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Abstract

Transcription factors and supercoiling establish DNA
topology that influences transcription

By Yan Yan

Protein-mediated DNA looping is ubiquitous in chromatin organization and gene
regulation both in eukaryotes and prokaryotes. It occurs when one or more protein(s)
bridge two distant sites on the double helix. In principle, different protein-mediated
loops may, interact giving rise to more complex regulation patterns. Using the tethered
particle motion technique, the probability of looping by the lac repressor protein (Lacl)
was shown to depend on Lacl concentration, loop size and binding affinity of operators.
Furthermore, it was shown that DNA loops mediated by Lacl and the A bacteriophage
repressor protein, A Cl, interact differently depending on the topological arrangement:
side-by-side loops do not affect each other, nested loops assist each other’s formation,
while alternating loops inhibit each other’s formation. These observations provided
clear support for the loop domain model for insulation.

Nucleoid associated protein (NAPs) and/or supercoiling could both be
responsible for the fact that in vivo levels of Lacl-mediated looping are higher than
those measured in vitro for a range of large loop sizes in identical DNA templates. Using
magnetic tweezers, physiological levels of negative supercoiling were shown to drive the
looping probability from 0 to 100 % under slight tension that likely exists in vivo. In
contrast, even saturating (micromolar) concentrations of HU couldn’t raise the looping
probability above 30 % in similarly stretched DNA or 80% in DNA without tension.
Furthermore, it was shown that loops that formed in supercoiled DNA create topological
domains that may exceed the loop segment length (distance between protein binding
sites). This is relevant to regulation by distant elements.

Magnetic tweezers were also used to show that RNAP halts for several minutes
upon encountering a Lacl bound to a single operator. The average pause lifetime is
compatible with RNAP waiting for Lacl dissociation. Puzzlingly, RNAP seems to slide back
to the promoter immediately after encountering a protein and reinitiate elongation.
These observations still need to be understood.
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Chapter 1 Introduction

§ 1.1 DNA structure

DNA (deoxyribonucleic acid), a polymer of deoxyribonucleotides, is the repository of
genetic information in cells. It has been over 60 years since Watson and Crick published
the right handed helical structure of DNA in 1953 (6). The unique structure of DNA
enables genetic and epi-genetic information to be stored and regulated in prokaryotes
and eukaryotes. Prokaryotes are single cell organisms that lack a cell nucleus, and their
DNA is compacted by supercoiling and a host of DNA organizing proteins. Eukaryotic
cells, in contrast, have intracellular organelles that organize the cellular contents into
compartments. In these cells, DNA and its associated proteins are contained in the
nucleus. The human nucleus is approximately 10’ um3 (7) and contains about three
billion base pairs (bp) (about 1.8 m long when fully extended). Clearly, DNA needs to be
tightly packaged to fit in the nucleus. To better understand this process, it is useful to
review the four different levels of DNA structure: primary, secondary, tertiary and

quaternary.

§ 1.1.1 DNA primary structure
DNA’s primary structure is the linear sequence of nucleotides linked together by
phosphodiester bonds. Deoxyribonucleotides consist of a pentose sugar (deoxyribose),

a phosphate group, and a nitrogenous base. There are four different bases: Adenine(A),



Guanine(G), Thymine (T) and Cytosine(G). A and G are purines, Cand T are pyrimidines.
Bases can interact with each other specifically: A and T form two hydrogen bonds (H
bonds), while G and C form three H bonds (Fig. 1.1, A). For both the purine and
pyrimidine bases, the phosphate group forms a bond with the deoxyribose sugar.
Nucleic acids are formed when several nucleotides come together through

phosphodiester linkages between the 5’ and 3’ carbon atoms (Fig. 1.1, B).
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Fig. 1.1. (A) GC and AT paring. (B) Primary structure of a 3 base-long single-
stranded DNA with sequence GAC.



§ 1.1.2 DNA secondary structure and polymorphism of DNA structure

Fig. 1.2. Side and top view of (A) B-DNA, (B) A-DNA, (C) Z-DNA

When ba.;,e pairing occurs, DNA adopts a specific secondary structure: that of a double
helix. It was first determined, in what is now known the B form, by Watson and Crick in
1953 (6). DNA in cells typically consists of two complimentary anti-parallel (sense and
anti-sense) polynucleotide chains that are interwound. The coiling occurs in such a way
that it forms two types of grooves, one major (wider) and one minor (narrower) groove
(8). However, there are several forms in which DNA can occur characterized by 4 main
parameters: 1. Handedness — right or left; 2. Pitch of the helix; 3. diameter ; 4. Relative
size of the major and minor grooves. As a consequence, double stranded DNA can adopt
three major stable conformations (9): B-DNA, A-DNA, and Z-DNA. B-DNA is the most
common configuration under physiological conditions (Fig. 1.2, A). B-DNA is a right-

handed helix with a pitch of 10.4 bp per helical turn (3.4 nm, each base pair separated



by 0.34 nm) and a diameter of 2 nm. The A- form is common under dehydrating
conditions. It’s a right-handed double helix with 2.46 nm helical pitch, 0.23 nm base pair
separation, 11 bp per turn and 2.3 nm in width (Fig. 1.2, B). Z-DNA is a relatively rare
left-handed double-helix with 4.6 nm helical pitch, 0.38 nm base pairs separation, 12 bp
in one helical turns, and 1.8 nm (9) (Fig. 1.2, C) which can be induced when DNA is

unwound and subjected to tension (10).

§ 1.1.3 DNA tertiary structure, DNA supercoiling
Tertiary structure is defined by the large-scale, 3-dimensional folding of DNA. Different

tertiary structures of DNA include Holiday junctions, G-quadruplexes and supercoiling.

DNA supercoiling most commonly refers to the formation of gyres of double-
stranded (ds) DNA whereby the longitudinal axis of the molecule crosses itself. More
precisely, the torsional state of DNA is characterized by the ds-helix’s linking number
(Lk). B-form DNA, as found in the crystals studied by Rosalind Franklin and Maurice
Wilkins, is considered to be torsionally relaxed with Lk number, Lko, given by the number
of base pairs divided by 10.4 bp/turn, Lko = N/10.4. Thus, the linking number represents
the number of times that the two DNA strands are interwound, independent of their
exact configuration. In vivo, the linking number of DNA dynamically changes. It is
important in many biological process, such as DNA compaction and transcription
regulation. Additionally, certain enzymes such as topoisomerases are able to change
DNA topology to facilitate functions such as DNA replication and transcription (11). The

supercoiling density of a DNA is defined as o = (Lk — Lko)/Lko = n/Lko, where Lk and Lk are



the linking numbers of twisted and relaxed DNA respectively, and n is the number of

mechanically introduced twists. Two parameters that describe changes in linking

number are twist (Tw) and writhe (Wr). Twist refers to the helical winding of the DNA

strands around each other, whereas writhe measures the number of times the double

helix crosses itself. In the absence of supercoiling, Lk, equals to Tw,. Winding or

unwinding the DNA molecule will change Lk and may introduce writhe, as described in

Fig. 1.3. In general, the change in linking number is given by: ALk = Lk — Lk, = Tw —

Twy + Wr = ATw + Wr.
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Fig. 1.3 Conformation of DNA supercoiling. DNA can exist as a relaxed molecule
(center) which have a right-handed chirality without any supercoiling. Winding
DNA can over-twist B-DNA into a tighter right-handed helix (right top) or form a
right-handed plectonemic structure (right bottom). Unwinding DNA will form a
helix with a longer pitch (left top) and eventually form a left-handed plectoneme

(left bottom).

§ 1.1.4 DNA quaternary structure

DNA quaternary structure refers to the helix 3-D configurations induced by the

interaction with other nucleic acid molecules, or proteins. Usually, such interactions



compact DNA. An obvious example is DNA compaction into nucleosomes/chromatin by
histones (12). The quaternary structure of DNA strongly affects the accessibility of DNA

to transcription machinery for gene expression.

§ 1.2 Introduction of HU protein

The HU protein (histone-like protein from
Escherichia coli strain U93) is a small,
histone-like, nucleoid-associated protein
(NAP) which exists abundantly in bacteria
(13, 14). HU is a nonspecific, DNA-bending

protein, which plays an essential

architectural role in packaging DNA (15) Fig. 1.4 Structural basis for DNA bending
by HU protein (5). Cartoon

(Fig. 1.4). In most bacteria, HU exists as an representation of crystal structure of
HU protein bound to a short piece of

18-kDa homodimer. In Enterobacteria, DNA (PDB:1P78).

including Escherichia coli (E. coli), there are two variants of similar HU subunits, HUa
and HUB, each of them with molecular weight 9-kDa. They can associate to form either
homodimers (HU-a2 and HU-B2) or heterodimers (HU- af). The heterodimer is the most
common form of HU in E. coli (16). In vivo HU concentrations vary between a high level
of 30,000 copies per cell in exponential phase and a low level of 7500 in stationary
phase (17, 18). HU restrains supercoiling and participates in specific control functions in
DNA transactions like replication, transcription, recombination, and DNA repair (13, 15,

19-21). Although HU has a high non-specific affinity for DNA, it bind with high affinity to



certain types of DNA structures, such as nicked, bent, gapped, three- or four-way

junction, and AT-rich DNA (22-27).

The DNA-binding behavior of HU depends on salt concentration (28). Single DNA
stretching experiments have shown that at low salt concentration (below 100 mM), low
HU concentration caused a reduction in extension of DNA, relative to the extension of
naked DNA (29-31). However, at higher HU concentrations bending was no longer
observed (32) and DNA became stiffer (29, 30). Further increasing, within physiological
levels, the salt concentration (150 -200 mM), HU only compacts DNA into a flexible HU-
DNA filament (28). Finally, DNA compaction is eliminated at 300 mM, or higher, salt

concentration (28).

HU potently changes the bacterial transcriptome (14), and binding correlates

with negative supercoiling in stationary phase E. coli (33).

§ 1.3 Introduction of transcription

§ 1.3.1 Central dogma of molecular biology

The central dogma of molecular biology is an explanation of the flow of genetic
information within a biological system. It is a framework for understanding the transfer
of the sequence information between information-carrying biopolymers in living
organisms. It was first stated by Francis Crick in 1958 (34), and re-stated in a paper
published in 1970 (35).There are three major classes of such biopolymers: DNA, RNA

(both nucleic acids), and proteins. There are 3 x 3 =9 conceivable direct transfers of



information that occurs between these (Fig. 1.5). The dogma classifies these into 3
groups of 3: three general transfers (believed to occur normally in most cells) (Fig. 1.5
solid arrows), three special transfers (known to occur, but only under specific conditions
in case of some viruses or in a laboratory) (Fig. 1.5 dotted arrows), and three transfers

believed never to occur.
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Fig. 1.5 lllustration of the central dogma of molecular biology. Solid arrows show general
transfer; dotted arrows show special transfer. The absent arrows are the undetected
transfers specified by the central dogma.

The general transfers describe the normal flow if biological information: DNA can
be copied into new DNA through DNA replication (DNA —DNA). DNA codes for RNA
through transcription (DNA — RNA). There are three types of RNA: ribosomal RNA

(rRNA), transfer RNA (tRNA) and messanger RNA (mRNA). The information carried by
mMRNA is used by ribosomes, large molecular machines, to synthesize proteins through

the process of translation (RNA — Protein). rRNA is a component of the ribosome, and



is essential for protein synthesis, tRNA carries amino acid residues to be incorporated

into mRNA to the ribosome.

The special transfers describe: RNA being copied into RNA through RNA

replication (RNA — RNA). This process occurs because of the existence of RNA virus.
DNA being synthesized using an RNA template by reverse transfer (DNA — RNA), and
protein being translated directly from a DNA template without the mRNA (DNA —

Protein). The unknown transfers describe: a protein being copied from a protein

(Protein — Protein), RNA synthesized using a protein as a template (Protein — RNA),

and DNA synthesized using the protein as a template (Protein — DNA) (35).

§ 1.3.2 Components and function of RNA polymerase

RNA polymerase (RNAP) is the enzyme that catalyzes the copying of the information of a
DNA into an RNA sequence during the process of transcription. It has been found in all
species, but the number and composition of proteins vary cross taxa. In most
prokaryotes, a single RNA polymerase species transcribes all types of RNA. E. Coli RNA
polymerase consists of five different subunit types. The beta (B) subunit with molecular
weight of 150-kDa, the 155-kDa beta prime (B’), the 10-kDa omega subunit (w), two 36-
kDa alpha (a) subunits, and the sigma factor (o). There are different types of o factors,
one of these is the 07° factor with a molecular weight of 70-kDa. The o subunit is
recruited for promoter recognition and transcription initiation, it can dissociate from the

rest of the complex, leaving the core enzyme (a2Bp’w, 11 A (36)). Onlyasa
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holoenzyme (a2Bp’wo”®, 27 A (37)) RNAP can specifically initiate transcription (38). The
a subunits form a dimer (a2) that acts as the platform onto which the § and ’ subunits
bind, and which plays a role in transcription activation (39). The § and B’ subunits
together form the catalytic center of the enzyme (36). The physiological role of the small
w subunit is not yet completely understood in bacteria, a recent research indicate that
in cyanobacteria the w subunit facilitates the association of the primary o factor with

the RNAP core, thus controls transcription efficiency (40).

§ 1.3.3 Transcription steps: initiation, elongation and termination
Transcription is the first step of gene expression. During transcription, the information
of DNA is copied into RNA by RNA polymerase. Transcription in E. coli comprises three

steps: initiation, elongation and termination.

Initiation, which is typically the rate-limiting and the most regulated stage of
transcription, is by itself a complex, multistep process consisting of the following steps
(41, 42). (i) RNAP holoenzyme binds to the -10 and -35 DNA elements in the promoter
(Fig. 1.6) recognition sequence (PRS), upstream to the transcription start site (TSS) to
form a closed promoter complex (RPc). (ii) RPc isomerizes through multiple
intermediates into an open complex (RPo), in which a ~12-bp DNA stretch (bases at
positions -10 to +2) is melted to form a transcription bubble, the template DNA strand

(3" — 5’ strand) is inserted into the RNAP major cleft, the base at +1 of the TSS is placed

in register with the active site, the non-template strand (5" — 3’ strand) is tightly bound
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to 67% and the downstream DNA duplex (bases +3 up to +20) is loaded into RNA B’ DNA-

A.

Transcription

Promoter i Coding sequence of gene

5 +1 3

B. Strong E. coli promoters

tyr tRNA
ren D1
ren X1
ren (DXE),
rrnE1
ren At
ren A2

A PR
AP
T7 A3
T7 A1
T7 A2
fd vin

TCTCAACGTAACACTTTACAGCGGCG* «CGTCATTTGATATGATGC*GCCCCEGCTTCCCGATAAGGG
GATCAAAAAAATACTTGTGCAAAAAA. » TTGGGATCCCTATAATGCGCCTCCABTTGAGACGACAACG
ATGCATTTTTCCGCTTAGTCTTCCTGA *GCCGACTCCCTATAATGCGCCTCCATCGACACGGCGGAT
CCTGAAATTCAGGGTTGACTCTGAAA » + GAGGAAAGCGTAATATAC*GCCACEBTCGCGACAGTGAGC
CTGCAATTTTTCTATTGCGGCCTGCG* *GAGAACTCCCTATAATGCGCCTCCATCGACACGGCGGAT
TTTTAAATTTCCTCTTGTCAGGCCGG* « AATAACTCCCTATAATGCGCCACCACTGACACGGAACAA
GCAAAAATAAATGCTTGACTCTGTAG « CGGGAAGGCGTATTATGC*ACACCEBCGCGCCGCTGAGAA
TAACACCGTGCGTGTTGACTATTTTA-CCTCTGGCGGTGATAATGG*TTGCATGTACTAAGGAGGT
TATCTCTGGCGGTGTTGACATAAATA*CCACTGGCGGTGATACTGA+* +GCACATCAGCAGGACGCAC
GTGAAACAAAACGGTTGACAACATGA* AGTAAACACGGTACGATGT+*ACCACATGAAACGACAGTGA
TATCAAAAAGAGTATTGACTTAAAGT « CTAACCTATAGGATACTTA«CAGCCATCGAGAGGGACACG
ACGAAAAACAGGTATTGACAACATGAAGTAACATGCAGTAAGATAC-AAATCEBCTAGGTAACACTAG
GATACAAATCTCCGTTGTACTTTGTT» » TCGCGCTTGGTATAATCG*CTGGGEAGTCAAAGATGAGTG
35 10 +1 :

C. Consensus sequences for all E. coli promoters

—35 region
TTGACAT

—10 region

15-17 bp TATAAT

Fig. 1.6 Promoter sequence. (A) The promoter lies “upstream” of the initiation point
and coding sequences. (B) Promoter sites have regions of similar sequences, as
indicated by the yellow region in the 13 different promoter sequences in E. coli. Spaces
(dots) are included to maximize homology at the consensus sequence. The gene
governed by each promoter sequence is indicated on the left. Numbering is according
to the number of bases before (-) or after (+) the RNA synthesis initiation point. (C)
Color coding in the consensus sequences for all E.coli promoters is as follows: blue
letters, >75%; boldface black letters, 50-75%; black letters, 40-50% (3).

binding clamp. (iii) An initial transcribing complex (RPir¢) is formed after binding of

nucleoside triphosphates (NTPs), and the start of RNA synthesis during an abortive

initiation step (Al), followed by RNAP cycling through multiple polymerization trials via a

DNA scrunching mechanism (43, 44), release of short “abortive transcripts” and return

to an RPo for a new synthesis trial (45-47); and finally, (iv) RNAP promoter escape, which

occurs when enough strain is built in the enzyme, the 6’° undergoes structural transition

to relieve blockage of the RNA exit channel in RNAP and loses its grip on the PRS,

nascent RNA enters the RNA exit channel and transcription enters the elongation stage.

In Al, the interactions between 67°and the PRS limit the lengths of abortive transcripts.
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The stronger these interactions are, the longer the time RNAP will spend cycling in Al
(48) and the longer the lengths of abortive transcripts will be (49). For these reasons,

transcription initiation is rather slow after establishing tight promoter interactions.

Elongation is a very efficient and fast process (50-53). Shortly after initiation, the
o factor most often dissociates from the RNAP. The RNA is always synthesized in the 5’

— 3’ direction (Fig. 1.7), with triphosphates (NTPs) acting as substrates for the enzyme.

The addition of each ribonucleotide can be represented by the following chemical

Mg?*t ,RNAP

equation: +(NMP),, — (NTP),,1 + PP; . The energy for elongation is provided
by the splitting of high-energy triphosphate into monophosphate and release of
inorganic diphosphate (PP;). The so called “transcription bubble” must be maintained
during elongation and it moves along the DNA double strands. As RNAP moves along the
helical groove of DNA, it generate positive (+) DNA supercoiling ahead and negative (-)
DNA supercoiling behind. This is the “twin supercoiled domain model” (54). During

elongation, RNAP may encounter specific sequences that cause transcriptional pausing

Nontemplate strand Template strand
of gene 1 RNA of gene 2
- S AGCCCAT
3 . — — \\G‘“_ “ AG ——— 5’
5 — BTy, B — O N — 3
DNA FGCCTAC G ¥ \_ 3
RNA lemplale strand RNA Nontemplate strand HNA
polymerase ol gene 1 of gene 2 polymerase
Gene 1 Gene 2

Fig. 1.7 Transcription of two divergent genes. RNAP moves from the 3’ end of the
template strand, creating an RNA strand that grows in a 5" — 3’ direction. Some
genes are transcribed from one strand of the DNA double helix, other genes use the
other strand as the template. (Figure from An Introduction to Genetic Analysis, 7t
edition).
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or stalling, sometimes accompanied by backtracking of the RNA chain pushing its 3’ end
into the RNAP secondary channel (55), which becomes critical for termination of

transcription.

Termination is the process that ends transcription, which includes the release of
the nascent RNA and the enzyme from the template. There are two major mechanisms
for termination in E. coli: i) intrinsic termination (or Rho-independent transcription

termination), and ii) Rho-dependent termination.

The first type involves termination sequences within the RNA that signal the RNA
polymerase to stop. The termination sequence on the DNA template usually contains
about 40 bp, ending in a GC-rich stretch that is followed by a run of six or more A’s on
the template strand. The corresponding GC sequences on the RNA are arranged so that
the transcript in this region can form complementary bonds with itself (a palindromic
sequence) that forms a stem-loop hairpin structure. It is formed by the terminal run of
U’s that correspond to the A residues on the DNA template. The RNA hairpin loop and
section of U residues appear to serve as a signal that leads to the dissociation of the

RNAP from the DNA template and terminate the transcription.

The second mechanism uses a termination factor called p factor (rho factor)
which is a protein that stop RNA synthesis at specific sites. This protein binds at a rho
utilization site on the nascent RNA strand and runs along the mRNA towards the RNAP.
mMRNA with rho-dependent termination signals do not have the string of U residues at

the end of the RNA and usually do not have hairpin loops. When the p-factor, bound on
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RNA, reaches the RNAP, it causes RNAP to dissociate from the DNA, terminating

transcription (56).

§ 1.3.4 Transcriptional regulation

Transcriptional regulation in organisms is accomplished through the sequence specific
binding of proteins (transcription factors, or TFs) that activate or inhibit transcription.
Transcription factors may act as activators, repressors, or both. Repressors often act by
preventing RNAP from forming a productive complex with the promoter, or by binding
downstream of the promoter and acting as roadblocks to elongation. Activators,
instead, facilitate formation of a productive complex. Furthermore, DNA motifs induced
by TFs have been shown to be predictive of epigenomic modifications, suggesting that

transcription factors play a role in regulating the epigenome (57).

§ 1.4 The lac repressor protein, Lacl, and Lacl-mediated DNA looping

§ 1.4.1 Lac Operon and structure of the Lacl protein

The lac system in E. coli bacteria has been a classic model for both in vivo and in vitro
investigation of gene regulation. The lac operon refers to the genes responsible for the
lactose transport and metabolism in bacteria (58). It consists of three adjacent structural
genes, LacZ (coding for B-galactosidase), LacY (coding for lactose permease), and LacA
(coding for transacetylase), under the control of the same promoter (Fig. 1.8, A). The lac

operon is regulated by several factors, including the presence of glucose and lactose.
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The response to lactose requires the regulatory protein Lac repressor (Lacl) which is
encoded by the nearby Lacl gene. In the absence of lactose, Lacl binds to one or two
specific binding sites, operators, and prevents RNAP from transcribing, either by
inhibiting the binding of RNAP (59-61) or stopping its entry into the processive
elongation phase (62, 63). Thus, the operon is “off”. In the presence of lactose without
glucose, Lacl undergoes a conformational change which dramatically decreases the
affinity of Lacl for its operators. In this case, RNAP that recognize the promoter can

transcribe the operon’s structural genes into mRNA and the operon is “on”.

mMAMA

A.

-82 -61

/ +11 +412
jf, Lacl O3 CAP
¥

- 93bp —= =

5 GTGGAATTGTGAGCGGATAACAATTTG 3
3 CACCT TAACACTCGCCTATTGTTARAG 5

Fig. 1.8 Gene regulation in lac Operon. (A) Schematic of lac Operon. (B) A ribbon
diagram of the quaternary structure of the Lac repressor complexes to DNA, Lac
repressor is a tetrameric structure where each monomer shows in one color. (C)
Sequence of DNA operator, the bases in bold font indicate the minimal requirement
for specific binding of an operator.

Lacl is a “V-shape” homo-tetramer (Fig. 1.8, B) with two DNA binding domains.
The binding of a Lacl to two distinct operators along a DNA molecule induces the
looping out of the intervening DNA sequence. Operators are normally DNA sequences

of approximately 27 base pairs; the minimal operator required for specific binging is 17
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base pairs-long (Fig. 1.8, C) (64). There are three wildtype Lacl operators (Fig. 1.8, A).
The primary operator O1 is located at position 11 relative to the promoter. Two auxiliary
operators, 02 and 03, lie within the Lacl and LacZ gene, respectively. O3 is 93 bp
upstream of O1 while 02 is 401 bp downstream of O1. In addition, there is an
engineered, symmetric operator Os. The affinity of Lacl to these four operators is:
0s>01>02>03. Maximally efficient repression is achieved via DNA looping by the
simultaneous binding of Lacl protein to two operators (58, 65). This is because DNA
looping significantly enhances protein association to the lower-affinity site due to the
tethering effect of DNA looping, and increases Lacl concentration in the proximity of the

operators (66, 67).

§ 1.4.2 Lacl mediated DNA looping study in vivo and in vitro

Protein mediated DNA looping is important in all aspects of DNA metabolism, such as
transcription, replication and recombination. To understand the physical mechanism of
protein-induced DNA loop formation, and its physiological role, it is necessary to

conduct experiments both in vitro and in vivo, as well as theoretical analyses.

The probability of loop formation is set by the Lacl tetramer concentration,
binding affinities of operators, and the loop size (4, 68). In vitro experiment shown that
loop formation by the Lacl protein is concentration dependent. For any given DNA
template with two Lacl operators, when the concentration is low, the probability of

forming a loop is small and will increase while the Lacl concentration increase. However,
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if the concentration of Lacl is too high, the probability of forming a loop is low because
the two operators are occupied by separate Lacl tetramers. At intermediate

concentrations, the looping state has its highest probability of occurrence (69).

Loop size is another factor that influence the looping probability. For small loop
sizes, looping needs to overcome bending stiffness (70, 71). In this regime, looping and
the gene expression level are oscillating with the length of the loop with a periodicity of
approximately 11 bp, which is consistent with the DNA helical repeat (58, 72-75). The
characteristic oscillation in gene repression amplitude in the lac operon is characterized
at the single base-pair level. Large loop formation is suppressed by entropy. The free
energy of looping measures the energy involved in forming the looped configuration as
a function of the inter-operator distance. It is an important parameter that can be
extracted using thermodynamic models (76, 77). The minimum in looping free energy is
around 70 bp in vivo, which is about half the persistence length of DNA (76, 78-80). In
vitro, theoretical work suggests that approximately 500 bp long DNA segments most
easily form Lacl mediated loops (71). This difference has been suggested to arise from
the greater effective flexibility of in vivo versus in vitro DNA. The mechanics of DNA
inside living cells is considerably more complicated than in vitro. Besides the flexibility of
naked DNA, a number of other factors should be considered including (i) the geometry
and flexibility of the looping protein (61, 81), (ii) the existence of DNA supercoiling in the
cell (82) and (iii) the presence of structural proteins such as HU, IHF and H-NS in
prokaryotes (74), which are abundant nucleoid-associated proteins. The contribution

and importance of each factor need to be decoupled to analyze the role of DNA looping
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in transcriptional regulation. To examine each factor separately, in vitro single molecule

biophysics have been employed.

Bulk binding assays, such as electrophoretic mobility shift assays and filter
binding assays, are traditionally applied to measure the affinity of proteins to their DNA
targets. These techniques offer the opportunity for systematically varying parameters,
such as DNA length, the degree of supercoiling, or presence of structural proteins,
thereby decoupling the various effects contributing to looping processes in vivo.
Previous research using electrophoretic mobility shift assay (EMSA) found that the
looping probability decreases as the inter-operator spacing is reduced from 210 bp to 60
bp (83), which agrees with the quantitative observations using the filter binding assay
(84), and demonstrated an increase in the affinity of Lacl binding to a single operator
site. Their results suggest that negative supercoiling favors the association of Lacl and its
target DNA sites, resulting in an increase in looping probability and looping stability.
Furthermore, this probability is found to remain relatively constant over loop lengths
between 100 and 500 bp (85). It was also found that supercoiling could shift the optimal
spacing for loop stabilization depending on the degree of supercoiling, suggesting the
distance of helical repeat is changing (86). Although such studies demonstrate the role
of supercoiling and inner-operator spacing in DNA looping, they lack either quantitative

kinetic information or systematic investigation.

Another important class of experiments that have shed light on the mechanics of
DNA looping in vitro are single-molecule measurements using the Tethered Particle

Motion (TPM) method (87, 88). Finzi and Gelles were the first who applied TPM to
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measure Lacl mediated loop formation and breakdown, and to elucidate the kinetic
information of such process (89). In this method, looped and unlooped states can be
distinguished by the excursion of the tether (90-98). Thus, modulations in its motion
reflect conformational changes in the tethering molecule. This method has recently
revealed the presence of two-looped states in Lacl mediated DNA loops (69, 99-103),
consistently with the presence of multiple configurations of the Lacl-DNA nucleoprotein
complex observed using FRET (104, 105), electron microscopy studies (106) and
suggested by x-ray crystallography studies (61). The different excursion may be
explained as characteristic of either the parallel vs. anti-parallel arrangement of the DNA
in the nucleoprotein complex (69), or open vs closed Lacl tetramer conformation (100).
AFM imaging has directly observed the open and closed states of Lacl protein (2).
Another study using TPM provided evidence for at least three distinct loop structures
contributing to Lacl-mediated looping in vitro when the loop length is short (on the
order of the DNA persistence length), more than previously reported (107).

When both DNA and Lacl are present in solution, five states are possible: bare
DNA, DNA with one Lacl bound to a single operator, DNA with two distinct Lacl
tetramers, each bound to a separate operator, DNA looped by Lacl (101). The weight of
each configuration as shown in (101). This model states that if the operators have
dissociation constant Kweak and Ksirong for weak and strong operator respectively. The
interning DNA has looping J-factor Jioop, this term applied to quantify the effective
concentration of Lacl near weak operator when the strong operator is occupied by a Lacl

protein.
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Thus, the expression of looping probability Pj.op Will have to consider the weight

of the five possible states, and will be given by the following equation,

l [R]]loop
2 KweakKstrong

[R] [R] [R] [R] 1 [R]]loop
1+ + + +5
Kweak Kweak Kstrong 2 KweakKstrong

Ploop =

Kstrong

Where [R] is the concentration of Lacl, and Jiuop is the J-factor, which refers to the
probability of forming a loop from one operator bound by Lacl. The J-factor depends on

the length, flexibility of the DNA and the phasing of the operators (108-110).

The J-factor can be calculated from the ratio of the unlooped to the looped state

P
probabilities (101), —loop , the dissociation rate from the weak operator Kueax, and the
unloop

concentration of Lacl, [R], using the equation: ] = Zp’”ﬂ([mmweak) )

unloop

§ 1.5 DNA topological domains

Topological domains, which are operational units in practically all DNA genomes, are
DNA segments with constrained ends, this means that the free rotation of the ends is

inhibited and the supercoiling density within such a topological domain is invariable.

Fig. 1.9 Examples of topological domains. (A) Circular DNA, (B) linear DNA attached to
other cellular structure, (C) chromosomal DNA loops.
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The ends of DNA are constrained in circular DNA (Fig. 1.9, A), as typically found in
bacteria, mitochondria, chloroplasts, viruses, etc. In this case, there are obviously no
DNA ends, since both DNA strands are covalently closed. In eukaryotic chromosomes,
instead, the ends of the chromosomal DNA molecule (or of parts of it) may attach to
other cellular structures such as the nuclear membrane (Fig. 1.9, B), or by protein-

mediated DNA loops (Fig. 1.9, C)(111).

There is both in vitro and in vivo evidence for the existence of topological
domains. Chromosomes isolated from E. coli cells required a number of nicks instead of
a single nick to relax the supercoiling completely (112). The whole chromosome is
divided into 12-80 domains. This is in agreement with other types of in vivo
measurements , where the average size of the domains was estimated to be ~ 100 kb in
length, so that each genome would be divided into ~50 domains (113). Electron
microscopy (114, 115) provides morphological evidence for the existence of topological
domains. Isolated E. coli chromosomes display many individually supercoiled loops
emanating from a central region. These supercoiled loops were hypothesized to be
topological domains. This was supported by the finding that a single loop could be
relaxed while the rest of the loops remained supercoiled that in average some domains
were relaxed and some would not (116). Moreover, the number of loops visible by
electron microscopy are estimated between 65 and 200 per nucleoid (114, 115). Later
experiments have suggested that this domain size is too large. A less invasive approach
to studying domains in vivo focused on the study of the domain structure in a region of

the Salmonella enterica chromosome exploiting the requirement for negative
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supercoiling of the y6 resolvase DNA substrate. The study concluded that the
topological domains are variable in both size and location of topological constraints, and
that domains average 25 kb in length (117). Gene microarrays were used to examine the
entire chromosome at once to determine how far DNA relaxation extends from double
strand breaks generated in vivo by a restriction enzyme. Electron microscopy was
independently used to directly measure the size the supercoiled domains. Both methods
gave an average size of domain ~ 10 kb (118). Monte Carlo simulations using varying
mean domain lengths concluded that domain barriers are not located at fixed sites on

the chromosome but instead are randomly distributed (118).

There are significant advantages to having topological domains in a
chromosome. First, topological domains will contribute substantially to the compaction
of the chromosome. The division of a replicated chromosome into ~ 500 loops would
decrease its radius of gyration from ~ 10 um to <0.5 um (119). Second, supercoiling is a
vulnerable state; without topological domains, a single nick or break would cause the
supercoiling relaxation of the whole genome and lead to cell death. Thus, the existence
of domains reduces the amount of DNA that is relaxed by DNA nicking or breakage. This
is important for bacteria, which require negative supercoiling for viability (120, 121).
Third, small domains will greatly simplify the problem of catenane and precatenane
resolution following replication (122, 123). Small domains concentrate catenane links,
making it easier for the decatenase, topoisomerase |V, to find the links between
enormous chromosomes (124). Concentration of catenane links will also increase the

free energy of catenanes and, therefore, will drive decatenation toward completion
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(125). Forth, organization of the chromosome into small domains will greatly aid in the
repair of double-strand breaks by keeping the two ends to be jointed in proximity to
each other. Proper localization of the ends would be particularly important when
multiple double-strand breaks are repaired by nonhomologous end-joining. Finally,

domains partition the genome into active and non-active regions.

§ 1.6 Experimental techniques

§ 1.6.1 Single molecule techniques

Single molecule techniques are techniques that investigate the properties and behavior
of individual molecules, in contrast to more traditional bulk techniques that measure
the ensemble average of a given parameter. Single molecule techniques include single
molecule florescence imaging and single molecule manipulation methods. In the
research described here, the tethered-particle motion (TPM) technique and magnetic

tweezers (MTs) were used to study protein-induced DNA looping.

§ 1.6.2 Tethered-particle motion

The tethered particle motion (TPM) technique is an optical microscopy method that is
used for studying various biopolymers, such as DNA, and their interaction with other
entities, such as proteins. TPM was first introduced by Schafer, Gelles, Sheetz and
Landick in 1991 (87). In this method, a biopolymer is tethered between a stationary

substrate, such as the microscope flow-chamber surface, and a micrometer-scale sphere
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Fig. 1.10 Tethered particle motion and the change of excursion length when bead
shows looping transition.

(bead), which is large enough to be imaged with conventional optical microscopy (Fig.
1.10). The constrained Brownian motion of the bead serves as a reporter of the
underlying macromolecular dynamics of the tethering DNA. Thus, the bead position is
tracked in time. The projection of the bead position in the x-y plane at any given point in
time is recorded and, over a sufficiently long period of time, the distribution of positions
in the 2-D plane will be circular. The center of the circle defines the tether’s anchoring
point with coordinates (X;, ¥;) and the distance between the anchoring point and the

position of the bead at any time, t, defines the excursion length, given by p, =

J(x —%)2 + (y — J,)?, where (x, y) are the coordinates of the bead at any given

point. Changes in the extent of the average motion (the “average excursion”, < p >)
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reflect conformational changes of the tethering molecule. Such changes may be caused,
for example, by DNA looping, DNA hybridization or DNA bending (89, 90, 96-98, 126-
128). The time necessary to obtain a mean square displacement depends on the

viscosity of the buffer (129).

The motion of the bead is influenced by the particle size, the polymer length, the
physical and chemical properties of the polymer, the solution in which the bead and the
polymer diffuse, and the nearby surface. The volume-exclusion effect due to the
proximity of the bead to the wall can be characterized by an excursion number (N) to
indicate whether the motion of the bead is dominated by diffusion of the DNA (N < 1) or

diffusion of the bead (N > 1) (94).

The interpretation of TPM measurements relies on an appropriate calibration
curve which relates the excursion (in terms of <p>) and a measure of the end-to-end
length of the DNA tether, to the contour length of the tether. Calibration curves vary
depending on the buffer, viscosity and bead size. < p >depends non-linearly on the DNA
contour length, and the slope of the curve decreases as the DNA contour length
increases (95, 129). In contrast, the mean-square excursion, p? = (x — %)% + (y — y)?,
depends linearly on the contour length of DNA from 0.1 kbp to 3.5 kbp (129), and the
calibration curve using a 160 nm radius bead in A buffer (buffer composition see section

2.2)is < p? >=100.89 X L + 3445 (129).

Although TPM is a relatively simple technique, there are subtleties to consider.

For example, multiply-tethered beads should be discarded, and DNA non-specific
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absorption, bead transient sticking to the surface and dissociation of the tether should
all be minimized (92, 93, 95, 98, 130). Furthermore, the total observation, exposure and

intrinsic diffusive times of the tethered particle need to be considered.

§ 1.6.3 Magnetic tweezers
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Fig. 1.11 Magnetic tweezers setup (A) and DNA behavior under tension (B) and torsion
(C). (A) Schematic experimental setup; (B) Force vs. DNA extension (open circle) and
WLC fitting of the data (red line); (C) DNA extension vs. magnet turns curve (hat
curves) under different tension.
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The application of magnetic tweezers (MT) to pull on single DNA molecule was first
introduced by Smith, Finzi and Bustamante in 1992 (131). In 1996, Strick, Allemand,
Bensimon and Croquette published a different implementation of MT with which to
simultaneously pull and rotate DNA, which is widely used today (132). The basic setup of

MT (Fig. 1.11, A) is similar to that used in TPM, a DNA molecule tethers a magnetic bead
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to the glass surface of a microscope flow-chamber. Above the stage, there is a pair of
permanent magnets which attract the magnetic bead, thus applying tension to the DNA,

the magnets can also be rotated to twist the DNA molecule.

DNA in vivo is under tension and torsional stress. Therefore, understanding DNA
behavior in the presence of these parameters is very important to the understanding of

DNA transactions. Tension on the DNA can be calculated using the equation F =

l . . . .
kBTﬁ , Where kg is the Boltzman constant, T is the temperature, [ is DNA extension,

8x? is the mean square displacement of the bead in the x direction which can be
measured experimentally by tracking the center of the bead (132). By monitoring the
position or fluctuation of the tethered bead, the behavior of DNA under tension or
torsion can be revealed. The dependence of the DNA end-to-end distance (DNA
extension) on external forces below the phase transition point (60 pN) is shown in Fig.

1.11 (B). The force vs. extension curve of DNA molecule follow Worm-like-chain model

(133), F =<0 | 1 242
Pl Ot

, Lis the extension of DNA (end to end distance), F is the

tension applied on single DN molecule. One of the fitting parameters, P, is the
persistence length, which represents the stiffness of the DNA molecule, the longer the
persistence length, the stiffer the DNA molecule. The persistence length of B-form DNA
is approximately 50 nm (134). Another fitting parameter, L, is the contour length of

DNA.

DNA can also be twisted with magnetic tweezers. The DNA extension vs. turns

curve show different behavior under different tension (Fig. 1.11, C). Since B-form DNA is
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a right-handed molecule, when the tension is high enough, unwound DNA does not
buckle, but is thought to denature (135) or switch to left-handed DNA (10). In this
situation, the extension remains unchanged, because no DNA fragment is absorbed to
the plectonemic form (132). Overwound DNA adopts a plectonemic form that smoothly
reduces the DNA extension. Under low tension, either wound or unwound DNA
molecule will introduce plectonemic structure, result a decrease DNA extension, lead to
a symmetric hat curve. Thus, by investigating DNA extension under tension or torsion,
not only one can characterize its mechanical properties, such as its persistence length
(bending rigidity) (133) and its torsional persistence length (torsional rigidity) (136), but
one can follow conformational changes induced by different external agents, such as

proteins.
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Chapter 2 Material and Methods

§ 2.1 Preparation of DNA constructs

All DNA fragments for TPM experiments were amplicons of PCR reactions with plasmid
DNA (pUC-HF-LL18 (4),pYY_I1_400_BstEIll (137), or p0102 (138)) as templates. The
plasmid pYY_I11_400_BstEll was made by using a Gibson assembly kit (New England
BioLabs, Ipswich, MA). By this method, five pieces of DNA were inserted into the
pBR322. The first fragment contained the promoter, the second contained the near
operator (Os), the third the spacer, the fourth the far operator (01), and the fifth the tail
with the terminator sequence. Each consecutive fragment had approximately 25 bp
overlap. Other reagents were obtained from the following sources: dNTPs (Fermentas-
Thermo Fisher Scientific Inc., Pittsburgh, PA), digoxigenin- and biotin- labeled primers
(Integrated DNA Technologies, Coralville, 1A, or Invitrogen, Life Technologies, Grand
Island, NY) (4, 139) and Taq Polymerase (New England BioLabs, Ipswich, MA). The total
lengths of the DNA constructs named 0s-900-01, Os-400-0O1 and 01-400-02 (written as
Ostrong-LoopSize (bp)-Oweak) were 1632, 909, and 831 bp respectively, with centrally

located Lacl-inducible loops.

DNA tethers for DNA looping experiments in the magnetic-tweezers were
generated by ligating a 2115 bp (0.7 um) main construct containing the 01-400-02
sequence with a centrally positioned, 400 bp, Lacl-inducible loop (139). This construct

was produced by PCR using plasmid pO102_401 (140) as a template for the
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S/p0102 401/929 Xmal (tgCCCGGGacccggaaagacatge) and A/p0O102 _401/3043_Apal
(ctGggCCCggtgaatccgttagega) primers. The main fragment so obtained was then
digested and ligated with T4 DNA ligase (New England BiolLabs, Ipswich, MA) to a
digoxigenin- or a biotin- labeled DNA tail at each end. The tails were approximately 1
kbp in length. After labeling the final DNA molecules with a streptavidin-labeled bead
and attaching them to an anti-digoxigenin-coated coverglass they were torsionally
constrained (141). The main construct was a PCR amplicon produced with an equimolar
dNTP mix and primers including Apal or Xmal (New England Biolabs, Ipswich, MA)
restriction digest sites. The nearly 1 kbp biotin- or digoxigenin- labeled DNA fragments
for anchorage were generated by Apal or Xmal restriction digests of approximately 2
kbp PCR amplicons obtained from pBIuKSP+ and S/pUC19/2412 and A/pUC19/1435
primers, using dATP, dCTP, dGTP, dTTP (Fermentas-Thermo Fisher Scientific Inc.,
Pittsburgh, PA) and digoxigenin-11-dUTP (Roche Life Science, Indianapolis, IN) or biotin-
11-dUTP (Invitrogen, Life Technologies, Grand Island, NY) in a molar ratio of
1:1:1:0.9:0.1. After digestion and purification with silica-membrane-based kits (Qiagen,
Germantown, MD), the main and the anchorage fragments were ligated using T4 DNA
ligase. Incorporation of the biotin- and digoxigenin-dUTP labels was random and
approximately 10% of dTTP sites in the sequences. Since the labels are attached to dUTP
and the sequences are known, the probability of incorporating labeled nucleotides can
be calculated as a function of the distance from the ligation junction (x) as the
complement of the probability of not incorporating any label within that span. Since the

fraction of labeled nucleotides was 0.1, the probability of labeling at each adenine



31

nucleotide was 0.1. The probability that not even one label would have been
incorporated within a segment x nucleotides long was Py iapereq = 0.9V4%, where Nay is
the number of adenines in the segment. Then the probability that at least one label will
be incorporated in the segment is Pp.; = 1 — 0.9V4x, There is about a 0.95 probability
that at least one label will be incorporated within 6 to 71 bp from the junction (Fig. 2.1,
Appendix 1). The variation of the effective tether length due to labeling will range from
14 to 127 bp or about 38 nm. Multiple labels along the anchorage segments are

necessary to torsionally restrain the DNA tethers.

The DNA molecules generated for transcription elongation measurements in
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Fig. 2.1 The probability of labeling along the anchorage fragment as a funtion of
the distance from the ligation junction with the main fragment. The anchorage
fragments are prepared by digesting with Xmal or Apal approximately 2 kbp-
long, biotin- or digoxigenin-labeled DNA amplicons centered on the multi-
cloning site of pBluescriptkKS+.

magnetic tweezers were 3025 bp in length and were produced by PCR using plasmids
pYY_N1400_BstEll (2) or pRS_1N400_BstEll, with an unlabeled forward primer and a

biotin-labeled reverse primer. The amplicon was purified using a QIAQuick PCR Cleanup
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kit (Qiagen, Germantown, MD). The plasmids were generated with Q5 Site-directed
mutagenesis kit (New England BiolLabs, Ipswich, MA) to mutate, in one case, the
operator sequence of the Onear of pYY_I1_400_BstEIll from Os to O3- (a null operator,
Onunl) to obtain pYY_ N1_400_BstEll plasmid. In a second case, the kit was used to
mutate the Onear from Os to O1 and Osar from O1 to O3- to obtain the pRS_
1N_400_BstEll plasmid. The fragment generated by PCR contained the T7A1 promoter
close to the upstream end, a O1 operator located either 669 or 261 bp downstream, the
lambda t1 terminator 1298 bp downstream, and a biotin at the far, downstream end for
attachment to a 1 um diameter streptavidin-coated bead (Dynabead MyOne
Streptavidin T1, Invitrogen, Life Technologies, Grand Island, NY). The DNA template
encoded only A, G and U ribonucleotides up to position +22, in order to be able to stall

the transcription complex (TEC) by withholding CTP.

§ 2.2 Buffer recipes

PBS (Phosphate Buffer Saline) buffer

10 mM NazHPO4, 1.8 mM KH2PQ4, 137 mM NacCl, 2.7 mM KCl, pH=7.4

Prewash buffer

10 mM Tris-HCI (pH=7.4), 200 mM KCl, 0.5 mg/ml a-casein



33

DNA incubation buffer

10 mM Tris-HCl (pH=7.4), 200 mM KCl

Lambda (A) buffer

10 mM Tris-HCl (pH=7.4), 200 mM KCl, 5% DMSO, 0.1 mM EDTA, 0.2 mM dTT and 0.1

mg/ml a-casein

Basic-wash buffer (BWB)

Glutamate BWB: 20 mM Tris-Glutamate (pH=8.0), 50 mM K[Glu], 1 mM dTT

Chloride BWB: 25 mM Tris-HCl (pH=7.4), 100 mM KCI, 1 mM dTT

Transcription buffer (TXB)

20 mM Tris-Glutamate (pH=8.0), 10 mM Mg[Glu]z, 50 mM K[Glu], 1 mM dTT, 0.2 mg/mL

a-casein

§ 2.3 Microchamber Preparation

Microchambers were prepared similarly to what has been previously described (142,

143). In brief, a microchamber with ~30 uL volume was created between two glass
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slides, 22 x 22 mm, No.1 and 24 x 50 mm, No. 1 for magnetic tweezers experiment, 22
x 22 mm, No.1 and 3” x 1” x 1 mm for tethered-particle motion experiment
(Fisherbrand, Thermo Fisher Scientific, Waltham, MA) separated by a parafilm gasket
with a narrow inlet and outlet to reduce evaporation of the reaction buffer, and a wide,

central observation area (139, 144).

For DNA looping experiments using either TPM or MTs, DNA tethers were
attached through a single digoxigenin at one end to the chamber bottom passivated
with antidigoxigenin (Roche Life Science, Indianapolis, IN), 4 pg/mL at room
temperature for 1 hr, or at 4 °C overnight, and at the other end to either a 320-nm-
diameter streptavidin-coated polystyrene bead (Spherotech, Lake Forest, IL) (TPM
experiment), or a 1.0-um—diameter streptavidin-coated paramagnetic bead (Dynabead
MyOne Streptavidin T1, Invitrogen, Life Technologies, Grand Island, NY). The chamber
surfaces were passivated with 0.1 mg/mL BSA or 0.5 mg/mL a-casein solution to prevent
non-specific sticking of the DNA and beads to the surface. The chamber was filled with a
prewash buffer and stored in a sealed box to maintain high humidity box at 4°C. Before

use the chamber was flushed with 200 uL of A buffer.

The chamber for transcription experiments using magnetic tweezers was
incubated with 5 or 10 pug/mL purified Anti-HA 11 Epitope tag antibody (16B12,
monoclonal, Biolegend, San Diego, CA) in basic-wash buffer (BWB) at 4 °C overnight (<
24 hrs) or at room temperature for 1 hr. Then, the surface was passivated with 3 or 6
mg/mL a-casein (Sigma-Aldrich, St. Louis, MO) in BWB at room temperature for 1 hr, or

4 °C, overnight (< 24 hrs). Stalled elongation complexes (SECs) were produced by
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incubating 25 nM doubly-HA tagged E.coli RNA polymerase (Karen Adelman Laboratory,
NIH), approximately 10 nM DNA template, 50 uM GpA RNA dinucleotide (initiating
dinucleotide, Trilink BioTechnologies, San Diego, CA) in DEPC-treated water, and 10 uM
ATP/UTP/GTP in TXB at 37 °C for 30 mins. SECs were then drawn into the chamber and
incubated 30 mins at room temperature to let the HA-labeled RNA polymerase bind to
the anti-HA-coated surface. The far end of the DNA from the promoter was then labeled
with a 1.0 um diameter, streptavidin-coated paramagnetic bead (Dynabead MyOne
Streptavidin T1, Invitrogen, Grand Island, NY) by incubating it with 20 pg/mL for 7 or 10
mins. The extension of the DNA tether was monitored after introducing 1 mM NTPs

with/without 1 nM Lacl (Kathleen Matthews Laboratory, Rice University) in TXB.

§ 2.4 Tethered Particle Motion (TPM) experiments

All Lacl and HU titration TPM experiments were conducted in A buffer at room
temperature. For HU titration experiments, the concentrations of Lacl were fixed at 20
nM, 5 nM or 2.5 nM for 0s-900-01, Os-400-01 and 01-400-02 DNA, to give an
approximately 50% looping probability for Os-900-0O1 and 25% looping probability for

both Os-400-0O1 and 01-400-02 with no HU.

A Leica DM LB-100 microscope (Leica Microsystems, Wetzlar, Germany) with an
oil-immersion objective (63 x, NA 0.6-1.4) and differential interference contrast (DIC)
was used to observe tethered beads through a CV-A60 video camera (JAl, Copenhagen,

Denmark). The beads were tracked at 50 Hz using custom Labview (National
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Instruments, Austin, TX) software, to record a time series of absolute XY positions of
each bead. Vibrational or mechanical drift in the position of each tethered bead was
removed by subtracting the position of one, or the average position of multiple, stuck

bead(s) within the same field of view (145, 146). The DNA excursion for each was

calculated as (p)gs = (/(x — (X)gs)2 + (¥ — (y)ss)? )gs With (x, y) representing the
momentary position of a given bead and ({x)g,,(y)ss) representing an eight-second
moving average, effectively the anchor point of the bead. The mean square excursion of
the bead was calculated using the formula (p?)gs = ((x — (X)gs)? + (y —

(¥)gs)?)gs - Changes in the extent of the motion, “excursion”, reflect conformational

transformations of the tethered molecule (143, 146, 147).

Then, beads that exhibited clouds of (x, y) positions for which the ratio of the
major and minor axes of an elliptical fitting was greater than 1.07, were discarded, since
they were likely to have had multiple DNA tethers. Furthermore, beads with
anomalously low excursion values were discarded to exclude tethers which became
frequently stuck on chamber surface or did not exhibit the entire free range of motion.
Seventy-four percent of the beads recorded exhibited symmetrical motion of the proper

magnitude and were included in looping analyses (Appendix 2).

The time-series data for selected beads from the same experimental condition
were pooled to generate a histogram of the observed excursions. The histogram was fit
with up to three Gaussian distributions, representing the excursion values of one

unlooped and up to two looped states mediated by Lacl. Looping probabilities for
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different conditions were calculated by dividing the area under Gaussian distribution of

looped states by the total area under all three Gaussians.

§ 2.5 Magnetic tweezers (MTs) experiments

A magnetic tweezer (MT) was used to supercoil DNA to assay the dynamics of Lacl-
mediated loop formation, and to study the road block effect of Lacl bound O1 operator
to transcription. The MT consists of permanent magnets that can be translated along
and rotated about the optical axis of the microscope to vary the strength of a laterally
oriented magnetic field in the microchamber (148, 149). Single DNA tethers were
identified through extension vs. twist measurements. Under a high tension of 2 pN,
overwound DNA adopts a plectonemic form that smoothly reduces the DNA extension.
In contrast, nicked DNA swivels about single bonds to relax any applied torsion, fails to
form plectonemes, and the extension does not decrease. Stretching DNA tethers under
high tension (~2 pN) detaches any DNA segments that are non-specifically stuck on the
surface of the chamber or bead and extends a 2115 bp DNA template to approximately

0.7 microns.

For the measurements on the effect of DNA supercoiling on loop formation and
those on topological domains, an establlished magnetic tweezers setup was used to
record the x, y, zand t coordinates of one tethered bead and one non-specifically stuck
bead using a custom MatLab (Mathworks, Natick, MA) routine at 10 Hz. In the DNA

looping experiment, three-minute recordings under three levels of tension (0.25, 0.45,
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or 0.75 pN) and a series of sigma values were measured to determine the DNA
extension in each condition, before adding the Lacl protein. After adding 1 nM Lacl
protein (provided by Kathleen Matthews, Rice University), x, y, zand t data were
recorded for 20 mins at a selected tension and twist settings. The DNA extension vs.
time data were then analyzed to identify probable looping events. A custom MatLab
“change point” algorithm followed by an expectation-maximization routine (150, 151)
was applied to determine the duration of looped (z; ) and unlooped (t;; ) states, and the
looping probability was calculated as: ). 7,/ (3. T, + Y. Ty). The free energy change was

calculated using AG /kT = —In(t,/1y).

DNA topology experiments were conducted recording DNA extension vs. turn
curves (hat curves). DNA molecules without nicks formed plectonemes that reduced
extension upon under- or over-winding at low tension (<0.4 pN) and were selected for
analysis. The supercoiling of a DNA molecule can be quantified using the change in the
linking number, ALk = Lk — Lko in which Lk is the measured linking number. The linking
number of torsionally relaxed DNA, Lko, equals the number of base-pairs divided by the
helical pitch (~10.4 bp/turn for B DNA). The change in the linking number includes both
the excess twist and writhe, ALk = ATw + AWr, compared to torsionally relaxed DNA. DNA
molecules were repeatedly wound and unwound, in steps of 2 turns, to change the linking
number by +10 % (+ 20 turns/(2115 bp/10.4 bp/turn)) at tensions of 0.25 or 0.45 pN,
values that are estimated to be relevant for genomic DNA in physiological conditions (152,
153). Under 0.25 pN tension, the extension-versus-turns curves were symmetric. At 0.45

pN, extension-versus-turns curves were slightly asymmetric, due to partial conversion of
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unwound DNA to left-handed forms (10, 154). The resulting extension-versus turns data

was recorded, with and without 1 nM Lacl (10, 154, 155).

The real-time transcription experiments were conducted using a custom-built
inverted microscope equipped with multiplexed magnetic tweezers. The microscope is
similar in construction to several previously described (156, 157). The microscope was
assembled using a Nikon plan 100x/1.25 oil immersion objective (Nikon Instruments Inc.
Melville, NY), P-721 piezo flexure objective scanner (Pl Physik Instrumente LP Auburn,
MA), an f = 160 mm tube lens (Thorlabs Inc. Newton, NJ), and a Basler acA2000-185 um
camera (IVS Imaging, Coppell, TX). Samples were illuminated using a custom LED (Luxeon
Star LEDs, Quadica Developments Inc. Brantford, ON, Canada), brighted illuminator. The
magnetic field generated by two 1/2”/x1/4’x1/8” Neodymium N52 grade magnets (K&)J
Magnetics Inc, Pipersville, PA), spaced 1 mm apart, attached to a steel hub, mounted on

a vertical translation and rotation stage (custom design) along the bright-field beam path.

Real-time 3D particle tracking was implemented following a previously published
scheme (158). The XY — location of each particle was tracked using a radial symmetry
detection algorithm (159). The combination of objective, lens, and camera yielded a pixel
resolution of 72.5 nm/pixel. With moderate image noise the radial symmetry algorithm
localized particles to within 5-10% of a pixel, yielding an effective lateral accuracy of
around 3-7 nm. Z— positions were determined by matching the radial profile of diffraction

pattern intensity ([,-) with the intensity pattern in the lookup table (I, [z]) that yielded the

smallest total squared difference (argmin [Zr(lr[z] - fr)z]). For these experiments a



40

finite sampled lookup table (I.[z;], with k=1,2,...) was used. The sub-step height was
calculated by fitting the squared intensity differences to a parabola and using the vertex
as the best estimate of Z. Calibration experiments revealed that this scheme yielded a
depth resolution of 10-20 nm. Microscope controls and 3D tracking software were written
in  MATLAB (Mathworks Natick, MA) and utilize Mocro-manager (www.
micromanager.org) to communicate with the hardware. Tracking routines and control
software can be found at http://www.physics.emory.edu/faculty/finzi/research/code.s
html. Extension-versus-time data were acquired at 164 Hz using a custom-built
instrument. The single biotin label at the end far from the T7A1 promoter acted as a swivel
to torsionally relax the tether during transcription. Before adding NTPs, turbulence lasting
almost one minute produced spurious length measurements. When the turbulence
subsides, many tethers returned to the previously measured extension value and shortly
thereafter transcription elongation resumed, and the DNA extension decreased. 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. Pausing times were estimated by fitting sections of the time
series with linear functions representing transcription before pausing, pausing and
transcription after pausing. The duration of a pause was estimated as the distance

between the intersections of each two fitting lines.



41

§ 2.6 Estimation of the HU concentration in an E. coli cell

E. coliis a rod-shaped bacterium measuring approximately 1 um in diameter and 2 um

in length. The volume of a cylindrical E. coli cell is therefore

V=mr’L=3.14 % (05X 1072 x (2x107®) m3 = 1.57 x 1018 m3

=1.57 x 10715 L.

The number of HU proteins in an E. coli cell (in logarithmic phase) has been estimated to
range between 30,000 to 55,000 copies (17, 160). The number of moles of HU protein in

an E. coli cell with 50,000 copies equals

5 x 10*molecules/6.02 x 10%3molecules - mole™* = 8.3 x 1072%mole

8.3x107%%mole

TP = 5.29 X 1075M = 52.9 uM. Thus,
1.57%x10 L

and the concentration of HU protein =

the concentration range of HU protein is approximately 30 to 60 uM.

§ 2.7 Exclusion of artifacts in the study of topological domains

Non-specific interactions could in principle decrease the length of the DNA tether and can
be of three different types: 1) bead to surface, 2) DNA to surface or bead, 3) DNA-bound
protein to surface or bead. We have ruled out the possibility that any of these could be
the cause of the DNA length shortening we observed in this study. First, non-specific
sticking of a DNA-tethered bead to the surface of the flow chamber would produce tether
length measurements equal to zero. Such tethers were discarded from the analysis.

Second, several observations indicated that transient, non-specific interactions between
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DNA and either the surface of the flow-chamber or the bead did not occur in the analyzed
data: i) control measurements in the absence of Lacl (looping protein) showed only one
state, such that the extension-versus-turns curves recorded in this condition had
reproducible center and height values; ii) decreases in the extension of the tethers were
greater than or equal to the expected length of the loop segment, AL, under the applied
tensions. Random, nonspecific sticking would not be expected to exclude smaller
decreases; iii) The clear correlation between the tether length decrease and number of
turns trapped in the Lacl-mediated loop would not result from non-specific interactions
that caused temporary, sticking of random segments of the DNA to either the surface of
the flow-chamber, or the bead. Third, no interaction has ever been reported between Lacl
and streptavidin, or antidigoxigenin, and observations that allow us to exclude DNA
sticking to surface artifacts (ii and iii) allow us to exclude protein-mediated DNA sticking

as well.

Finally, non-specific binding of Lacl to DNA is negligible (if not non-existent) in the
buffer condition and Lacl concentration used, as seen by atomic force imaging (161, 162)
and tethered particle microscopy assays where, in the absence of supercoiling, the DNA

tether length in the presence of Lacl remained constant in time (89, 90, 139, 163, 164).

§ 2.8 Measuring the coiling and extent of topological domains

The number of turns trapped by the Lacl-mediated DNA loop was indicated by the relative

shift of the peak in the extension-versus-turns curves recorded with and without Lacl
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protein (Fig. 6.1 A) (165). The size of the topological domains was calculated as the
difference, AL, between the peak height of the extension-versus-turns curve with and

without protein (Fig. 6.1 A).

§ 2.9 Obtaining the gyre size

The slope of extension-versus-turns curves depends on the applied tension. As DNA is
twisted beyond the buckling transition, the point at which it has absorbed the maximum
torque and buckles into a form with writhe, a portion becomes plectonemic and the
extension linearly decreases until the entire tether is plectonemic. After this point, the
curve will flatten, because the proximity of the microsphere to the surface prevents
detection of any further length changes. To analyze the dependence of AL, (the difference
between the peak height of the extension-versus-turn curve with and without protein-
mediated loop) on trapped turns, the gyre size, lgyre, needed to be determined. This was
done by dividing the maximum extension in the hat curve by the number of turns
introduced. /lgyre was then used to estimate the values of minimum AL according to

equation 6.1.
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Chapter 3 Protein concentration, operator affinity
and loop size dependence of Lacl-mediated DNA

looping

§ 3.1 Introduction

Interactions between proteins bound to separate sites on the same DNA molecules
induce DNA looping, which are critical in gene regulation and other (166-169). The
formation of loop is influenced by protein concentration, binding affinities of protein-
DNA interacting sits (operators), and the loop size (4, 68). In vivo, the separation of
interacting sites ranges from a few base pairs to hundreds of kilobase pairs. At short
distances can compare to DNA persistence length, DNA bending affinity inhibit the
protein at one operator site to find the other site in 3D space, thus DNA tethering is
weak (70, 71). Also, when the separation between the sites is too large, the two sites
need to overcome entropy meet each other in space, so the DNA tethering is also low
(76, 77). Only in an intermittent loop size, two operators can meet each other. The
effect of DNA tethering can be quantified by J-factor Jioop, the effective molar
concentration of looping protein near one operator site when the other site is occupied
by the looping protein, or as the free energy of looping reaction AG,,,, (71, 110, 170,
171). These two parameters are interconvertible with AGy,, = —RT - In Jj40p . The

formation of naked DNA loop is an energetically unfavorable reaction under
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physiological condition due to the enthalpic cost of DNA bending and twisting
(particularly important for short DNA segments) and the entropic cost of restricted

configurational freedom of the DNA (the major limitation for long DNA loops).

As mentioned in section 1.4, the Lac repressor (Lacl) may bind to one of several
operator DNA sequences, known as wild type operators 01, 02, 03, and to the
engineered operator Os. The approximate binding affinity of Os is 5 times as 01, Ol is 4
times as 02, 02 is 67 times as O3 (172). Since a Lacl tetramer contains two DNA-binding
domains, it can induce DNA looping by simultaneously binding to two operators. Since
01 overlaps with the promoter for the Lac operon, and it’s the strongest operator, the
binding of Lacl to O1 most significantly blocks transcription. When Lacl dissociates from
01, instead of diffusing away, it can bind to either 02 or O3 and close back to 01
reforming the loop. Thus, the existence of 02 and O3 increase the local concentration of

Lacl near O1.

The probability of forming a loop will increase as the Lac | concentration
increase. However, if the concentration of Lac | is too high, the probability of forming a
loop is low because the two operators are occupied by separate transcriptional factors.

At intermediate concentration, the looping state has its highest probability (69, 101).

In this chapter, | investigate the effect of different factors, Lacl concentration,
operator affinity and loop size on Lacl mediated DNA looping. In particular, | used the
tethered particle motion (TPM) to measure loop formation and breakdown over time (Fig.

3.1 A, B). The looping probability can be calculated by dividing the time spend in the
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Fig. 3.1 Experimental schematics, representative data and statistical result. (A) A
schematic representation of tether changes due to Lacl-induced DNA looping
during a TOM experiment (not to scale). (B) A representative recording of
excursion versus time shows intermittent changes in the average excursion of
the bead as Lacl-induced looping changes the overall tether length in a 909 bp
0Os-400-01 DNA tether. At right, a histogram of the excursion values for the
recordings exhibits three peaks which represent the two looped states and the
unlooped state fitted with Gaussian curves, shown in red, yellow, and purple
respectively. Similar data were recorded for 1632-bp-long, and 831-bp-long O1-
400-02 tethers (not shown). (C) The looping probability was measured as a
function of Lacl concentration for Os-900-01, 0s-400-01, and 01-400-02, 0s-0O1
looping probability peaked at 87% while O1-02 only reached 45%.
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looped state with the overall recording time. Furthermore, | calculated the J-factor Jioop
and compared our data with experimental results from a collaborator’s group and with a
theoretical estimation (71). My observations were closer to the theoretical than the

experimental result.

§ 3.2 Results

§ 3.2.1 Two looped states are observed in the experimental trace

In TPM, the amplitude of the Brownian motion of a bead tethered by a single DNA
molecule to the glass surface of a microscope flow-chamber (Fig. 3.1, A) is monitored
over time. A typical experimental recording from TPM assays for three different
constructs, Os-900-01, Os-400-01, 01-400-02 (written as Ostrong— Loop Size (bp) — Oweak;
tether length 1632, 909 and 831 bp, with centrally located Lacl-inducible loops)
exhibited intermittent switching of the excursion of beads between low and high levels
(Fig. 3.1, B). In agreement with previous results (4, 173, 174), these corresponded to
looped and unlooped DNA configurations (Fig. 3.1, A). As seen in the figure, there are
two clearly distinct looped states as seen both in the trajectory and the histogram (Fig.
3.1, B), which are similar to previous experimental result (4, 99, 101, 175, 176). Control
experiments done by the Phillips group with only one of two binding sites showed only
the highest peak, which supports the idea that the two lower peaks indicate looped
configurations (101). One hypothesis is that these two looped states reflect the “open”
and “closed” configuration of the Lac repressor molecule. Direct interconversion

between the two looped species suggested the two distinct looped states are indeed
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due to different conformations of Lac repressor protein (Fig. 3.1, B) (99). An alternate
hypothesis is that the two peaks correspond to different DNA topologies, parallel and

anti-parallel of DNA phase (61, 65, 69).

§ 3.2.2 Lacl concentration dependence of protein mediated DNA looping

In order to extract quantities such as the free energy of looping associated with
repressor binding (or equivalently, a Jioop for looping) and to examine how the
propensity for looping depends upon the number of repressors, we needed looping data

at a number of different concentrations.

One way to characterize the looping probability as a function of concentration is
shown in Fig. 3.1 C. There are various ways to obtain data of the sort displayed in this
plot. First, by examining the trajectories, we can simply compute the fraction of time
that the DNA spends in each of the different states, with the looing probability given by
the ratio of the time spent in either of the looped states to the total elapsed time. To
compute the time spent in each state, a threshold has to be established to decide when
each transition has occurred. This can be ambiguous, because trajectories sometimes
undergo rapid jumps back and forth between different states; it is not always
unequivocally clear when an apparent transition is real, and when it is a random
fluctuation without change of looping state. A second way of obtaining the looping
probability is to make a histogram of the time trajectories, fit it with three Gaussian and

compute the areas under the different peaks and use the ratios of areas as a measure of
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looping probability. This method, however, does not properly account for possible
variation between different beads and the life time of looped and unlooped states,
because they are all added up into one histogram. A third alternative is to obtain the
looping probability for each individual bead, by plotting its histogram and calculating the
area under that subset of the histogram corresponding to the looped states, this
method can calculate the mean looping probability and the standard error for each
construct, but this method is critical for the length of each measurement, because the
short trace may not be sufficient to obtain a result with statistical significance. In this
chapter, looping probability were analyzed according to the second method described
above (also described in methods) to determine the fractions of time spent in looped

and unlooped states.

Lacl titration measurements exhibit three looping probability regimes. At very
low concentration, we expect that there will be negligible looping because neither of
the operators will be bound by Lac repressor. At intermediate concentrations, the
equilibrium will be dominated by states in which a single repressor tetramer is bound to
the DNA at the strong operator, punctuated by transient looping events. In the very high
concentration limit, each operator will be occupied by a separate tetramer, making the

formation of a loop nearly impossible (Fig. 3.1, C).

§ 3.2.3 Operator affinity dependence of protein mediated DNA looping
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The maximum looping probability in each DNA construct occurred at intermediate Lacl
concentration, the values depend on operator affinity. For both the 0s-900-01 and the
0Os-400-01 tethers, the looping probability reached a maximum of almost 90 %, at a Lacl
concentration of 0.1 nM. While for 01-400-02 construct, the maximum probability of
looping, which occurred at approximately 0.2 nM (higher concentration than Os-01
operators) of Lacl concentration, was 45 % (Fig. 3.1, C). In the following paragraph, we
compute the Jioop factor of a certain loop, which is a parameter to describe how easy a
loop form based on a piece of polymer. The Jioop factors for 0s-400-0O1 and 01-400-02
are the same. Thus, the difference of maximum looping probability for different polymer
is due to the difference of Kyvalues for Os and O1 compared to O1 and 02, not the loop
size, nor the different sequence of the loop fragment. When the Lacl concentration is

high, the titration curve for both 0s-400-O1 and 01-400-02 overlap.

§ 3.2.4 Loop size dependence of protein mediated DNA looping

The fraction of time spent in the looped configuration is controlled by several competing
effects. Suppose that a repressor tetramer is bound to the stronger operator; shortening
the inter-operator spacing reduces the volume over which the other operator wanders
relative to the second binding site on the repressor, increases the apparent local
“concentration” of free operator in the neighborhood of that binding site, and hence
enhances looping. But decreasing the inter-operator spacing also has the effect of

discouraging looping, due to the large elastic energy cost of forming a shorter loop.
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Moreover, a shorter overall DNA construct increases the entropic force exerted by

bead-wall avoidance, again discouraging looping (94).

In our measurement, the range of high looping probability for the constructs
varied according to loop size. The 0s-900-O1 construct looped with 90% probability
across four decades of Lacl concentration, while Os-400-0O1 reached similar level across
only two decades (Fig. 3.1, C). This is counterintuitive to the theoretical result that loops
of 400 bp form more easily than longer ones such as 900 bp (71). Perhaps, it results
from longer sequences flanking the operator, as in the 900 bp loop case, which have
been to enhance the operator binding affinity (177). When a Lacl dissociates from the
operator, instead of diffusing into space, a long flanking sequence help to keep Lacl in

the vicinity of the operator and helps the Lacl protein rebind to the operator.

To see what our measurement of this looping equilibrium tells us, we therefore
needed to calculate in some detail the expected local concentration of operator (the
“looping Jioop factor” based on a particular mathematical model of DNA elasticity. Note
that the Jioop factor is that it is independent of the particular binding strengths of the
different operators. The value of the Jioop factor can be determined by fitting the

decreasing section of the looping probability versus [Lacl] curve at Lacl concentrations

. . Punl d 2K 2[Lacl] . .
with the equation Py = ———2B% = Zweak 4 , Where pynioopea is the fraction of

Plooped Jioop Jioop

time the DNA is unlooped, p;yopeq is the fraction of time the DNA is looped, and K\,¢qx

Punlooped

is the dissociation rate of the weak operator. The slope of each vs [Lacl] plot

Plooped

2

equals ; (4). Figure 3.2 shows the fitting, from the slope we can calculate the Jioop

loop
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values for three tethers are 64 nM, 4 nM and 4 nM for 0s-900-01, Os-400-0O1 and O1-

400-02, respectively.
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Fig. 3.2 Calculation of Jioop factor. Jioop for 0s-900-01, Os-400-01, 01-400-02 were
determined from the ratio of fraction of time the DNA is unlooped (pyniooped) Versus

the fraction of time the DNA is looped (p;oopeq) at each [Lacl]. According to the

equation of Zuntoored _ ZKweak | 2lLacl] (4), the slope of the fitting plot value of

Plooped Jioop Jioop
2/-//oop-

§ 3.3 Discussion

The existence of two looped states may be interpreted with two different hypotheses,
one is that these two looped states reflect the “open” and “closed” configurations of the
Lac repressor molecule. Direct interconversion between the two looped species
suggested the two distinct looped states are indeed due to different conformations of
the Lac repressor protein (Fig. 3.1, B) (99). The “open” and “close” configuration of Lacl

was observed by AFM imaging, which allowed to determine the size of an “open” Lacl
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protein to be about 18 nm and of the “close” configuration about 13 nm (2). However,
using a calibration equation (129), we obtained that the distance of two looped peaks is
40 nm. Thus the Lacl conformation alone cannot explain the two looped states
observed. Instead, the two peaks may correspond to the parallel and anti-parallel DNA
loop topologies (61, 65, 69), or to a combination of protein configuration and loop
topology. In fact, the change of Lacl configuration may lead to the change of DNA

topology, and vice versa.

We have shown here that the looping probability depends on the operator
binding affinity. As previous (69) theoretical predictions and experimental results had
suggested, the maximum value of the Lacl concentration titration curve shifts to the
right as the dissociation constant from operators increases. Changing the strength of the
operators should change both the concentration at which looping is maximal, and the

amount of looping at the maximum. This observation can be formalized by applying the

1 [R]]loop
; _ 2KyeakKstrong . .
equation Py, = W A m ® 1 T (see introduction 1.4.2). The

T T T
Kweak Kstrong KweakKstrong 2KweakKstrong

concentration at the maximum in the looping probability can be found by differentiating

above equation with respect to [R] to obtain, [R]nax = \/KstrongKweak - Note that the

concentration at which the looping probability is maximized does not depend upon the

DNA flexibility as captured in the parameter Jio0p factor. However, the maximum looping

]loop/2

Jioop /2+({ Kstrong++/ Kweak)

probability depends on Jieop factor, as pipop ([Rlmax) = 5. Also,

at high Lacl concentration levels, the looping probability approaches]loop/(Z[R]),
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which is independent of the operator strength, but depends on DNA flexibility through
the parameter Jioop, €xplaining why in figure 3.1 (C) the 0s-400-O1 and 01-400-02
curves overlap, in the high Lacl concentration regime, while the 0s-900-01 curve is
shifted. Thus, data at low concentrations are essential for determining operator

strengths, whereas high concentration data are sufficient for determining Jioop factor.

For the 400 bp loops, | measured a Jioop factor of 4nM, and for the 900 bp loop
Jioop = 64 nM, which indicates that the 900 bp loop forms more easily than the 400 bp
loop. This is inconsistent with the theoretical prediction that the 400 bp loop should
have a Jioop factor slightly higher than that of the 900 bp loop (71). The difference may
be explained considering that the simulation is based on the assumption that the size of
the protein is zero, thus the two ends of the loop segment contact each other. However,
the size of Lacl protein is not zero. As we have seen above, Lacl may exist in the “open”
and “close” conformation (2) and AFM images from our group show that, when the Lacl
is close, size of the protein is about 13 nm, open Lacl conformation, size of the protein is
about 18 nm. In ds-B-DNA, one base pair has a length of 0.34 nm and the Kuhn length is

[ = 100 nm at physiological salt concentration. Thus, the Jioop factor for linear dsDNA

a-2

Jioop(b) = 2.7 X 1073 x b=3/2 X exp (1.2><10—5><b2+d

) mol/liter (71), where b is the

number of base pair of DNA, d is related to the end-to-end distance of the loop
fragment when the loop forms. With this equation, the effective local concentration of
the Lacl protein near the weak operator can be calculated. Since the end-to-end

distance of the DNA loop, r, is zero, the value of d is zero. Whenr=10nm, d =0.13
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(178). Thus, the size of the Lacl protein might be the reason for the difference between

the theoretical and experimental values of Jioop.
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Fig. 3.3 Comparison of Jioop factor values with previous literature. Finzi group show
Lacl-mediated loops with loop size larger than a threshold which need to
overcome entropy to form a loop. Other data show scattered points with loop size
smaller than that threshold which made the formation of loop need to overcome
bending affinity.

The Jioop factor for the lac loop has been evaluated by different groups during the
past few years (4, 69, 101, 103, 130, 179, 180). Kumar et al. in the Finzi Lab used TPM to
measure J factor values for Lacl loops large enough that the loss of entropy hinders loop
formation (4). This study reports that Jioop factors decrease as loop size increase past the
length ideal for loop formation, with the values of 74.1 nM, 64.0 nM, 21.8 nM, and 5.4
nM measured for 600 bp, 900 bp, 1200 bp and 3200 bp of loop size (Fig. 3.3). However,

for loops smaller than that threshold, flexibility and twistability are important for the
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formation of loop. Instead of changing linearly with the loop size, Jioop factors from

different research groups show scattered points (Fig. 3.3) (69, 101, 103, 130, 179, 180).

| reported that the Jioop factors for two different random 400 bp loops sequence
with different operators are 4.0 nM. Thus, Jioop factors are independent of the strength
of operators. Revalee et al. from the Meiners group show 303 bp, 304 bp has Jioop value
of 6.2 nM and 0.2 nM (103), Vanzi et al. from the Pavone group give Jioop value for 305
bp is 0.1 nM (130), Han et al. from Phillips group show Jioop value for 306 bp is 52 nM
(101). Also, Peters et al. from Maher group gave Jioop Value is 0.1 or 0.5 nM for 205 bp
loop, 9.7 nM and 5.0 nM for 210 and 211 bp loops, respectively (179, 180). Revalee et al.
from Meiners group also show that 155 bp and 156 bp-long loops have Jioop values of 1.1
nM and 0.8 nM, respectively (103). Johnson et al. from the Phillips group showed that
94 bp and 107 bp-long loops have a 0.4 and 0.3 nM Jioop Value, respectively (69). In most
of the situations listed above, a difference in loop size of a single base pair significantly
affected the value of the Jioop factor. This may due to the fact that the phase of
operators influences the loop formation in the loop size regime where DNA twisting is
energetically costly (58, 69, 101, 181). In vivo experiments showed that gene expression
levels change periodically as the loop size changes by single base pairs, with a period of

10.4 bp, which is consistent with the helical pitch of B-DNA (58, 69, 101, 181).
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Chapter 4 Quantitation of interactions between
two DNA loops demonstrates loop domain

insulation in E. coli cells

§ 4.1 Introduction

Transcription of genes is regulated by promoter-proximal DNA elements and distal DNA
elements (enhancers) that together determine condition-dependent gene expression. In
eukaryotic genomes, enhancers can be located many hundreds of kilobases away from
the promoter they regulate (182-184), and the intervening DNA can contain other
promoters and other enhancers (185-188). How the regulatory influence of distal
elements in exerted efficiently and specifically at the correct promoters is poorly

understood.

Enhancers are clusters of binding sites for transcription factors and chromatin-
modifying enzymes, and activate promoters by directly contacting them via DNA looping
(166, 189-192). Enhancer-trap approaches, mapping of transcription factor binding and
chromatin modifications have identified tens of thousands of enhancer elements in
metazoan genome (188, 193-196). Chromatin capture studies show that enhancers and
promoters are connected in highly complex condition-dependent patterns (187, 195,
197). Although core enhancer and promoter elements can provide some specificity
(198), enhancers are often able to activate heterologous promoters if they are placed

near to each other. Indeed, this lack of specificity is the basis for standard enhancer
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assays and screening assays (188, 194, 199). Thus, additional mechanisms are clearly
needed to target enhancers to the correct promoters over long distances and to prevent
their interaction with the wrong promoters. Dedicated DNA-looping elements that can
either assist or interfere with enhancer—promoter looping are thought to play a major

role.

In theory, any DNA loop that brings the enhancer and promoter closer together
should assist their interaction (Fig. 4.1 A), because the efficiency of contact increases, as
the length of the DNA tether between the sites shortens (4, 71, 117, 178, 200).
Promoter-tethering elements in Drosophila that allow activation by specific enhancers
over long distances are proposed to form DNA loops between sequences near the
enhancer and the promoter (198, 201). In the mouse B-globin locus, the Ldb1 protein
binds to proteins at the locus control region and at the promoter and appears to form a

bridge necessary for efficient enhancer—promoter contact (202). In bacteriophage A, the
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Fig. 4.1 Interactions between DNA loops. (A) DNA-looping interactions between sites
on the DNA, e.g., between an enhancer (E) and promoters (P1 and P2), are proposed to
be affected by other DNA loops. Specific interactions between looping elements
(triangles) can either assist enhancer—promoter looping by bringing the enhancer and
promoter closer together (orange triangles) or are thought to interfere with enhancer—
promoter looping by placing them in separate loop domains (blue triangles). (B) The
three possible topological arrangements of two pairs of interacting sites on DNA. We
tested in each case whether the formation of a loop between one pair of sites affects
the propensity of the other sites to interact (and vice versa).
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Cl protein forms a 2.3-kb DNA loop that brings a distal stimulatory site close to RNA
polymerase at the PRM promoter (203). Enhancer—promoter targeting has also been
demonstrated on plasmid constructs using heterologous looping proteins—e.g., with A
Cl in human cells (204) and the Drosophila GAGA protein in human cells and in yeast

(205, 206).

DNA looping also seems to be able to inhibit enhancer—promoter contact.
Enhancer-blocking insulators are defined by their ability to prevent enhancer activation
of the promoter when placed between the enhancer and the promoter. A large body of
evidence is consistent with the idea that insulators work by binding proteins that form
DNA loops to other insulators (207-211). This mechanism of insulator action is
rationalized by the loop domain model (212), which proposes that the formation of a
DNA loop creates a separate topological domain that inhibits interaction between any
site within the loop and any site outside the loop (Fig. 4.1 A). This model is the only one
that can currently explain the requirement that an insulator must be between the
enhancer and promoter to block activation, as well as observations that two insulators
between the enhancer and promoter sometimes do not block activation (213, 214). The
loop domain model is also a potential explanation (211) of the topologically associated
domains (TADs) revealed by genome-wide mapping of DNA contacts by chromatin
capture methods in genomes from mice to bacteria (215-221). Individual DNA sites
between two domain boundaries interact more frequently with each other than they do
with individual DNA sites in other TADs—i.e., domain boundaries act like insulators.

Consistent with the loop domain model, domain boundaries interact with each other at
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high frequency and often contain known DNA-looping elements, being enriched for

insulator protein binding sites, as well as for active promoters and enhancers (220).

Despite the fundamental significance of the loop domain model in explaining
insulator action and the formation of TADs, unequivocal tests of the model in vivo have
been hampered by the complexity of eukaryotic genomes and their gene regulatory
elements. Evidence from more defined systems has supported the loop domain model.
In a plasmid transfection system, a 344-bp DNA loop formed by a Tet repressor
derivative around the SV40 enhancer inhibited its activation of a promoter 2 kb away
(222). However, the small loop may have affected enhanceosome assembly in these
experiments. In an in vitro system with E. coli proteins and supercoiled plasmids, a 630-
bp DNA loop formed by the Lac repressor (Lacl) around the NtrC enhancer element
inhibited its activation of the g/nA promoter 2.5 kb away (223). However, in both
studies, the lack of information about DNA-looping efficiencies prevents a quantitative

analysis of loop interference.

To clearly test the loop domain model in vitro by the single molecule technique,
tethered particle motion (TPM). Here, we combined Lacl and Cl DNA loops in each of the
three possible topologies (Fig. 4.1 B) to show that alternating DNA loops interfere,
nested DNA loops assist, and side-by-side loops do not affect one another’s formation.
Fitting our data to a general statistical- mechanical model of loop interaction allowed
calculation of the strength of looping assistance or interference. Our collaborator in

Australia conducted experiments in vivo measured interactions between large DNA
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loops formed in the E. coli chromosome by Lacl and bacteriophage A Cl. This chapter

include the in vitro work, in vivo part done by our collaborator please reference (176).

§ 4.2 Results

§ 4.2.1 Quantitation of interactions between DNA loops

There are three topological ways to arrange two pairs of DNA-looping sites: alternating,
nested, and side by side (Fig. 4.1 B; note that we ignore the parallel/antiparallel
orientation of the strands at the loop clamps). The expectation from the loop domain
model is that in the alternating arrangement, the formation of one loop will interfere
with the formation of the second loop. For nested loops, we expected that the
formation of one loop would assist the formation of the second. If the interior loop
forms first, then the linear distance (along the DNA), between the exterior loop sites
becomes shorter. When the exterior loop is formed, the distance between the interior
loop sites may or may not shorten (depending on the geometry), but they are
nevertheless likely to become more spatially constrained because they become linked

by a DNA tether on each side. We do not expect side-by-side loops to affect each other.

§ 4.2.2 Alternating loops give loop interference

We used the TPM technique to detect and measure DNA looping in vitro (4, 129, 224,

225). For loop interference, we used a DNA tether with the asymmetrical looping
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Fig. 4.2 TPM analysis of alternating and nested loops. (A and E) Setup of the TPM
experiments to measure loop interference or assistance in vitro (not to scale).
Distances in base pairs. DNA was attached to the coverslip by digoxigenin and to the
bead by streptavidin. (B) An example of switching between tether lengths
corresponding to unlooped, Lacl or Cl looped, or both Cl and Lacl looped states for one
tether with 20 nM Lacl and 100 nM Cl over a 1,350-s observation interval. (Lower)
Observed values of excursion squared (blue) along with an 8-s moving average (red)
during an observation interval of 1,350 s. (Upper) Histogram for the entire observation
in which four states corresponding to, from left to right, the doubly looped, Cl looped,
Lacl looped, and unlooped tether appear. (C and D) Histograms of bead displacement
<p%> for the alternating arrangement. F values were obtained as the area under each
peak by Gaussian fitting. Histograms were compiled from analysis of 12—61 beads
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(total 109-1,33x2 min) under each condition. (F) As C and D, but for the nested
arrangement. Cl-His6 was used instead of Cl. Histograms were complied from analysis
of 25-45 beads (total 224-877 min) under each condition. (G) Statistical-mechanical
model of loop interaction (Fig. 4.5). The observed F values (brown) from C, D, and F,
and the calculated F values (italic) using the equations shown and the fitted loop
weights and a for each construct (Right). Wiac, Wci, and a were fitted to minimize the
difference between the observed and calculated F values. Werrors are SDs, and the
ranges for the a estimates are the 2.5-97.5 percentiles (>900 fitting runs).

arrangement (Fig. 4.2, A). This arrangement had been designed so that loops by Lacl, Cl
or both could be distinguished by their effect on the tether length (Fig. 4.2 A), and

therefore on the mean displacement of the attached bead. Recordings of the tether

lengths vs. time for individual tethers exposed to both proteins exhibited discrete
stepping between values expected for the unlooped and all three looped forms (Fig. 4.3
B). By following multiple beads over time in the presence of Lacl or Cl, histograms of the
probability vs. tether length were compiled (Fig. 4.3 C and D; Sl). Two combinations of
Lacl and Cl concentrations (100 pM Lacl + 50 nM Cl and 20 nM Lacl + 100 nM Cl) were
used, and each protein was also used alone at the same concentration. Estimates of the
fraction of each looped species were obtained by fitting the histograms to Gaussian
curves. Because it was possible to resolve all of the looped species, six F values were

obtained for each condition (Fig. 4.3 B and C).

These data were analyzed using the statistical-mechanical loop interaction
model to extract loop weights and a (Fig. 4.3G). An a of 0.62 (0.48-0.81) indicates ~1.5-
fold loop interference for the 100-pM Lacl, 50-nM Cl data, and an a of 0.39 (0.24-0.54)
indicates ~2.5-fold interference for the 20-nM Lacl, 100-nM CI data, with overlapping

95% confidence intervals. We have more confidence in the 2.5-fold interference
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estimate because the four-loop species were better balanced in the 20-nM Lacl, 100-nM

Cl condition, and the match between data and prediction was better.

§ 4.2.3 Nested loops give loop assistance.

Loop assistance was examined by TPM with the Lac-inside nested construct (Fig.
4.2 E). Again, data were collected in the presence of Lacl alone, Cl alone, or both
proteins (Fig. 4.2 F). The fraction of the Cl-looped state was substantially increased in
the presence of Lacl. Note that this state is a mixture of two forms, with the state of the

internal Lac loop invisible to TPM.

Fitting to the loop interaction model gave a large a value of ~13 (9.5-18). Thus,
in a nested arrangement, formation of the inside loop improved formation of the
outside loop (Fig. 4.2 G). Our reporter approach prevented us measuring the fraction of

looping for the internal loop.

§ 4.2.4 Side-by-side loops do not interact

We also made reporters with a 1,500-bp Cl loop and a 300-bp Lacl loop placed next to
each other and separated by 300 bp. We found that the presence of Cl did not affect
Lacl looping, and the presence of Lacl did not affect Cl looping, confirming our

expectation that side-by-side loops do not interact.
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§ 4.2.5 Model to quantitate loop interactions

Our collaborator in Australia develop this loop interaction model to detect the

assistance/ interference of the loops, which briefly described as below (176).

If we consider just one pair of operators, then the DNA can exist in either a
looped or an unlooped state. This equilibrium is determined by the nature and
concentration of the looping protein, the length and nature of the DNA between the
operators, and the chemical environment. The propensity of loop formation relative to
the unlooped ground state under these fixed conditions can be simply defined by a
statistical weight W. A Monte Carlo fitting procedure was used to find values for Wiq,
W, and o that minimized Z((observed—expected)?/expected). Varied F values were used
in repeated fittings to propagate the uncertainty in the F estimates. The fraction looped
is a function of this weight F = W/(1 + W). Each Lacl loop and Cl loop has its own weight,
Wiac or W¢, that determines Fiqc or Ferin the absence of the other protein. In the case
where there are two pairs of operators, there are four loop states: all sites unlooped,
only Lacl sites looped, only Cl sites looped, or both pairs of sites looped. If the loops
form independently of each other, i.e., they do not interact, then the statistical weight
of the double-looped state is just the product of the individual loop weights W4 W
However, if the loops do interact, a loop interaction factor a can be used to quantitate
the direction and strength of the loop interaction, with the weight of the double-looped
species represented by a-Wiae:Wer. Thus, when a < 1, there is loop interference, the
double-looped species forms less frequently than expected; when a > 1, there is loop

assistance, the double looped species forms more frequently than expected.
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§ 4.3 Discussion

Mechanism of loop interference. My TPM measurements provided data
complementary to that obtained in vivo by our collaborators to support the loop
domain model and show that insulation is not restricted to complex regulatory elements
in metazoan genomes, but can occur by loop interference between relatively simple
DNA-looping protein-binding sites. Further experiments will be needed to test whether

the insulation effects we see for 1.2- and 1.8-kb loops extend to much longer loops.

The asymmetrical alternating construct gave ~four-fold stronger in vivo than the
interference seen for the same construct in vitro, with non-overlapping 95% confidence
intervals for the in vitro and in vivo estimates of a; this implies an important role of
some in vivo factor that affects DNA structure. Our favored explanation is DNA
supercoiling, which would be present in our in vivo assays but absent in TPM. Brownian
dynamics simulations show that DNA supercoiling compacts DNA such that the “search
volume” for any two sites on the DNA to find each other is considerably reduced,
perhaps by 10-fold to 100-fold (226, 227). Enhancement of protein-mediated DNA
looping by supercoiling has been shown in vitro (227-229) and also stimulates
recombination between distant sites in vivo (230). Looping enhancement by
supercoiling is also consistent with our measurements of a 5- to 10-fold increase in the
efficiency of long-range Lacl looping of DNA in vivo compared with relaxed DNA in vitro

(4). Much of the enhancement of search volume by DNA supercoiling is likely to be lost
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when the sites are in separate topological domains, such as formed by a protein-
mediated loop (231). Indeed, Lacl loop inhibition of NtrC—promoter contact was
dependent on DNA supercoiling of the plasmid template (223). Further experiments are
needed to confirm the involvement of DNA supercoiling in the loop interference we
measured in vivo. Of particular interest is whether the prevalent DNA supercoiling in
eukaryotic genomes (232) plays a role in the efficiency and specificity of enhancer-
promoter contact, or whether more complex mechanisms such as nucleosome-

nucleosome interactions are also involved (233, 234).

We did not expect to see any loop interference in vitro with relaxed DNA, so the
~2.5-fold loop interference effect is intriguing. Whether this supercoiling-independent
effect is due to specifics of the TPM setup (e.g., the inability of the bead to pass through
a loop) or contributes to loop interference in vivo is not clear. It has been proposed that

entropic effects can drive DNA circles apart when they are in a confined volume (235).

Mechanism of loop assistance. The loop assistance in vitro, a = 13, was ~two-fold
greater than we expected on the basis of distance shortening. In previous TPM
experiments with Lacl, we found that Jiop decreased with distance to the power 1.5 (4).
Because the internal loop brings the Cl sites 3.3-fold closer together (2,000/600 bp), we
expected that the distance-shortening effect alone would give a = 3.31°= 6. The higher

assistance seen may be due to specific angles imposed on the two 300-bp DNA “arms”
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as they exit the internal Lacl tetramer (236), which, combined with the relative stiffness

of DNA in vitro (persistence length ~150 bp) (71), may tend to juxtapose the Cl sites.

Achieving enhancer-promoter specificity by loop interactions. Our analysis suggests
that large changes in enhancer—promoter specificity could be caused by a single DNA
loop that combines loop assistance and loop interference. We imagined an enhancer
that is able to interact with either one of two promoters, with this contact regulated by
a controlling loop that simultaneously assists the enhancer to loop to one promoter and
interferes with looping to the other. Interestingly, the strengths of the enhancer—
promoter loops are not important in determining the specificity change; the critical
parameters are the a values for the assisting and interfering effects of the controlling
loop on the enhancer— promoter loops, (a1c and ayc), as well as the strength of the
controlling loop (W,). The maximal specificity change obtainable is given by the ratio of
the assisting and interfering a values (a1c/azc), which is approached as the controlling
loop gets stronger. Thus, interactions between DNA loops provide a potentially powerful

mechanism for regulating enhancer—promoter specificity.

Note: This chapter was originally published as part of the work "Quantitation of
interactions between two DNA loops demonstrates loop domain insulation in E.coli

cells" PNAS, 2014. DOI: 10.1073/pnas.1410764111


http://www.pnas.org/content/early/2014/10/02/1410764111.abstract
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Chapter 5 Protein-mediated looping of DNA under
slight tension requires supercoiling

§ 5.1 Introduction

Protein-mediated DNA looping is a ubiquitous feature of gene regulation and other DNA
transactions (237-240). The paradigmatic lac repressor (Lacl)-mediated loop inhibits the
expression of the lac operon in E. coli (241), and the looping probability is set by Lacl
tetramer concentration, binding site affinities, and the loop size (4, 242). Indeed, loops
secured by a single Lacl tetramer bridging two binding sites (operators) are suppressed
when separate Lacl tetramers occupy both operators, or when either the stiffness of
short, or entropy of long, intervening DNA overwhelms the free energy of protein
binding (71, 243). Thus, approximately 500 bp-long DNA segments most easily form Lacl-

mediated loops (71) at intermediate Lacl concentrations (4, 101).

In vivo, bacterial DNA is extensively decorated and configured by nucleoid
associated proteins (NAPs), including the abundant histone-like U (HU) protein (244),
which compacts DNA into a flexible HU-DNA filament in 150 - 200 mM salt (245). HU
potently changes the bacterial transcriptome (244), and binding correlates with negative
supercoiling in stationary phase E. coli (246). 500 nM or more HU also drives Lacl-
mediated looping of roughly 140 bp DNA to maxima without altering the binding of Lacl

(247).
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Supercoiling has been also shown to dynamically coordinate the transcription of
bacterial (248, 249) as well as eukaryotic genes (250, 251), and the overall level of
supercoiling is an indicator of cell health (252, 253). Supercoiling is widely and
inhomogeneously distributed in the bacterial chromosome, being generated by the
binding of nucleoid-associated proteins, such as HU (254, 255), and by various DNA
transactions (246, 256). Negative supercoiling stabilizes regulatory DNA loops, for
example, those that repress the lytic genes of bacteriophage A (142, 257) or the gal or
lac operons (138, 258). Such loops act as barriers to supercoiling diffusion and confine
supercoiling density (142, 259) as part of biochemical interplay in which supercoiling

promotes looping and loops constrain stabilizing superhelical density.

Small and large loops have different energy barriers to formation, but
supercoiling and nucleoid-associated proteins may enhance looping in both cases. They
can be distinguished by comparing the loop segment to the persistence length of DNA,
about 150 bp (~50 nm). For small loops on the order of a persistence length or less,
energy is required to kink or bend the short, stiff segment of DNA and juxtapose DNA
segments for looping, as well as to twist the intervening DNA segment to orient both
DNA binding sites toward the protein that joins them. Supercoiling can modify the twist
of DNA to minimize the difference in rotational orientations of two binding sites about
the helical axis (86). In this way a small, bidentate protein can simultaneously bind two
sites on the same face of the helix to produce a loop. Several reports in the literature
have shown that the probability of forming loops oscillates as a function of the

rotational offset determined by the contour length between the binding sites (260-262).
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This may be important for loops between the O1 and O3 operators of the lac operon in
E. coli, which are separated by a torsionally rigid 92 bp segment, and may be relevant to
observations of the supercoiling-driven modulation of in vivo repression of a reporter
gene by protein-mediated DNA loops 70-85 bp-long (263). As shown previously,
supercoiling-induced and HU-stabilized kinks likely bent the segment and optimized the
orientation of the binding sites enhanced the formation of the 113 bp loop mediated by
the gal repressor (258). Thus, there is clear evidence that HU and supercoiling may
enhance the formation of short loops, whether or not the mechanism involves

plectonemes.

For long, flexible loops, the foremost barrier is the separation between the
binding sites (264). This is especially critical in DNA under tension which extends the
molecule and favors twist over writhe, which opposes juxtaposition of the protein
binding sites for looping. Proteins like RNA polymerase intermittently translocate DNA,
creating as much as 20 pN of tension before stalling (265). This intermittent activity will
modulate the twist/writhe equilibrium and thereby the opportunity for proteins like the
lac repressor to secure loops. As will be shown below, supercoiling-induced
plectonemes draw binding sites together to promote looping. The 02 and O1 operators
of the lac operon in E. coli are separated by a 401 bp. The intrinsic flexibility of such a
long span relieves flexural and torsional strain and randomizes the orientations of
juxtaposed binding sites. Nevertheless, in vitro experiments from thirty years ago on
similarly long segments showed that supercoiling enhanced looping (266). Those

experiments which did not include protein factors, like HU, that might modify looping in
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vivo, did not lead to a mechanical view of how supercoiling enhances the looping of long

segments and whether accessory proteins can produce similar effects.

More recently, in vivo levels of Lacl-mediated looping were found to be higher
than those measured in vitro for a range of large loop sizes in identical DNA templates
(4). To determine whether NAPs and/or supercoiling were likely to have caused the
differences, the probabilities of Lacl-mediated DNA loops in single DNA molecules were
measured as a function of either the superhelicity of the tether, or the concentration of
HU for DNA molecules under little or no tension. Both parameters progressively
decreased the fractional extension of DNA under 0.25 pN of tension and enhanced
looping, but only supercoiling drove the formation of stable loops in DNA under higher

tension.

§ 5.2 Results

§ 5.2.1 HU decreased tether lengths and promoted Lacl-mediated looping

After establishing a concentration of Lacl to set a baseline level of looping, increasing
amounts of the HU protein were added to determine the effect on looping. In previously
published magnetic tweezer experiments, the salt concentration affected the binding of
HU to DNA (245). At monovalent salt concentrations in the range between 150 mM and
200 mM, increasing the HU concentration produced compaction and increased the
flexibility of extremely long, 48 kbp, DNA tethers (245). At least 500 nM, HU also

contracted 445 bp DNA tethers by 7% and drove Lacl-mediated looping of short,
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Fig. 5.1 Experimental schematics and representative de(lt)a. (A) A representative
recording of mean squared excursion versus time shows intermittent changes in the
average excursion of the bead as Lacl-induced looping changes the overall tether
length in a 909 bp 0s-400-01 DNA tether. At right, a histogram of the excursion
values for the recordings exhibits three peaks which represent the two looped states
and the unlooped state fitted with Gaussian curves, shown in red, yellow, and purple
respectively. Similar data were recorded for 831-bp-long 01-400-02 tethers (not
shown). (B) A schematic representation of tether length changes due to Lacl-induced
DNA looping during a TPM experiment (not to scale). (C) A schematic representation
of writhe created using a magnetic tweezer and trapped within a Lacl-mediated loop
(not to scale). Red/green dots indicate biotin/streptavidin linkages of DNA to beads.
Orange diamonds/blue crosses indicate digoxigenin/antidigoxigenin linkages of DNA
to glass. 01-400-02 DNA looped by Lacl is shown to trap three negative (-) supercoils.
The north and south poles of magnets above the microscope stage create a magnetic
field to attract and rotate the bead to allow stretching and twisting of the DNA. (D)
Recordings of the extension of a 2115 bp-long 01-400-02 DNA tether under 0.45 pN
of tension at different levels of negative supercoiling in the absence (blue) and in the
presence (black) of Lacl. Extended (unlooped) states dominate at low negative linking
number values but become intermittent and finally disappear altogether as negative
supercoiling increases and favors the looped state.




74

roughly 140 bp, DNA segments to maximum levels without altering the binding of Lacl
(247). To test whether or not HU similarly affects looping of DNA segments longer than a
persistence length, the looping probability was measured as HU protein was titrated
from 0 to approximately 1 uM, a high concentration yet still below maximum estimates
for exponentially proliferating E. coli (~ 50 uM) (17). For Os—400-01 or 01-400-02
tethers in the presence of Lacl, excursions of beads, <p?>, tethered by both the looped
and unlooped DNA decreased as the HU concentration increased (Fig. 5.2 A, Fig. S4 in
(267)). To establish the associated looping probabilities, combinations of three Gaussian
curves were fit to histograms of the excursion values aggregated from recordings in
identical conditions (Fig. S4 in (267)). As [HU] increased, the DNA tethers contracted to
reduce excursions of the attached beads. The fractional extension of the unlooped
tether contracted more than the looped tethers (Fig. S5 in (267)). Since HU should bind
randomly along the tether, this is most likely due to the greater contraction of centrally
located, HU-induced bends compared to those in the flanking ends. This effect has been
used previously in circular permutation assays to discover the location and extent of
protein-induced bends in DNA segments (268). The looping probability was calculated as
the area of the Gaussians for the looped states divided by the area of the combination
of three Gaussians representing all the states. As HU gradually contracted the DNA
tether and decreased excursions, the looping probability increased from 25 to a plateau
near 80% (Fig. 5.2 A). Apparent contour lengths of the DNA tethers were determined
from measurements of the mean square excursions of beads (Table S3 in (267)), which

in A buffer are related to the contour length of the DNA tether by: <p?>=100.89



75

xL+3445 (146). Looping probabilities were plotted as a function of the fractional
extension at a given HU concentration to that without HU, Ly = Lyy1/Lo. Fig.5.2 B
shows that HU shifted the looped/unlooped equilibrium to 80% looped when the

fractional extension of the DNA dropped by 50%.
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Fig. 5.2 HU promotes looping. (A) Increasing HU concentration progressively decreased
the mean squared extension values of 0s—400—-01 or 01-400—-02 tethers from 100 to
50% (right hand Y-axis) simultaneously driving the looping probability from 25 to 80%
(left hand Y-axis). (B) Plotting the looping probability as a function of the HU-modified
extension of the DNA reveals an inverse relationship for DNA without tension.
Application of slight tension reversed the HU-induced contraction and lowered the
looping probability. The lower looping probability of tethers under tension in a
magnetic tweezer may reflect a lower probability of the tether to adopt conformations
with writhe when the bead was torsionally constrained.

Applying tension opposed the HU-driven contraction restoring the extended
state and reducing the looping probability. At 1 uM HU concentration, which produced
80% looping in DNA without tension, 0.25, 0.45, or 0.75 pN of tension reduced the
probability of looping to 30, 5, or 0% (Fig. 5.2 B). Although the contraction that was
induced by HU (Fig. 5.2 B, green arrow) was essentially reversed by tension (Fig. 5.2 B,
red arrow), for a given extension, the percentage of looping depended on the

concentration of HU and the tension. Thus, the induction of looping by HU can be
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reversed with tension and appears to be related to the contraction of DNA. A reduction
of the overall extension of the DNA does not indicate that the DNA is shorter, because
the contour length is unchanged. It indicates random coiling. We have compared the
extension of rotationally unconstrained DNA to the looping probability, because coiling
creates juxtaposed binding sites that can be linked by the lac repressor to form loops.
The HU protein stabilizes large bends in DNA and may induce coiling in rotationally free
DNA tethers like those in the TPM experiments described in the manuscript. However,
even slight tension opposes coiling and reverses the enhancement of looping by HU. The
looping probability drops sharply with slight tension, so that a DNA tether that is
partially saturated with HU exhibits a much higher probability of looping without
tension than a similarly extended, HU-saturated DNA tether under 0.25 pN of tension.
The difference is that HU binding induces kinks in a DNA tether under no tension that
reduce the overall extension by 45% and promote random coiling. Slight tension extends
the kinked tether which reduces the frequency of juxtaposition of binding sites required

for lac repressor to secure a loop.

§ 5.2.2 Supercoiling decreased tether lengths and induced Lacl-mediated looping
Supercoiling can also contract DNA when the torsional strain exceeds the buckling
threshold and the molecule forms plectonemes. Supercoiling was recently shown to
enhance A repressor (Cl)-mediated looping in both linear and circular DNA (142, 257). It
influences gene expression (269, 270) and is a ubiquitous feature of genomes. To

guantitatively characterize the impact of supercoiling on Lacl-mediated looping, the
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Fig. 5.3 Supercoiling promotes looping. (A) No looping was observed in tethers
under slight tension in a magnetic tweezer. However, over- or underwinding O1-
400-02 DNA tethers under 0.25 pN of tension produced plectonemes that reduced
extension (open red circles) and increased the looping probability (filled red
squares). Higher tensions (green and blue data) extended the tether further and
required more negative supercoiling to produce comparable looping. For each
tension, supercoiling decreased the extension and drove the looping probability
from 0 to 100%! (B) Although achieving equivalent looping probabilities required
more negative supercoiling in tethers under higher tension, the looping probabilities
as a function of fractional extension were similar for the three different levels of
tension tested. When the supercoil-induced plectoneme contracted the tether to
90-95% of the extended length, a loop intermittently formed and became the
dominant conformation as further unwinding reduced the extension to 70%.

probability of the looped state was characterized while gently stretching and twisting

2115 bp DNA tethers using a magnetic tweezer (see schematic in Fig. 5.1 C).

Experiments on tethers with a centrally located 01-400—02 loop sequence (Fig. S1 in

(267)) were carried out at 0.25, 0.45, and 0.75 pN, in the presence of 1 nM Lacl. No

looping occurred without Lacl (Fig. 5.1 D, blue recordings) or with Lacl acting on

torsionally relaxed tethers under tension (Fig. 5.3 A), because such tension precludes

juxtaposition of operators separated by 400 bp, roughly 130 nm, along the tether (271,

272). However, superhelical densities between -1.9 and -3.4 % induced switching
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between looped and unlooped states (Fig. 5.1 D, black traces). Under low tension, DNA
tethers buckle randomly to form plectonemes that rapidly slither or hop to different
locations along the length (273). Lacl has the opportunity to secure a loop when the
binding sites slither into juxtaposition. In this conformation plectonemic supercoils are
constrained inside the loop. Dwell times in the looped and unlooped states were
calculated as described above to determine the looping probabilities shown in Fig. 5.3 A.
Loops persisted several tens of seconds as reported previously (89, 164) and
significantly longer than those of the extended and plectonemic states observed as a

twisted DNA tether begins to buckle (274).

Supercoil-driven, Lacl-mediated looping exhibited several noteworthy features.
First, at each tension, looping probability increased from 0 to 100 % as superhelical
density became more negative (Fig. 5.3 A). The superhelical density of the tethers is o =
(Lk — Lko)/Lko = n/Lko, where Lk and Lko are the linking numbers of twisted and relaxed
DNA respectively, and n is the number of mechanically introduced twists. Lkois given by
the total length in base pairs divided by 10.4 base pairs per turn. Additional superhelicity
lowered the free energy, AG, for looping at each tension (Fig. S6 in (267)) and negative
superhelicity was more effective than positive. Second, the free energy change for Lacl-
induced looping as a function of supercoiling was compared with data for the formation
of a 393 bp DNA loop by the A repressor protein (Cl) (142), which secures looping via
cooperative interactions amongst multiple dimers. Negative supercoiling decreased the
free energy for Lacl- more than for Cl-mediated looping (Fig. S6 in (267)). These free

energy measurements support theoretical investigations indicating that the free energy
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change for 400 bp Lacl-mediated looping in vivo is -10 kcal/mol (-4.4 kT) or less (275).
Third, overlay of the looping probability versus twist measurements with the DNA
extension versus twist curves (Fig. 5.3 A), revealed that the onset of loop formation
induced by negative supercoiling coincided with the onset of plectoneme formation.
Indeed, in DNA tethers under tension, plectoneme formation was essential for looping,
and more extreme (negative) supercoiling densities were required at higher tensions to

achieve similar looping probabilities.

The coincidence of the initial increase in looping probability and plectoneme
formation suggested that contraction juxtaposes binding sites for Lacl looping.
Graphically comparing the contraction of a DNA tether and the associated Lacl-
mediated looping probability shows that the percentage of looping resembles the
percentage of contractions below a threshold that is one loop length shorter than the
full-length, unlooped tether, such as that produced when Lacl secures a loop. After
introducing -2% negative supercoiling during an extension-vs.-twist experiment at 0.45
pN, momentary tether lengths (Fig. S7 grey points in (267)) occasionally dip below a
level that is one loop segment shorter (Fig. S7 red dashed line in (267)) and the looping
probability begins to rise. With additional negative supercoiling, more measurements
fall below that level and the looping probability increases, finally reaching 100%. This is
also reflected in extension versus time records which display increases in the frequency
and duration of intermittent looping as a DNA tether is negatively supercoiled (Fig. 5.1

D), until the looped state becomes perpetual.
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If contraction of the DNA were indeed the mechanism by which supercoiling
induced looping, then it would be expected to dictate the looping probability
independently of the tension. To quantitatively examine this relationship, the fractional
extension was defined as the tether extension at a given supercoiling density divided by
that of torsionally relaxed DNA, Lf = Lo/Lo. In Figure 5.3 B, plots of the looping probability
associated with different levels of negative supercoiling at three levels of tensions are
shown. The looping probability began to rise after supercoiling induced contraction to
0.9-0.95 of the torsionally relaxed extension. Thereafter, the looping probability rapidly
increased, and tethers contracted to 0.7 of the torsionally relaxed extension were 100%

looped for all three levels of tension tested.

§ 5.3 Discussion and conclusion

§ 5.3.1 Contraction, especially with writhe, enhances loop formation

The conformation of DNA stretched and twisted to the buckling point under different
tensions rapidly fluctuates between plectonemic and extended conformations (274).
Comparison of the onset of loop formation in Os-400-O1 DNA constructs under different
tensions (Fig. 5.3 B), shows that Lacl-mediated loops begin to form just beyond the
buckling threshold at which plectonemes form. The contraction of DNA caused by the
initial plectonemic gyre has been studied as a function of tension using an optical
tweezer with high temporal resolution. This gyre of DNA is about 130 nm-long under

0.45 pN of tension (274). The Lacl-induced loop is similarly sized, and this coincidence
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indicates that lac repressor captures and stabilizes looped configurations produced by
writhe. Indeed, Figure S7 in (267) shows that the looping probability correlates with the
probability that a tether exhibits an instantaneous extension with at least one loop
length of slack. This is the only way in which Lacl, which is not a DNA translocase, can

establish DNA loops.

HU also seems to promote looping by reducing the fractional extension. It is
noteworthy that saturating HU promoted looping more effectively in DNA tethers
without tension. Although equivalent levels of contraction were produced in tethers
exposed to various concentrations of HU without tension and other tethers exposed to
saturating levels of HU and varying levels of tension, the looping probabilities observed
for tethers under tension were much lower (Fig. 5.2 B). This is likely due to the fact that
tension opposes juxtaposition of the protein binding sites and looping even in a DNA

tether with a saturating level of HU-induced kinks.

Tension is likely to be physiologically relevant for at least three reasons: First,
models for the hierarchical packaging of DNA into chromatin include loops ranging from
15 kb segments in Caulobacter crescentus (276) to hundreds of kbps in mammals (277),
and supercoiling appears to be critical for these models. The Meiners laboratory has
shown that sub-piconewton tensions can prevent the formation of 305 bp loops (264),
and even femtonewton-scale tensions would significantly interfere with loop formation
in much larger segments and interfere with hierarchical packaging. Indeed, novobiocin
treatment of Caulobacter crescentus cells, which inhibits DNA gyrase and lessens

negative supercoiling, altered interactions between segments separated by 20 to 800
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kbp (276). Our finding that supercoiling rescues loop formation in DNA under tension,
suggests that DNA in vivo is under tension and that supercoiling is required to condense
chromatin through plectoneme formation and looping. Second, in vitro experiments
have shown that the translocation velocity of RNA polymerase is unaffected by up to 20
pN of opposing tension on the DNA (265), and that the nucleic acid translocation
enzyme that packages DNA into the p29 bacteriophage exerts as much as 50 pN of
tension on the DNA (278). It is unlikely that these enzymes would have evolved such
capabilities unless they operate against mechanical tension. Third, the Belmont and
Wang labs have recently demonstrated that the tension exerted by forces applied to
microscopic beads attached to the surface of a cell can be transmitted to the nucleus
where it draws segments of chromatin apart and simultaneously enhances transcription
from genes in the intervening DNA (279). This demonstration of enhanced transcription
by stretching chromatin in a live cell suggests that cells in mechanically distorted tissues

may respond altering their transcription profile to the stress.

§ 5.3.2 Supercoiling lowers the free energy of DNA looping in a protein-dependent

manner

Once the loop closes the DNA is partitioned into different topological domains. Previous
work from our lab demonstrates that the lambda Cl loop serves as a barrier for
supercoiling diffusion (142), and work in this paper shows that Lacl behaves similarly.

Key features of this interplay are that supercoiling can become sequestered within a
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loop, but also that supercoiling modulates the looping probability (138). Figure S6 in
(267) plots the energy change between looped and unlooped states under different
supercoiling densities. Both positive and negative supercoiling lowered the free energy
of Lacl-mediated loop formation, but negative supercoiling was more effective. In
addition, the response of different loop-mediating proteins, Lacl and A Cl negative was
different. The free energy dropped more rapidly for Lacl-mediated looping as negative
supercoiling increased. This may reflect different binding interfaces with DNA, or their

structures which may have different tolerances for changes in binding site phasing.

§ 5.3.3 Comparing the effects of HU and supercoiling on DNA looping via Jioop factor

The Jioop factor is a succinct parameter for comparing the effects of HU and supercoiling
on DNA looping. It represents the effective concentration driving the binding of a
protein at one site along a DNA molecule while simultaneously bound to another site
along the same DNA tether. This factor accounts for the energy changes involved in
forming a DNA loop independently of the affinity of protein linkages. The J factor can be
Ploop

calculated (101) from the ratio of the unlooped and looped state probabilities, O

unloop

the dissociation constant from the secondary operator, Ky, and the concentration of lac

repressor, [R], using the equation | = ZIDW%([LacI]H{d) (101). Increasing the HU
unloop

concentration surrounding torsionally relaxed DNA tethers drove J factors to plateau at
11-15 times the initial values, and slight tension reversed the gains (Fig. 5.4 A). In

contrast, supercoiling, especially negatively, increased J factors by several orders of



84

magnitude from far below the free Lacl concentration (1 nM), for which there was no
looping under tension. Negative supercoiling drove the concentration of lac repressor
binding sites to extremely high levels corresponding to J factors far greater (effectively
infinite) than those reported for a 400 bp loop in vivo (Fig. 5.4 B; purple dashed line).

This produced perpetual loops which were not observed with HU protein alone even in

tethers under no tension.
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Fig. 5.4 Jioop factors decrease as DNA tethers shorten especially when the DNA
becomes negative supercoiled. (A) Increasing the HU concentration surrounding Os—
400-01 (diamonds) or 01-400—-02 (upright triangles) tethers drives the Jioop factors
to saturation at multiples of 11-15. Slight tension lowered the HU-improved J factors
back toward their original values (left and right-pointing triangles). (B) The Jioop factor
measured for 01-400—02 in TPM experiments (with negligible tension) was 4 nM
(cyan star). Slight tension precluded looping (Jioop << [Lacl] = 1 nM) until the DNA
became sufficiently supercoiled (Fig. 5.1B). Indeed, supercoiling, especially negative,
increased J factors by several orders of magnitude to levels (Jioop >> [Lacl] = 1 nM)
beyond that reported for a 400 bp loop in vivo (purple dashed line).

§ 5.4 Conclusion

Although HU binding promoted the formation of 400 bp, Lacl-mediated loops in DNA

molecules without tension, supercoiling was essential to drive significant looping of
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molecules under slight tension. While direct measurements of tension in genomic DNA
have not been reported, the mechanical fact that DNA translocases can operate against
as much as tens of pN of tension and the tension sensitivity of looping described above
suggest that supercoiling is critical for looping in vivo. Simultaneously, a cellular
perspective of the prominent role that protein-mediated loops play in chromatin
condensation and transcriptional regulation, and the ubiquitous genetic requirement for
topoisomerases that regulate supercoiling, reveal its importance of supercoiling in DNA
biochemistry. Indeed, supercoiling directly reflects the current state of cellular
metabolism and is a fundamental genomic parameter. Future studies are likely to show
that, similarly to proteins that by virtue of recognition sites act at very specific sites,
supercoiling can be constrained within loops and plectonemes to control dispersion and

locally regulate DNA transactions.

Note: This chapter was originally published on Nucleic Acids Research, 2018.
DOI:10.1093/nar/gky021


https://academic.oup.com/nar/advance-article/doi/10.1093/nar/gky021/4818921
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Chapter 6 Protein-mediated loops in supercoiled

DNA create large topological domains

§ 6.1 Introduction

Supercoiling is an inherent and dynamic feature of DNA that sensitively regulates
genome-based reactions (263, 280-282), altering base-pairing or the form of the helix
(283, 284) to modify protein binding. It affects the thermodynamic stability of
regulatory, protein-mediated loops (142, 285), and in addition may become trapped
within repressor mediated loops (138, 142, 259). The interplay between supercoiling
and looping appears to be fundamental to eukaryotic gene regulation, since
topologically associating domains (TADs) with loops catalyzed by CTCF (277) are
circumscribed by topoisomerase (TOP2B), an enzyme that modifies supercoiling, in
mouse liver cells (286). Such positioning may effectively isolate supercoiling in adjacent
TADs. In addition, psoralen incorporation has shown that transcriptionally active TADs
are negatively supercoiled (251), and models of transcription-induced supercoiling
operating in 600 kbp regions generates supercoiled domains with interaction patterns
similar to those observed experimentally in S. pombe (287). Supercoiling also affects the
hierarchical organization and function of chromatin in prokaryotes like Streptococcus

pneumonia which has genes organized in topology-sensitive clusters (288).
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This evidence suggests that supercoiling plays a role in establishing domains in
chromatin. It is straightforward to imagine the conformational differences between a
linkage between two sites in a gently curved DNA molecule to form a simple loop versus
a linkage between juxtaposed sites in a solenoidally or plectonemically coiled molecule
that traps supercoiling and may even produce knots. The entanglement that accompanies
supercoiling creates topology that, when stabilized by a protein-mediated junction, may
have regulatory consequences due to the compaction of the DNA, the difference in
supercoiling within and outside the loop, and the partitioning that isolates segments

inside a loop from those outside the loop (147).

Although the supercoiling and topology of DNA segments are dynamic and so
complex in vivo that measurements would be difficult, single molecule manipulation in
vitro allows arbitrary twisting of DNA while monitoring the overall extension of the
molecule to detect loop formation. Therefore, to investigate the interplay between
supercoiling and looping, superparamagnetic beads were tethered to the surface of a
glass microchamber by DNA molecules containing two lac repressor (Lacl) binding sites
separated by 400 bases, and Lacl was added to the solution. Lacl protein is a
paradigmatic DNA looping protein (289) that has two DNA-binding domains connected
by a hinge, and can bind simultaneously two, non-adjacent binding sites, producing a
loop in the intervening DNA. We used magnetic tweezers (MT) (290) to impart
controlled amounts of supercoiling to the DNA tethers, and monitored intermittent
shortening of the molecules due to Lacl-mediated looping and entanglement, as well as

the amount of writhe (291) trapped by loops. Lacl-mediated loops often sequestered
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supercoiling and topologically constrained domains larger than the loop. Thus, protein-
mediated loops in supercoiled DNA affect not only the circumscribed DNA but also
topologically extend to flanking sequences. This newly discovered way of creating
extended topological domains, may enable the coordinated regulation of serially

arranged elements of the genome.

§ 6.2 Results

§ 6.2.1 Loop-securing Lacl resists torsional stress in dynamically supercoiled DNA

To investigate supercoiled loops, para-magnetic microspheres were tethered to a cover
glass by single 2121 bp DNA molecules that were gently stretched and twisted using
magnetic tweezers. Twisting in the absence of Lacl produced symmetric extension-vs-
turns curves in which progressively larger plectonemes reduced the extension, as the
amount of mechanically introduced twist increased (Fig. 6.1 A black, S4 black in (1)). In
the presence of Lacl, extension-vs-turns curves often exhibited shifted and/or reduced
peaks (Figures 6.1 A red and S4 red or blue in (1)) with respect to controls without Lacl. In
the representative example depicted in Figure 6.1 A (red), initially the DNA was
extensively negatively supercoiled (-20 turns) with an extended plectoneme (Figure 6.1 B,
state /). Successive cartoons in Figure 6.1 B represent conformations that the molecule
likely visited during winding from -20 to +20 turns (Figure 6.1 A, red curve). Winding

progressively relaxed plectonemes in the flanking segments, but plectonemes within the
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Fig. 6.1 Lacl-mediated loops trap supercoiling and resist torsion. The formation of
plectonemes in an 01-400-02 construct under 0.25 pN of tension without Lacl
produced a typical extension-vs-turns curve (black). When Lacl was added to the
buffer, the maxima of subsequent extension-vs-turns curves were often reduced by
AZ due to loop formation by Lacl and shifted according to the number of trapped
supercoils. (A) In this example, after unwinding by -20 turns, an extended
plectoneme reduced the extension of the tether (state /) with or without Lacl. The
relative shift of the maxima of the extension-vs-turns curves acquired with (red) and
without (black) Lacl while winding from -20 to -2 turns indicates that two negative
supercoils were trapped within the loop (state //). After further winding to +2 turns to
reach state /ll, the loop ruptured, and the extension became identical to that without
Lacl (state /V). Further winding to +20 produced extensions equal to those observed
without Lacl. (B) Schematic representations of supercoiled configurations compatible
with the red extension-vs-turns curve in A. At -20 turns a large plectoneme is formed
and Lacl can secure a loop between juxtaposed operators (state /). Winding the
tether from -20 to -2 turns, relaxed flanking plectonemic gyres but not those within
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the Lacl-mediated loop, which shifted the maximum of the extension-vs-turns curve
from 0 to -2 turns (state /l). Further winding winding and unwinding cycles, negative
supercoils are more often trapped in loops formed at 0.45 pN. Note also that few
loops formed without trapping any supercoiling. to +2 turns produced (+)
plectonemes in the flanking DNA, while the plectoneme within the loop remained
negatively (-) supercoiled (state ///). In this state, the Lacl junction sustains maximal
torsional stress between oppositely supercoiled DNA segments. When the loop
spontaneously ruptured, negative supercoiling within immediately relaxed an equal
amount of positive supercoiling in the flanking DNA giving a more extended tether
with a smaller plectoneme (state /V). Thereafter, further winding extended the
plectoneme and the extension-vs-turns curve superimposed with that of an unlooped
tether as a large plectoneme with positive supercoils formed (state V). Lacl might
secure loops between juxtaposed operators in this configuration that could be
detected by a shift in the extension-vs-turns maximum during unwinding. (C)
Repeatedly winding and unwinding DNA tethers in the presence of Lacl and noting
the shifts in the extension-vs-turns curves produced distributions of the number of
supercoils trapped by the Lacl-mediated loops in tethers under 0.25 (red) or 0.45
(blue) pN of tension. While the distribution of trapped supercoils is symmetric about
zero for tethers under 0.25 pN of tension for equal numbers of winding and
unwinding cycles, negative supercoils are more often trapped in loops formed at 0.45
pN. Note also that few loops formed without trapping any supercoiling.

Lacl-mediated loop were protected, so that the extension-vs-turns curve displayed a
reduced maximum at -2 turns (state //). Further winding produced positive plectonemes
in the flanking DNA (+), while the plectoneme within the loop remained negatively (-)
supercoiled (state /ll). This condition, with plectonemes of opposite handedness inside
and outside the loop, exerts the maximal possible torsional stress on the Lacl tetramer
securing the loop. When the loop ruptured, negative supercoiling within the loop
immediately relaxed an equal amount of positive supercoiling in the flanking DNA giving
a new torsional equilibrium (state /V). Thereafter, the curve was identical to that of an

unlooped tether.
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§ 6.2.2 Lacl-mediated loops preferentially trap negative supercoiling at higher tension

Loops that trapped superhelicity were observed under two levels of tension (Figure 6.1
C). Under 0.25 pN of tension, loops trapped similar distributions of negative and positive
supercoils and torsion-free loops rarely formed. Under 0.45 pN of tension, torsion-free
loops were rare as well, but loops that trapped supercoiling readily formed and more
frequently trapped negative than positive supercoils. At either tension, some of the Lacl-
mediated loops trapped as many as +12 turns. Several studies of DNA with moderately
sized plectonemes have established the contour length per writhe at about 50 nm under
approximately half a piconewton of tension (274, 292-295). However, twelve plectonemic
gyres 50 nm in length do not fit into a 400 bp segment. Note also that at 0.45, but not
0.25 pN, Lacl more often trapped negative supercoiling. Since unwinding DNA under 0.45
pN of tension produces a partial transition to L-DNA (283, 284), which has a left-handed
helical repeat of 15 bp, it would be possible to absorb twelve negative supercoils as L-
DNA in a 400 bp loop under 0.45 pN of tension. However, the phase change to L-DNA
does not occur at 0.25 pN for which high numbers of trapped supercoils were also
observed. In addition, positive supercoiling under either tension does not induce a helical
phase change that might allow +12 turns to become trapped in the loop. All together
these observations indicate that reductions of the extension to the maxima observed in

the shifted peaks involve a more general mechanism of trapping supercoils.
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§ 6.2.3 Lacl-mediated loops dynamically trap large topological domains in supercoiled

DNA
A naive expectation is that the boundaries of topological domains induced by looping

proteins should correspond to the contour length between the delimiting protein binding
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04 s 0.25pN | : 0.45 pN
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Fig. 6.2 Loops that trapped high levels of supercoiling greatly reduced the extension
of tethers under tensions of 0.25 (left) and 0.45 (right) pN. Thin grey horizontal lines
in both panels show AZ values corresponding to the loop size (400 bp). The grey
dashed lines represent * 2 standard error of AZ measurements for the unlooped
tether (Table S1in (1)). The black lines represent estimates of Zj,op values derived
from Equation 6.1 using the average Zgyre values reported in Table S1 in (1). They are
minima, because the loop was assumed to have absorbed its’ full capacity of trapped
supercoiling before any additional supercoiling was attributed to flanking
plectonemes entangled with the loop.

sites. In this study, such a topological domain would reduce the maxima of extension-vs-
turns curves by a value, Zioop, proportional to the length of the loop, Lioop. Figure 6.2
reports the reduction of the extension-vs-turns maxima for Lacl-m ediated loops relative

to unlooped DNA tethers, AZ, as a function of the number of turns trapped by the loop.

Expected Zioop values were estimated using the proportionality constants

400 bp
4124 bp/um

400 bp

described in figure S3 in (1). This produced —_—=
3540 bp/um

= 0.096 um or
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0.113 um for 0.25 pN or 0.45 pN, respectively. Zioop values were expected to lie along the
grey, horizontal lines. 0.41 um, the largest AZ observed at 0.25 pN, is 4.3-fold larger than
Zioop- Under 0.45 pN of tension, AZ values as large as 0.38 um, 3.4 times Zjop Were
observed. Thus, Lacl-mediated loops in supercoiled DNA frequently established
topological domains much larger than the loop length, and the size of the increase was
inversely correlated with tension. In Figure S5 in (1), a cumulative histogram of AZ values
for DNA tethers shows that at 0.45 pN 50 percent of the topological domains were greater
than Zjoop by as much 3.4-fold. At 0.25 pN 65 percent of AZ values exceeded Zjoop reaching
a maximum of 4.3. This difference may be due to tension which opposes coiling as well as
the juxtaposition of coils that might become entangled when a loop forms. It is
remarkable that these topological domains constrained 64 to 80 % of the tether while the

loop segment was only 19% of the total length.

AZ values equal to Ziwop only occur when all trapped supercoiling, Ntrapped, is entirely
within the loop (Figure 6.2, grey horizontal line). To determine the amount of supercoiling
trapped within and peripheral to the loop, one can estimate the maximum number of
supercoils that might be contained in the looped segment, nioop, by dividing Zioop by the
extension corresponding to a plectonemic gyre, Zgyre. Using the Zgyre estimates in Table
S1 in (1) indicates that 3.8 gyres could fit within a loop segment. In Figure 6.2, it is
noteworthy that values equal to Ziwop only occurred for | Nirgpped| values below 3.8, unless
there was sufficient tension (0.45) to induce the formation of some easily trapped left-

handed helicity in unwound tethers. Other larger changes in AZ must have included not
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Fig. 6.3 Different loop topologies may trap flanking DNA. Lacl might secure a loop
without entangling any flanking DNA and shorten the tether by a value proportional to
the loop size, Zioop (A). Alternatively, a blue looped segment may entangle with flanking
black segments to further reduce the extension. For example, Lacl may connect
operators in a plectoneme and flanking DNA (B, C), in two different plectonemes (D),
or in knotted DNA (E). Entanglements between the loop and flanking segments can
reduce the extension by up to twice Zioop (B-D). Knotting between the loop and flanking
segments can reduce the extension by more than Zjoo (E).

only the loop segment, but also plectonemically entangled flanking sequences, that
became topologically constrained. Since high values of writhe must be partitioned
between the loop and flanking segments, nNerapped—nioop represents the topologically
constrained writhe in the flanking DNA. The length of this topologically constrained
flanking DNA will be Zgyre (Ntrapped — Nioop). Thus, @ minimum estimate for AZ would include

Zioop plus flanking plectonemic entanglements:

AZ = Zjoop + Zgyre (Ntrapped — Nioop) [Egn.6.1]

Estimation of the minimum AZ was obtained by substituting 3.8 for nieop in Eqn. 6.1 (Figure

6.2, black lines). In addition to a simple loop (Figure 6.3 A) that would produce AZ values
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equal to Ziwop, Figure 6.3 depicts hypothetical, topological configurations that would
exhibit larger values. When 2Zjoop 2 AZ > Zjoop, flanking DNA must be entwined with the
loop segment (Figures 6.3 B-D) or knotted (Figure 6.3 E). Any larger AZ values, most likely

involve Lacl-mediated knotting (Figure 6.3 E).

Since supercoil partitioning may change the entwining/knotting when the loop
stochastically breaks and reforms, the structure and size of the loop-trapped domain may
vary as loops break and re-form (Figures 6.2, 6.3, S4 in (1)). This suggests that the size of
the topological domains may be dynamic. Indeed, records of the extension of supercoiled
DNA with and without Lacl, clearly showed rapid, Lacl-mediated switching between

multiple states of different length (Figure S6 in (1)).

§ 6.2.4 Exclusion of artifacts

Non-specific interactions could in principle decrease the length of the DNA tether and can
be of three different types: 1) bead to surface, 2) DNA to surface or bead, 3) DNA-bound
protein to surface or bead. We have ruled out the possibility that any of these could be
the cause of the DNA length shortening we observed in this study. First, non-specific
sticking of a DNA-tethered bead to the surface of the flow chamber would produce tether
length measurements equal to zero. Such tethers were discarded from the analysis.
Second, several observations indicated that transient, non-specific interactions between
DNA and either the surface of the flow-chamber or the bead did not occur in the analysed

data: i) control measurements in the absence of Lacl (looping protein) showed only one
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state, and the extension-vs-turns curves recorded in this condition had reproducible
maxima; ii) decreases in the extension of the tethers were greater than or equal to the
expected length of the loop segment, Ziop, under the applied tensions. Random,
nonspecific sticking would have also produced smaller decreases, which were not
observed; iii) The clear correlation between the tether length decrease and number of
turns trapped in the Lacl-mediated loop would not result from non-specific interactions
that caused temporary, sticking of random segments of the DNA to either the surface of
the flow-chamber, or the bead. Third, no interaction has ever been reported between Lacl
and streptavidin, or anti-digoxigenin, and observations that allow us to exclude artifacts
caused by DNA sticking to the bead or glass surfaces (ii and iii) allow us to exclude protein-

mediated DNA sticking as well.

Finally, non-specific binding of Lacl to DNA is negligible (if not non-existent) in the
buffer condition and Lacl concentration used, as seen by atomic force imaging (137, 162)
and tethered particle microscopy assays where, in the absence of supercoiling, the
extension of a DNA tether without operator sequences in the presence of Lacl remained

constant in time (89, 164, 173, 296).

§ 6.3 Discussion

These data show that Lacl can: i) separate domains of oppositely supercoiled DNA
withstanding considerable torsional stress, ii) mediate loops in DNA under higher tension

(0.45 pN), that likely contain L-DNA and preferentially trap negative supercoiling (Figure
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6.1 C, 6.2), iii), topologically constrain segments larger than the distance between Lacl
operators (Figure 6.2) by entwining, or knotting, flanking and loop segments of DNA
(Figure 6.3), and iv) catalyze variations of the size of these topological domains (Figure S6
in (1)). The latter agrees with the recent suggestion, from microarray assays and Monte
Carlo simulations, that the sizes of topological domains in the chromosome change
dynamically (118). Such dynamics might moderate extensive genomic restructuring or
compaction due to the cooperative binding of architectural proteins, such as HU or HNS

in prokaryotes, or histone octamers in eukaryotes.

Topological domains like those described here were observed also with A CI
repressor-mediated loops of different sizes (Figure S7 in (1)), indicating that constraining
topological domains larger than the distance between binding sites in supercoiled
genomes may be a general feature of protein-mediated DNA looping. These findings have
intriguing implications for DNA/chromatin packaging, especially for coordinated gene
expression. For example, it is straightforward to envision that a supercoiled loop might
encompass nearby genes and influence the transcription from a nearby promoter, but

coarse-grained models show that the interaction of two distant sites along contiguous

DNA is most sensitive to supercoiling (297). Plectonemes in distant DNA segments

topologically pinned by protein-mediated loops may explain this observation.

There might be significant advantages to topologically entangling more DNA than
just the segment between the binding sites of a loop-mediating protein. First, a larger
topological domain protects larger segments of DNA from damage following single-

stranded nicks (Figure S8 in (1)). Second, larger topological domains may catalyze DNA
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damage repair by keeping the two ends to be re-joined closer to each other, since they
must slither to untangle from each other instead of being free to separate along multiple
three-dimensional trajectories (297, 298). Such confinement would be particularly
important when double-strand breaks must be repaired through non-homologous end
joining. Third, larger domains will produce greater compaction of the chromosome.
Fourth, these larger topological domains exhibit different configurational isomers of DNA,
which may increase the opportunities for regulation. Fifth, larger topological
entanglements facilitate bridging by proteins that maintain structural integrity of the
chromosome, such as HNS in prokaryotes (298). Lastly, protein-mediated knotting
involving a distant plectoneme radically alters topology and perhaps DNA transactions

quite distant from the loop (Figure 6.3 E).

This work suggests that large, dynamic domains, which characterize genomes
across biological kingdoms, may result from protein-mediated loops that topologically
isolate segments of supercoiled DNA larger than the actual contour length between the
protein binding sites. Although relatively small DNA loops, in DNA molecules only five
times longer, were examined in this study, the possibility of the formation of extensive
plectonemic structures between large loops and flanking DNA is predicted to significantly
impact chromosome structure, dynamics and function, including coordinated gene

expression.

Note: This chapter was originally published on Nucleic Acids Research, 2018. DOI:
10.1093/nar/gky153


https://academic.oup.com/nar/advance-article/doi/10.1093/nar/gky153/4925756
https://academic.oup.com/nar/advance-article/doi/10.1093/nar/gky153/4925756
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Chapter 7 RNA polymerase pauses at lac repressor

obstacles

§ 7.1 Introduction

Proteins bound to DNA may act as roadblocks that hinder elongation by RNA
polymerase during transcription. The mechanisms by which RNA polymerases might
surpass such roadblocks are poorly understood. Previous single-molecule studies have
focused on RNA polymerases disrupting nucleosomes (299-302). However, nucleosomes
are only found in eukaryotes, interact with DNA non-specifically, and are substrates for
post-translational modifications that regulate chromatin remodeling and the
recruitment of accessory factors that regulate transcription (303). In contrast, many
transcription factors from organisms spanning all kingdoms recognize specific sites on
DNA to shape the genome and regulate various genomic functions, and may or may not
undergo chemical modifications regulated by complex pathways. Very often they
recognize multiple specific sequences to which they bind with different affinities and
cooperatively (304, 305). These tunable, cooperative interactions determine ubiquitous
architectural DNA modifications such as repressor bound to operator, the dynamic of
which has not been directly investigated in earlier studies on transcription roadblocks

either in vivo or in vitro.

While an accessary factor protein may regulate initiation from the promoter

near one of the bridged binding sites, its presence at the other site may be an obstacle
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for RNA polymerases transcribing a different gene. To observe the road blocking effect
of accessory protein bind operator alters the extent to which a protein halts
transcription, the lac repressor protein (Lacl) was used. Lacl can bind to a high affinity
site adjacent to the promoter (O1), a ~10-fold lower affinity, secondary site ~400 bp
downstream (02), and an ~100-fold lower affinity, tertiary site ~90 bp upstream (03)
(306-308). A strong, symmetric operator, Os, which Lacl binds with 10-fold greater
affinity than O1, has also been engineered (309). The auxiliary sites are thought to serve
as reservoirs to elevate the concentration of Lacl in proximity to the primary, promoter-
blocking site by forming loops to deliver Lacl to the primary site (310). In addition, Lacl
tetramers exhibit higher affinity for operators in looped as compared to unlooped DNA
(266). Lacl bound to an operator can block transcription initiation with up to 99.5%
efficiency in vivo (311, 312) that depends on the promoter firing rate and whether
multiple RNA polymerases act cooperatively (313). Lac repressor can also obstruct
eukaryotic RNA polymerase Il (314) to a greater or lesser degree depending on

accessory factors (315).

The extent to which a DNA loop accentuates the repression of transcription
initiation at the lac operon has been amply characterized; however, its strength as a
roadblock to an advancing transcription elongation complex has never been
characterized. Therefore, in the study, the progress of RNA polymerase through Lacl
obstacles bound to O1 operator on torsionally relaxed, unlooped DNA templates was
monitored using magnetic tweezers (MT). When the RNA polymerase encountered the

Lacl, it paused for several minutes. The average paused lifetime was comparable to the
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lifetime of Lacl binding measures on templates with no active transcription, which

suggests that instead of dislodging the obstacle, RNA polymerase waits for lac repressor

to dissociate before proceeding. Occasionally, either immediately or after a pause, the

tether length abrupted to the initial length observed when RNA polymerase was posed

at the promoter. This suggests that RNA polymerase may somehow shuttle back

towards the promoter.

§ 7.2 Results

§ 7.2.1 RNA polymerase overcomes pausing in magnetic tweezer experiments

Analysis of transcription pausing

using magnetic tweezers

To understand what happens to
an  RNA polymerase that
encounters a Lacl obstacle, the
real-time progress was tracked
using magnetic tweezers (Fig. 7.1). A
DNA tether containing only the O1
operator was used (Fig. 7.2 A), and
the change in the length of the
tether was monitored after a

missing nucleotide was added to

<

N

RNAP

XX

Fig. 7.1 A schematic diagram of the magnetic
tweezer transcription assay. The DNA tether is
attached to the bead through a streptavidin-
biotin linkage (green-red), and RNAP (yellow) is
attached to the surface through linkages
between two HA tags on the enzyme and the
anti-HA coated glass surface of the
microchamber. The tether includes an O1
operator to which lac repressor may bind.
Transcriptional activity will shorten the DNA
tether as RNA polymerase draws the DNA
template through itself.


http://onlinelibrary.wiley.com.proxy.library.emory.edu/doi/10.1002/pro.3156/full#pro3156-fig-0004
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allow stalled RNA polymerases to resume transcription. Figure 7.2 B—E shows
representative traces of the average change in the extension of DNA tethers as a function
of time. The DNA extension is maximal at the beginning of the experiment when TECs
were stalled at position +22 for lack of CTP (Fig. 7.2 B—E, top dashed line at 0). When the
missing nucleotide was added, elongation resumed after random delays and was

detected as a progressive decrease in tether length after turbulence subsided.

The leftmost record (Fig. 7.2 B) was in the absence of Lacl and transcription
proceeded smoothly consuming the entire tether, so that the bead was drawn down to
the glass surface. Figure 7.2 C—E show transcription progress in the presence of 1 or 10
nM Lacl. Pauses in tether shortening (transcription elongation) were observed at the
extension corresponding to O1 (dashed line at —0.2 um). Pauses at the roadblock were
measured and are reported in Figure 7.3 together with the mean lifetimes of Lacl-
operator complexes estimated as the inverse of the measured off-rates (313). Notice that
the mean pause time is similar to the average dwell time of Lacl on O1 in vitro.
Furthermore, the average pause is longer than that measured previously for TECs with no
obstacles, 90 + 14 s. (316). Sometimes transcription ceased at the terminator (Fig. 7.2 C,
D, dashed line at —0.35 um), but alternatively it continued until the bead was drawn down

to the micro-chamber surface (Fig. 7.2 B, E, dashed line at -0.5 um).


http://onlinelibrary.wiley.com.proxy.library.emory.edu/doi/10.1002/pro.3156/full#pro3156-fig-0004
http://onlinelibrary.wiley.com.proxy.library.emory.edu/doi/10.1002/pro.3156/full#pro3156-fig-0004
http://onlinelibrary.wiley.com.proxy.library.emory.edu/doi/10.1002/pro.3156/full#pro3156-fig-0004
http://onlinelibrary.wiley.com.proxy.library.emory.edu/doi/10.1002/pro.3156/full#pro3156-fig-0004
http://onlinelibrary.wiley.com.proxy.library.emory.edu/doi/10.1002/pro.3156/full#pro3156-fig-0005
http://onlinelibrary.wiley.com.proxy.library.emory.edu/doi/10.1002/pro.3156/full#pro3156-fig-0004
http://onlinelibrary.wiley.com.proxy.library.emory.edu/doi/10.1002/pro.3156/full#pro3156-fig-0004
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Fig. 7.2 Lacl bound to an O1 operator pauses transcription. (A) A schematic
representation of the DNA template used in magnetic tweezer transcription assays.
The template contained a T7A1 promoter close to the upstream end, a stall site at
position +22, an O1 operator, the lambda t1 terminator (At1) and a biotin label at the
downstream end. A streptavidin-labeled paramagnetic bead was coupled to the biotin
label to for micromanipulation in the magnetic tweezer. Four examples of
transcriptional elongation recorded using the magnetic tweezes are displayed. In (B)
no Lacl was included and transcription shortened the DNA tether progressively
without interruption. When Lacl was included (C-E), transcription shortened the
tether by about 0.2 um before pausing for about 200 s and then resuming.
Transcription finally ceased after the tether shortened by either 0.35 um (C and D), a
distance corresponding to the location of a terminator sequence, or 0.5 um (B and E),
a distance corresponding to the end of the template.
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Fig. 7.3 TEC pauses and expected
operator occupancy. Sections of time
series like those displayed in Fig. 7.4
were fitted as described in Fig. S6 in (2)
to determine pause intervals at the
position corresponding to the O1
operator site (0). The mean value is also
plotted with standard error indicated
(red x: 253 s). This mean is considerably
shorter than expected the mean interval
of occupancy of the operator in vivo
calculated as the inverse of the reported
dissociation rate of Lacl from O1 (pink o:
434 s). Also shown are values for the
expected mean intervals of in vivo
occupancy of operators 02 (green o: 102
s) and Os (blue A: 2326 s) and in vitro
occupancy of O1 (orange circle: 200 s).

§ 7.2.2 RNA polymerase may shuttling backward once encounter obstacle

Other than pausing when RNA polymerase encounter obstacle, RNA polymerase may

shuttling back toward promoter or back to the Lacl obstacle (Fig. 7.4). Using the same

magnetic tweezers set up as above (Fig. 7.2 A), the change in the length of the tether in

transcription was monitored after a missing nucleotide was added to allow stalled RNA

polymerases to resume transcription.

The top record (Fig. 7.4, black) was in the absence of Lacl and transcription

proceeded smoothly consuming the entire tether, so that the bead was drawn down
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Fig. 7.4 RNA polymerase (RNAP) show transcription forward and shuttling back in the
absence of Lacl (black) and in the presence of Lacl (blue). In the absence of Lacl, RNAP
transcribe to terminator then immediately shuttling back to promoter and re-
transcribe after a long pause. In the presence of Lacl, RNAP transcribe among
promoter, operator, terminator and the end of DNA template.

Change in height (um)

smoothly. When RNA polymerase encounters the obstacle (Atl terminator in this
example), instead of dissociates from DNA tether so that the bead dis-attach, RNAP sliding
back to promoter. Then RNAP transcribe smoothly to glass surface after a long pause. In
the presence of 1 or 10 nM Lacl (Fig. 7.4 blue), transcription cycles also appear among

promoter, operator, terminator and the end of DNA template.
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Fig. 7.5 RNA polymerase (RNAP) show transcription forward and shuttling back to an
extension exceed the upstream end of the DNA template.

§ 7.2.3 DNA extension can reach an extension beyond the end of DNA template

When RNA polymerase sliding back, it may reach DNA extension beyond the predicted
upstream end of DNA as it shown in Figure 7.5. In the figure, after the DNA tether
transcribe to the predicted loci operator or terminator, it jumps to an extension of
approximately 0.2 um which correspond to 600 bp upstream of the +22 stalled site (0

extension in the figure). However, based on the DNA template (Fig. 7.2 A), there are less



107

than 300 bp DNA sequence upstream of the +22 stalled site, which is unlikely that RNA
polymerase sliding to an upstream location and induce a longer extension. What’s more,
since the extension of single stranded DNA is smaller than double stranded DNA under
the tension applied in this experiment, 0.3 pN (153, 317), it is unlikely that double

stranded DNA unzipping to two single stranded DNA during transcription.

§ 7.3 Discussion and Conclusion

Does RNAP wait for Lacl to dissociate or does it eject it?

Our results demonstrate that RNA polymerase halts but eventually bypasses Lacl bound

operator sites. The dissociation rates for Lacl bound to DNA have been determined
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Fig. 7.6 Possible mechanism for RNAP shuttling. Transcription elongate with the
existence of NTPs, and able to recapture promoter after dissociate from the DNA
template and reinitiate the transcriptional elongation.
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previously and suggest that in vivo Lacl will dissociate after 2326, 434, or 102 s from Os,
01, and 02 respectively (308). For in vitro conditions similar to those described here,
the O1 dissociation rate is reported to be 0.3/min (163); the reciprocal suggests that Lacl
occupies an O1 operator for an average of 200 s. In the magnetic tweezer experiments
pauses at the O1 site lasted an average of 253 s. This seems to indicate that in vitro,

without accessory factors, RNA polymerase waits for Lacl to dissociate.

Possible mechanism for shuttling by RNAP

In our MT observation, RNAP shuttling back toward promoter or obstacles immediately
upon encounter the obstacles, one possible mechanism can be illustrated as figure 7.6.
RNAP elongates on DNA template in the existence of NTPs. When RNAP dissociate from
DNA template, instead of diffusing away, it may recapture the promoter and reinitiate

the transcription (Fig. 7.4, black).

Note: Part of this chapter was originally published as part of the work "Proteins
mediating DNA loops effectively block transcription”, Protein Science, 2017. DOI:

10.1002/pro.3156
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