

unwinds DNA behind the transcribing RNAP, generating negative supercoiling (Figure 5.3A, red DNA ), 

and winds DNA ahead, generating positive supercoiling (Figure 5.3A, yellow DNA). Furthermore, since a 

LacI-mediated loop constitutes a topological domain 146, transcription within the loop will generate torsional 

stress. Within a 400 bp-long loop, the torsional stress created by a transcribing RNAP can quickly 

accumulate to +11 pN⋅nm ahead or -11 pN⋅nm behind, stalling RNAP progress111. I estimate that RNAP 

might translocate as few as five bp within the 400 bp loop before stalling (last paragraph of §5.2.2). Stalled 

RNAP is prone to backtracking, and recovery from the backtracked state delays RNAP progress. Thus, I 

measured the total time required to transcribe the loop segment in each trace (duration of interval IV in 

Figure 5.1C), averaged it over all traces in the presence of LacI/looping and compared it with the average 

time required to transcribe between the two operators in the absence of LacI/looping (Figure 5.1B, black 

control). The average transcription time for looped O1-O2 and O2-O1 segments were 192 ± 31 s (N=104) 

and 185 ± 29 s (N=86), respectively. Both these times were much longer than the average time without 

looping (32 ± 5 s; N=35) (Figure 5.3B). I, therefore, conclude that the LacI loop can significantly hinder 

RNAP progress by generating torsional stress. 
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Figure 5. 3. RNAP transcribes a loop more slowly. (A) A cartoon depicting RNAP transcribing a loop. 

The right-angle black arrow indicates the promoter. The blue-colored DNA segments are torsionally relaxed. 

The red-colored DNA segment is unwound, while the yellow DNA segment is overwound by RNAP. 

Nascent RNA is the thin, black line emerging from RNAP. (B) RNAP requires almost tenfold more time 

to transcribe a looped segment (cyan) compared to the same unlooped segment (yellow). ***𝒑𝒑 ≤ 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎, 

**𝒑𝒑 ≤ 𝟎𝟎.𝟎𝟎𝟎𝟎 (two-sample t-tests). Standard errors and numbers of samples, N, are indicated. 

 

§5.3.2 RNAP surpasses LacI obstacles faster on positively supercoiled templates 
 

Because RNAP was still inside the loop when it encountered the promoter-distal site, I hypothesized that 

the shorter pauses at the distal operator might result from destabilization of LacI-Odist complexes by 

transcription-generated positive supercoiling. To test this hypothesis, I used magnetic tweezers (MTs) to 

follow elongation of an RNAP transcribing toward a LacI-O1 obstacle on a construct where the DNA ahead 

could be positively supercoiled (Figure 5.4A, Figure 2.9B). In this experiment, the segment between RNAP 

and the tethered bead was rotationally immobilized by multiple biotin-streptavidin linkages to the bead. 

The promoter of this template was 253 base pairs (approximately 24 turns) upstream from the O1 binding 

site (Figure 2.2). To create positive supercoiling just as RNAP arrived at the LacI obstacle, the DNA 

template was preloaded with negative turns (Figure 5.4A) under forces ranging between approximately 0.25 



76 
 

and 0.8 pN. As RNAP transcribes, the DNA tether length would be expected to change as depicted in Figure 

5.4A. I first verified that RNAP could transcribe a tether preloaded with -24 turns (gray and black trace in 

Figure 5.4B). After introducing NTPs (blue arrow in Figure 5.4B), the tether extension increased, due to 

annihilation of the negative supercoiling by the positive supercoiling generated by the elongating RNAP, 

until the DNA tether became torsionally relaxed. After that, RNAP continued to wind the DNA tether 

introducing positive plectonemes until the bead was drawn to the surface of the flow-chamber, or RNAP 

stalled due to either steric hindrance by the plectonemes, or perhaps by large torsional stress. Once the 

ability of RNAP to transcribe a negatively supercoiled template by several turns was verified (Figure 5.4B, 

grey and black curves), transcription was recorded in the presence of LacI after pre-loading the template 

with -19 turns. RNAP was expected to reach the O1 binding site after having supercoiled the DNA template 

to ΔLk = +5, according to extension versus twist curves (Figure 2.14, left), in which the tether length with 

+5 turns can be clearly distinguished from that of a relaxed tether (ΔLk = 0). The blue and red traces in 

Figure 5.4B are the raw data and a 4 s moving average, respectively, of a measurement with 10 nm LacI. 

Although RNAP paused also at random positions along the trace, the expected pause at O1 was clearly 

distinguishable (Figure 5.4B, between vertical, black, dashed lines). For comparison, I acquired MT 

measurements of the RNAP pause in front of the LacI-O1 obstacle on torsionally relaxed (nicked) DNA 

under 0.45 pN tension (Figure 5.4C right). 
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Figure 5. 4. Comparison of RNAP pause times at O1 with and without positive supercoiling. (A) A 

DNA tether was mechanically unwound forming plectonemes prior to the addition of NTPs. Subsequent 

transcription introduced positive supercoils that annihilated the mechanically induced, negative supercoils 

and lengthened the tether to a maximum. Further transcription and positive supercoiling eventually 

produced plectonemes that contracted the tether length. The dashed gray curve indicates the extension of 

the DNA tether during progressive conversion of negative to positive plectonemes due to transcription by 

RNAP. (B) Representative observations of extension versus time were recorded during transcription 

without (gray) and with (blue and red) LacI on a template pre-loaded with negative supercoiling. The blue 

arrow indicates the time at which all four NTPs or NTPs+LacI were introduced. The two vertical black 

dashed lines circumscribe a pause by RNAP at the LacI-O1 operator complex. (C) Representative 

observations of elongation were recorded in the absence of pre-loaded supercoiling without (left panel, gray 

and black) or with (right panel, blue and red) LacI. The cartoon on the left of the two traces is a schematic 

representation of the DNA template (D) Pause times by RNAP at the LacI obstacle varied as a function of 

torque on the DNA. Torque values were calculated using expression in table 1 equation 7, except that Ceff 
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was estimated in 100 mM [Na+] instead of 50 mM [K+]. Circles represent measured pause times, while 

crosses represent the average pause times. 

 

Figure 5.4D shows how pause times changed with different torque on the DNA. The average RNAP pause 

at the LacI-O1 obstacle with no torque (τ1 = 0 pN⋅nm) (data: gray circles, average: green cross) was 393 ± 

64 s (N=49), much longer than the average pause time with positive torques τ2 ~ 4 pN⋅nm (data: blue circles, 

average: red cross), τ3 ~ 7 pN⋅nm (data: orange circles, average blue cross) and τ4 ~ 8 pN⋅nm (data: green 

circles, average: purple cross), which pause RNAP for 125 ± 42 s (N=8), 82 ± 50 s (N=6) and 26 ± 8 s 

(N=8), respectively. Thus, positive supercoiling significantly facilitated transcription through the Lac-O1 

obstacle and likely disrupted the LacI-O2 obstacle as well. The decrease in pause duration as positive torque 

on the DNA increased suggests that positive supercoiling weakens LacI binding and transcriptional 

roadblocking. Positive supercoiling generated by RNAP translocation is also known to destabilize 

nucleosomes 110, 149; it may, therefore, represent one means by which RNAP removes protein roadblocks 

along the DNA. 

 

§5.4 Discussion and conclusion 

With this work I obtained evidence that the ability of DNA-bound LacI to act as barrier for the transcribing 

RNAP is strongly dependent on DNA topology. The TPM measurements show that a DNA loop formed by 

LacI bridging two operator sequences alters the roadblocking effect of LacI-operator obstacles in opposite 

ways depending on their position relative to the promoter (proximal vs. distal). Approaching a loop from 

the outside, RNAP paused in front of LacI-proximal operator roadblock longer than it did when there was 

no loop. Such increases in pause duration are likely due to the fact that the loop effectively increases the 

LacI concentration in the vicinity of the operator 27. This increases the occupancy of the Oprox binding site 

and may sterically hinder approaching RNAP 148. Once RNAP clears the proximal operator, it is 
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dramatically decelerated within the 400 bp looped segment, as compared to transcription of the same DNA 

in an unlooped configuration, likely as a result of torsionally induced stalling. Yet, once RNAP transcribes 

toward the end of the loop, it clears the distal LacI roadblock faster than the same roadblock in the absence 

of DNA loop.  

Torsional disruption of LacI-DNA complexes might explain the shorter pauses at distal LacI securing a 

loop. Indeed, using magnetic tweezers to arrange positive supercoiling of the DNA to coincide with the 

RNAP arrival at the distal LacI obstacle shortened pauses by RNAP. This is strong evidence that positive 

supercoiling generated by transcription facilitates clearance of the LacI obstacle. In general, accumulated 

positive supercoiling ahead of RNAP may accelerate protein dissociation from DNA and shorten pauses at 

protein-mediated loops or other DNA structures.  

Further control experiments using topoisomerase IB, or a nicking enzyme targeted to the loop region to 

artificially release the accumulating torsion, were not productive due to the inability to synchronize 

activities of those enzymes with RNAP elongation and nicking of either DNA strand induced RNAP 

pausing, or undesired transcription initiation, at nicks. Nonetheless, the results reported in this work 

strongly indicate that small loops of few hundred base pairs, such as the one considered here and those 

induced by many prokaryotic regulators, significantly slow transcription by RNAP, and that the positive 

torsional stress accumulated ahead of a transcription elongation complex may help to clear the path.  

Generally, destabilization of DNA roadblocks as positive supercoiling accumulates is likely to enhance 

RNAP progression along DNA with bound proteins. Simultaneously, negative supercoiling trailing the 

transcription complex may help dislodged proteins rebind and/or may stabilize proteins behind the complex. 

In vivo, transcription would generate supercoiling at rates of 3.9 - 5.5 turns/sec (39 – 55 bp/s) 150, a potent 

source of supercoiling for topoisomerases to manage. Looping transcription factors that can shift between 

sites ahead and behind transcription complexes would maintain at least one connection to the DNA as 

RNAP passes and avoid diffusing away from their binding sites. This adds a fine level of control to that 

exerted by the overall concentration of the transcription factors.  
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In vivo, the ability of protein-mediated loops to hinder RNAP elongation may be a critical factor in the 

regulation of transcription at the local level. In the eukaryotic organism Drosophila melanogaster, it was 

observed, using 4C-seq assays, that RNA polymerase II was often paused near promoters involved in long-

range interactions via several kilobase pair-long loops with enhancers. The authors hypothesized that since 

promoter-proximal complexes can exert enhancer-blocking activity 151, the presence of paused polymerase 

could safeguard against premature transcriptional activation, and yet keep the system poised for activation 

152. It is possible that in the case of regulatory loops found along the template during elongation, RNAP 

pausing, either in front or within, is part of a mechanism to (i) wait for additional factors to resolve the loop, 

or relieve supercoiling, as a signal to restart transcription, or (ii) avoid over transcription of a gene. Given 

the ubiquity of looping in any genome, I propose that RNAP may temporarily stall inside loops where it 

may be able to respond to regulatory factors and eventually transit the loop segment dispersing protein-

DNA obstacles through the generation of positive supercoiling. In this way, RNAP can carve its path 

through DNA structures and DNA-bound proteins that are necessary for genome maintenance and 

regulation of gene expression in all life. 
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Conclusion 

My work focused on the interaction between supercoiling, transcription and LacI mediated looping with 

the ultimate goal of addressing the questions of how RNA polymerase travels along roadblock-coated and 

topologically complex DNA.  

The first project did not involve transcription but focused on the effect of supercoiling on LacI-mediated 

looping. This work was in anticipation of the following investigation of transcription through loops. It 

showed that negative supercoiling plays a key role in regulating looping activity and makes it deterministic 

within the lifetime of the cell under various conditions of tension and torsion that likely develop during the 

cell cycle. The stable loop and unloop ratio that DNA unwinding ensures can also tune gene expression in 

vivo since protein-mediated DNA looping is part of the network of signals that regulates all aspects of DNA 

metabolism, including transcription. As one of the most common DNA topologies, looping can, however, 

also be a transcription roadblock. The following investigation of transcription through loops provided 

insight into the (i) strength of a protein roadblock which secures a loop, (ii) challenges of transcribing within 

a 400 bp, LacI-mediated loop and (iii) mechanism by which RNAP can exit the loop. The data indicate that 

RNAP progress inside the loop region is delayed not by a slower transcription rate but by frequent and 

rather long pauses likely due to the accumulation of positive supercoiling ahead of RNAP.  

In summary, I first reviewed the current knowledge on the energetics of different DNA configurations that 

may be commonly encountered in vivo and summarized it in table format. This will facilitate the 

quantitative understanding of the relationship between genomic structure and function from the standpoint 

of energy cost. 

Then I found that negative supercoiling stabilizes the LacI-mediated loop and turns it into a strong 

roadblock, while positive supercoiling destabilizes LacI binding to DNA facilitating the exit of RNAP 

trapped inside a loop. Both positive and negative supercoiling, therefore, play key roles in regulating how 

RNAP navigates complex topologies, such as protein-mediated loops. In this way, my work links enzyme 
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activities, DNA conformational changes and protein binding/regulation together. Additionally, my work is 

the first where a single RNAP has been tracked in real time while it transcribed through a DNA loop and 

allowed quantification of the dynamics of this process. Thus, it contributes to the understanding of the 

mechanism of gene expression and regulation.  
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