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Introduction

The continuous functioning of an enormous numbemofecular machines ensures
that information flows at the nanometer scale farious needs of life.
Deoxyribonucleic acid (DNA) is central to all lifprocesses because it stores
hereditary information and transfers it to the pffisg. Human genomic DNA is
about 2 meters long but compacted into a micro-nstale compartment called the
nucleus at the center of our cells. Proteins thatark horses of the cellular world
play a central role in organisation, replicatiogpair, and segregation of DNA. In
this chapter, several key concepts of life processtemolecular level including
central dogma of molecular biology, reverse trapsion, and DNA supercoils are
briefly discussed. Furthermore, an outline of theses is presented.
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The word “nuclein” was coined by Swiss physicianeirich Miescher when he
discovered an unknown substance (DNA) from leukeglyhucleus in the year 1869
and he pioneered the research in extracting DNAhm subsequent years (as
reviewed by Ralf Dahm (1)). In the year 1944, MdCat al confirmed that DNA is
the material of inheritance (2). But it was Jameat&n and Francis Crick who
provided the famous double-helical molecular marfdDNA in the year 1953 (3),
thanks to Rosalind Franklin and Maurice Wilkins tbe X-ray crystal structures.
The discovery then revolutionised the field of noollar biology and our
understanding of life processes at cellular ancemdér level.

Central Reverse
Dogma Transcription
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Figure 1.1 The processes of central dogma of molecular biology and reverse
transcription. Schematics of three essential steps of the dethdigma, DNA replication,
RNA transcription, and RNA translation, are shoviedhree boxesTop box -Replisome
system consisting of DNA polymerase (green), hebicgblue), and other accessary
duplicates DNA during replicatioMiddle box - In RNA transcription, RNA polymerase
copies the DNA to mRNABottom box -Finally, the copied mRNA will then be translated
polypeptide which will be folded into specific stture to become a functional protein.
During reverse transcription RNA genome will be vemed to DNA.
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1.1 Thecentral dogma of molecular biology

In the year 1958, Francis Crick proposed the cedtrgma of molecular biology]

in which molecular information flows unidirectionfsom DNA to RNA and then to
protein (Figure 1.1). The information at molecularel is stored in terms of DNA.
The building blocks of DNA are thymine, adenineagine, and cytosine. Thymine
is complementary to adenine and guanine to cytdsirtbe double-stranded DNA
structure. A molecular machine called RNA-polymeraianscribes DNA into RNA.
Therefore, RNA is also composed of four buildingdis (uracil, adenine, guanine,
and cytosine) but slightly different chemical compion than DNA. Unlike the
double-stranded structure of DNA, RNA usually exiatsingle-stranded molecule.
But some parts of RNA can self-complement to folme s0 called secondary
structures. Proteins are different polymer molezwdempared to DNA and RNA
that they are a long chain of amino acids. They tarenty different naturally
occurring amino acids each encoded by a three otidde RNA during RNA
translation. The RNA translation results in a chah amino acids called
polypeptide. But the specific function of a protds determined by the three-
dimensional structure that a polypeptide attains.

1.2 Reversetranscription

Contrary to the central dogma of molecular biologingle-stranded RNA genome
of a virus needs to be converted to double-stramuediral DNA for a successful
infection of new cells (Figure 1.1). In fact, theage class of viruses called
retrovirus, all of them store their genetic infotioa in terms of RNA. Conversion
of RNA genome to double-stranded DNA takes placthncytoplasm of the host
cell. The process of conversion of single-stran@®th to double-stranded proviral
DNA genome is called reverse transcription. An emz\called reverse transcriptase
catalyses the process of reverse transcriptré) (

1.2.1 Roleof HIV-1reversetranscriptasein thelife-cycle of thevirion

The human immunodeficiency virus (HIV) is a lentiid belongs to the class of
retroviruses. The genetic information of retrovesiss stored in single stranded
RNA (ssRNA). Once the virus infects the host celig, sSRNA genome needs to be
converted to double-stranded proviral DNA (dsDNAje conversion of ssSRNA to
proviral dsDNA is orchestrated mostly by a singlazyane called reverse
transcriptase (RT). The process of conversionlledtaeverse transcription because
the genetic information flows opposite to the cainiogma of molecular biology.
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X-ray crystallographic studies provided an ampleoant of structures of RT apo-
enzyme and RT co-crystals with nucleic acids andrRiibitors. Structurally, RT is
a hetero-dimer consists of p66 and p51 subunitslef®1 subunit mainly plays a
structural role in gripping nucleic acid substrai@86 subunit carries two catalytic
functions- DNA polymerisation and RNase H activitiyigure 1.2A). Reverse
transcription starts with in the virus before tiéection of a cell where RT uses
cellular tRNA as a primer to copy (-)-strand DNAorin viral RNA genome 7).
After synthesising of every few tens of nucleotid&T switches to RNase H
function to make a cut in the copied RNA genomes Ibelieved that the resultant
short fragments will fall off from the newly copi€aNA since they are too small to
be annealed via base complementarity. But the lomRRA fragments (>7
nucleotides) left intact to DNA will be displace¢y IRT during the synthesis of
complimentary DNA strand8¢11). However, it is remaining unclear whether the
displacement synthesis is sequence dependent oinnchapter-3 of this thesis we
addressed this problem by testing the ability of t@Tdisplace different GC-rich
non-templates. While synthesising (-) strand DNAI &Nase H degradation of
copied RNA, RT processes two short RNA fragmentswkn as polypurine tracts
(PPT) to use as primers for the initiation of (#)grad DNA synthesisl). Prior to
elongation, the PPT is resistant to degradatiorRbhjase H activity of RT. After
addition of around twenty nucleotides to the PRimer, RT makes a cut precisely
at the end of the PPT fragment. The fate of leftro?PT RNA fragment is not
known. In chapter 3 of this thesis we show thatd@m displace the PPT fragment
efficiently. DNA synthesis then continues until RSaches the cellular tRNA which
was initially used for starting of the reverse senption. At this moment, RT
cleaves off the tRNA leaving a sticky erid3). A circular intermediate is generated
by annealing this sticky end to the (-)-strand DNEhe completion of reverse
transcription requires to displace those RNA fragmeesulted from RNase H
activity of RT during (-) strand DNA synthesis. AJSRT needs to perform a DNA
displacement synthesis to be able to generatdefudjth proviral DNA. In order to
perform all these functions RT dynamically switclhetween DNA-polymerisation
and RNase H functionsl4-16. These characteristics of RT makes this enzyme a
good model system to study DNA-protein interactiofiserefore, in chapter-4 we
used fluorescently labelled RT for understanding ONA binding proteins explore
different binding configurations on the target site

1.2.2 Reversetranscriptase of HIV-1isamolecular gymnast

As described in the previous section, HIV-1 RT isnaltifunctional enzyme that
performs both DNA polymerisation and RNA degradatiaduring reverse
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transcription. The enzyme is also capable of periiog strand-displacement
synthesis. X-ray crystallographic studies provigdaatic structures of RT binding to
DNA/DNA or DNA/RNA substrate but how the enzyme whies between different
functions was not clear. Previous studies indicatedt the enzyme cannot
simultaneously perform both polymerisation and RN&gradation X7, 18,
meaning that RT must undergo conformational chamgesder to perform different
functions. In addition, RT does not support priragtension on RNA primers with
an exception for a special RNA sequence known bgpone tract (PPT). Once the
PPT primer is extended by several nucleotides, i&h makes a cut exactly at the
end of the PPT. However, it was not clear how RXijuishes between RNA and
DNA primers and how RT uses PPT as a primer ihjtehd cuts later was not clear
until before recent single-molecule FRET (smFRETles (4-19 (Figure 1.2B).

A) Thumb Jnes B)
N TIRF
e Beam
T e, N BT
FINgers m o ’ ,é. »J’l; ol Y2 Strep avidin | Biotin Reverse
: DR AETC 2 Transcnptase
C) D)
- — E— — »
Flipping Shuttling

Figure 1.2 Singlemolecule FRET assay revealed that RT flips and shuttles on
substrates. A) Crystal structure of RT in combination with@SA substrate. Fingers, palm,
thumb, connection, and RNase H subdomains of pé6egresented with pink, yellow, blue,
green, orange colors. The p51 subdomain is repexenith light brown color. DNA
substrate is showed in grey color. B) Single-mdiecBRET assay to study dynamic
interactions of RT with substrates. C) RT binds RINA/DNA substrate in two different
conformations, and also RT can flip from one oiioh to other. D) On long DNA
substrates RT can bind on double-stranded regidruaas shuttling mechanism to find the
target site.

The smFRET studies revealed that RT binds on dsN&\ polymerase competent
mode by gripping the 3'-end of a DNA primer betweits fingers and thumb
domain as showed in the Figure 1.2. In case of RiNmer, RT binds in flipped
orientation compared to the bound state on DNAY#EdL.2C). On the PPT primer,
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RT binds in either polymerisation and RNase H caetemode. Surprisingly, RT
was observed to spontaneously flip in its bindimger@ation on PPT primer in a
single binding event (Figure 1.2C). The smFRET isiclso revealed that RT is
capable of shuttling on long substrates (Figur®)L.Elipping in combination with
shuttling is advantageous for any enzyme duringetasearching because it allows
the enzyme to explore multiple configurations idearto choose right orientation to
perform multiple enzymatic functions in a singleceanter 19, 20Q. Flipping
transitions offer a unique window that allows taudst local interactions of
macromolecular complexes. Therefore, we exploredniechanism of flipping at
single-molecule level by using RT as a model system

1.3 DNA supercoiling

Since a good part of the theses reports on supedcB®NA, in this section we
briefly describe about it. DNA is composed of twantinuous strands, runs anti-
parallel to each other, twist around the helicas aand kept together by base-pairing
and base-stacking forces. The DNA in general candpg long up till few centi-
meters but only 2 nm in diameter. This make DNA&estin short scales but globally
DNA is a semi-flexible polymer. Because of longendth of DNA, during the
molecular processes such as replication and tigtiscr, proteins exert torsional
stress on DNA 21-23. The applied torsional stress results in intevegi DNA
structures known as plectonemes in the DNA. Sujdargoplays pivotal role in
compaction and organisation of bacterial genc?de 25. For example, a 4.6 Mega-
base pairs long circular chromosome of E. coliasked into a space of ~um by
1000-fold compaction mainly due to supercoilir@gg)( DNA can exhibit positive
supercoiling or negative supercoiling. Over-windio§ DNA leads to positive
supercoiling and under-winding leads to negatiyeestoiling.

Supercoiled state of the DNA can be explained u#iiegso called linking number
(Ly). The Ly is constant for a topologically closed DNA andgisen by sum of
writhing and twist numbers2¢, 29 (Figure 1.3) k= W, +T,). The number of
twists (T,) in @ DNA is equal to the number of helical tuarsd writhing number
(W) is the total number of spatial crossings of DNAtself. For a relaxed DNA),

is zero. Since thé, is conserved for a topologically closed DNALEO0), any
change in theT,, due to action of a protein, change in temperature or salt
concentration, will appear &%,
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Twist = -1

Writhe =0 Writhe = 0
Twist =0 Twist = 0
Writhe = -1 Writhe = +1

Figure 1.3:DNA supercoiling. A) Schematic illustration showing a circular DN#ith a
twist or writhe. B) Electron microscopy images shaywelaxed (left) and supercoiled DNA
(right). Image obtained from www.biowiki.ucdavisted

DNA plectonemes are dynamic entiti€le structure of supercoiled DNA can either
be plectonemic (the intertwined DNA) or toroidaheTtoroidal structure of DNA is
stabilized by binding of nucleosomal proteins. Batbmic-force microscopy and
electron microscopy studies revealed that the DNM#pescoils assume only
plectonemic structures but not toroida¥( 29-32. Single-molecule techniques such
as magnetic and optical tweezers have also beehtastudy the characteristics of
supercoiled DNA 33, 34. Although, the single-molecule techniques alloav t
control the density of supercoiling on torsionattpnstrained DNA, they only
provide limited information regarding the charaistiics of supercoiled DNA. For
instance, the supercoiled state of DNA can onlynfierred by the change in length
of DNA molecules but not by direct visualizationedently, plectonemes along
supercoiled DNA were visualized by using side-pgjlimagnetic tweezers in
combination with wide-field fluorescence microscof8p). The plectonemes on
supercoiled DNA displayed interesting charactaréstMultiple plectonemes could
exist on a single supercoiled DNA molecule. Suipgly, the plectonemes also
showed dynamic features such as diffusion and ngpfermination at one position
by simultaneous nucleation at a distant positioje wanted to study the
plectoneme localization along supercoiled DNA. Heere the single-molecule
magnetic tweezers technique combined with widetfislagnetic tweezers was
turned out be a technically demanding and low-tghpuit assay. In this theses we
developed a novel single-molecule assay to vissapectonemes on doubly
tethered DNA molecules that does not require machhmanipulation of DNA but
only requires a wide-field fluorescence microscdpiapter 5). Furthermore, by



INTRODUCTION | 8

using this new assay we studied the sequence-depeadIlocalization of
plectonemes along supercoiled DNA (chapter 6).

1.4 Outlineof thisthesis

This thesis presents results from a range of simglecule studies and bulk
biochemical assays. We used well-developed singleeunle FRET assay to study
RT-DNA interactions and we also developed a nevayass create plectonemes on
doubly tethered DNA for visualizing them in reah8. The doubly tethered DNA
assay was then extended to study interactions ef B DNA binding protein from
starved cells, with supercoiled DNA and other DNAdlogies.

Since we used different techniques in this theseéinat described thenChapter-2
provides information on the techniques used in tiéses. It describes a modified
protocol for purification and labelling of RT, agbocol for passivation of quartz
surfaces for single-molecule fluorescence studigg. chapter then focuses on the
design of fluorescence microscope used in thisethebBwo different single-molecule
fluorescence assays based on this microscope aaritmid: a single-molecule
FRET assay and an intercalation-induced supercdidd\ (ISD) assay. Other
single-molecule assays to study DNA supercoil dyinarare briefly described.

In chapter-3 of this theses, we investigated the sequence-deperdisplacement

synthesis by HIV-1 RT using bulk biochemical as3#&\¢ tested a range of GC-rich
non-templates for displacement synthesis. The aligghent synthesis was highly
dependent on the GC-content of the DNA. The resl#is show that RT performs
displacement synthesis by actively interacting witte flap of non-template

nucleotides.

Single-molecule FRET (smFRET) allows to study dis&achanges at nanoscale (2-
10 nm). Inchapter-4, we used smFRET to study the dynamics of proté\iAD
interactions on the target site. We used fluorabgelabelled RT and DNA
molecules to study protein flipping at single malleclevel. Using this assay we
studied the effects of salt and crowding conceiotnat on the binding of RT to
DNA. We then modelled the effects of varied sali @anowding concentrations on
the kinetics of flipping. Our results indicate th#te non-covalently bound
macromolecular complexes undergo of rapid re-bigslin

We then moved to doubly tethered DNA assay wherdig@vered a simple way of
making plectonemes on torsionally immobilized DNA. chapter-5 we report a
novel single-molecule fluorescence assay, inteticalinduced supercoiled DNA
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(ISD) to induce and visualize supercoiled DNA dymnzsrat single-molecule level.
This assay solely depends on the mechano-chemiadifioation of immobilized
DNA molecules. In this assay, we used an interregjadye to induce and image
DNA supercoils. We also show that the mismatchedBEquences are favourable
positions for pinning of plectonemes.

In chapter-6, we used the newly developed ISD assay to undetdtee sequence
dependent plectoneme pinning along supercoiled DMA first studied DNA
constructs with varied GC-content along the lengtid show that plectoneme
pinning is highly dependent on the sequence of DS#bsequently, we introduced
different length AT-rich segments in a homogeno&righ DNA to study if AT-
rich sequences pin the plectonemes. We then tésteeffects of poly(A)-tracts on
the plectoneme localization along the length DNAr @esults clearly indicate that
the AT-rich sequences are highly favourable pas#titor pinning of plectonemes.
Our preliminary results show that the multiple géltracts along DNA help in
localization of DNA.

The ISD assay can also be used to study interactdrproteins and supercoiled
DNA. In this line, inchapter-7, we visualized the binding of Dps with different
topological structures of DNA including supercoil$iis assay allowed us to capture
new information such as Dps only binds to DNA iiot®NA strands are close to

each other such as plectonemes or kinks in the DM&.also observed that Dps is
capable of cross-linking two DNA molecules. In dibofi, Dps-DNA complexes are

rich in Dps that they could accommodate excess Ditid\them.
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Methods

In order to answer the key scientific questiondied in the introduction, | needed
to overcome some important technical hurdles. Eirgt foremost, probing of the
flipping dynamics required a donor labeled RT witttivity comparable to its
wildtype counterpart and acceptor fluorophore latebligonucleotide. | modified
existing protocols of RT purification in order toarimize the protein purity and
labelling efficiency. Secondly, single molecule FREequires a transparent surfaces
capable of rejecting non-specific binding of proteil adopted a protocol for
passivation of quartz surfaces by PEG coating. Ijindetecting single molecules
require high signal-to-noise-ratio (SNR), hencessdted different electromagnetic
gains in order to set maximum SNR. At the we désciihe single-molecule
fluorescence assays for studying protein-DNA irdgo;s and the dynamics of
supercoiled DNA.
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2.1 Preparation of biological samples

In the first part of this section | will explain tm®ds for obtaining Cy3-labelled RT,
Cyb-labelled oligonucleotides, and PEG coated qusiitles for performing single
molecule studies. In the second part, the designtwad-color fluorescence
microscope, optimization of electro-magnetic gagtitisgs of the emCCD, and
mapping between two channels of the emCCD williseu$sed.

2.1.1 Purification and labelling of RT

We modified existing protocols to maximize the gief active enzyme and improve
the labelling efficiency. By ensuring a majorityRT is both labelled and active, the
protocols | developed are crucial in ensuring theyle molecule results can be
compared effectively to measurements made in bulk.

Growth of cells:The p66 and p51 subunits of reverse transcriptase expressed
and purified separately EBscherichia colstrain M15 containing pDMI.1 (expresses
lac repressor) and pDS56 (expresses p66 of HIV-1 Rdgnuds. The strain was
obtained from Le Grice lab (National Cancer InséituFrederick, USA). This dual
plasmid system is resistant to both kanamycin andiallin. Consequently, a 25
pg/l kanamycin (Sigma Aldrich) and 100 pg/ml ampici(Sigma Aldrich) was
added to the cell cultures. The p66 subunit wasesged irE. colistrain P6HRT, c-

, C561, E478Q and the p51 subunit was express@bHRT51 strain. Cells were
first grown on agar plates in both the cases. Ammpfrom agar plate was inoculated
in 100 mL of LB medium. The next day, six litresx{6litre) of liquid culture was
inoculated (Olgp=0.1). Cell cultures were grown to mid-log phas®§g ~0.7) at
37 °C before inducing the expression of proteinabging a 1mM IPTG. After 4
hours of induction, the cells were harvested bytrdeging at 34000x g for 30
minutes. After this step the pellet was eitheresdoat -80 °C or carried to lysis for
purification.

Cell lysis: All the purification steps were performed at 4 °The pellet was
dissolved in 50 mM NaP{pH 7.8, 500 mM NaCl with 1mM PMSF and 0.5 mg/ml
Lysozyme. The mixture was stirred for 30 minute®ider to remove any clumps.
Cells were lysed by French pressing two times dbar. The lysis was then
centrifuged at 34000x g for 45 minutes. The supgamtaof the lysis was carried out
for further purification. Following procedure expla the purification of p66 subunit
but the same applies for p51 subunit as well.
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Ni-NTA column purificationl M imidazole, pH 7.8 was added to the supernadatant
a final concentration of 10 mM. Ni-NTA beads (GE ditbcare) of 3 ml were
washed thoroughly with Milli-Q purified water andlsequently with buffer (50
mM NaPQ pH 7.8, 500 mM NaCl, 10% glycerol, 10 mM imidazole a 50 ml
Falcon tube. The beads mixture was briefly cergaflito collect the beads. The
supernatant from lysed cells was added to the baadsincubated for around 2
hours. After this step, the beads with proteinsenagain thoroughly washed by
means of centrifugation (2000 rpm for 2 minuteghvitioO ml of 50 mM NaP§) pH
7.8, 500 mM NacCl, 10% glycerol, 20 mM imidazolebsequently with a 100 ml of
50 mM NaPQ, pH 6.0, 500 mM NacCl, 10% glycerol, 20 mM imidazod get rid of
non-specifically bound proteins. At this point, p@6bound to the Ni-NTA beads.
Addition of higher concentration of imidazole bufte the beads will lead to protein
elution since imidazole competes with the Ni-Hig itateraction {). The beads were
then re-suspended in a 7.5 ml of 50 mM NaP@H 6.0, 500 mM NaCl, 10%
glycerol, 500 mM imidazole and briefly mixed fomiinutes before pouring into a
20 ml empty column. After the beads settled oncthlamn, protein was collected by
opening the cap. Once the liquid level reachedetdb height in the column, 7.5 ml
additional buffer was added to the column to colthe remaining protein. The total
volume of the sample was 15 ml with 500 mM NaCkhkficoncentration. All the

following purification steps were performed on AK®LC system (GE
Healthcare).

Sample application Elution of proteins kDa] e R B ety 8 o 1P| ] [ 177 [ [
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Figure 2.1 Left- Chromatogram of p66 purification through heparin column. Curve was
obtained from Akta and it represents the absorptifoproteins at 280 nm. Different parts of
the purification procedures indicated in the figuree numbers in red color are the numbers
of the elution fractionsRight- Commassie blue staining analysis of different elution
fractions. Lanes 1, 8 and 15 are ladder. Lane 2 was thdétaasof Ni-NTA column, lane 3
was the heparin column wash, and lanes 4-7 arédnsc10, 12, 14 and 16, respectively.
Lanes 9-11 are fractions 18, 20 and 22 respectilelyes 13 and 14 are empty



METHODS | 16

Heparin-Sepharose column purificatioieparin is a highly negatively charged
polypeptide with a similar size to DNAR&) Therefore, many DNA binding proteins
can bind to heparin as well which makes hepariseful material for purification.
Since p66 itself contains a DNA binding groove,cdn bind to heparin and
subsequently be eluted by applying a high conceotreof salt buffer. For this
reason, the protein sample from NINTA column puadfion should be diluted to
contain lower salt concentration (<75 mM). The pmotsample was drop-wise
diluted to 100 ml with 50 mM NaPQpH 7.0, 10% glycerol. A 5 mL heparin-
Sepharose column (GE Healthcare) was equilibratgd %@ ml of water and 50 ml
of 50 mM NaPQ@, pH 7.0, 50 mM NacCl, 10% glycerol. The sample \eexled at
0.5 ml/min flow rate. The column was then washethv#5 ml of 50 mM NaP@)
pH 7.0, 50 mM NaCl, 1 mM DTT, 10% glycerol. NotatiDTT was included in the
washing buffer in order to reduce the disulfide dothat can be formed between
p66 molecules. Subsequently, the column was wasitad25 ml of the same buffer
but without DTT. Proteins were eluted with a 25grddient of 50 mM NaP{ pH
7.0, 50 mM NacCl, 10% glycerol to 50 mM NaR®H 7.0, 1 M NaCl, 10% glycerol.
1.5 mL fractions were collected (Figure 2.1-Lef@lternate fractions from the
elution peak of the chromatogram were run on a 8% page-gel and analyzed by
Coomassie blue staining (Figure 2.1- Right). Foadtifrom 12-16, where p66 was
largely present, were collected and concentrate8 mal by the use of centrifugal
filters (Millipore 10 kDa MWCO). Since the colledeproteins were now in the
reduced form and at high concentration, they cid@deadily labelled with Cy3-
mono maleimide dy&). A 1:10 molar ratio of Cy3-monomaleimide (GE
Healthcare) was added to the protein sample. Theplsawas then degassed to
remove Qand N was flushed in to create an inert condition. Tamle was left at
room temperature for 2 hours before quenchingahelling reaction by adding a 10
times molar excess of 2-mercaptoethanol. The @pdHed p66 was diluted to
15ml and was then applied on to heparin columnraggaiwash off the excess dye
remained after the labelling reaction. The columaswvashed rigorously with
around 50 ml of buffer to get rid of all the freged After this step the entire protein
was eluted by application 25 ml gradient of 50 mieP®, pH 7.0, 50 mM NacCl,
10% glycerol to 50 mM NaPQpH 7.0, 1 M NacCl, 10% glycerol. The entire praotei
was pooled without any further analysis and prepafer MonoS column
purification.

MonoS column purificationSince the MonoS column (GE Health care) is a anion
exchange column, it is essential to keep the prdteilow salt (<50 mM) buffer
otherwise the protein may not bind to the columalhtThe resultant protein from
the heparin column was concentrated in separatd. Sractions with Amicon®



CHAPTER 2|17

Ultra-15 10K centrifugal filter devices. Each oéth ml sample was concentrated to
a final volume of 200 ul. Concentrated solute wavered and diluted (1:25) with
50 mM NaPQ, pH 7.0, 10% glycerol. During the dilution somadtion of protein
precipitated. In order to remove precipitate, theole sample was spun down at
4000 rpm for 30 minutes at 4 °C. The pellet wasalided and the supernatant was
used for further purification on the MonoS columnl

A) 1900 Absorption at 280 nm B)
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Figure 2.2 MonoS column purification of Cy3-labelled p66. Top left: Chromatogram
showing the elution of Cy3-labelled p66 from Mono@umn. Absorptions at 280 nm (blue)
and 550 nm (red), corresponding to protein and Gg3pectively, were simultaneously
tracked during the elution. The numbers in red icoto X-axis are the elute fraction number.
Each of the fractions were further analyzed bytfoaating on a 10% SDS page gel. The gel
was first imaged on Typhoon scanner for Cy3 (botteft). Two bands can be seen in Cy3
scanned gel in which the predominant one belon@y8labelled p66 and the weaker one is
a contaminant protein. The gel was further staimti Commassie blue and was imaged
with gel imager (top left). Based on the Cy3 fliemence of p66 and other proteins observed
in Typhoon scanning, an estimation was made foitypaf sample and it was plotted as
percent of p66 present relative to the contamirfaattom right). Based on both the Cy3
scanning on Typhoon and Commassie blue stainintysigathe fractions were categorized
into three types. The first category (fractions2B}-contained highest purity (> 95%) with ~



METHODS | 18

47% labelling, the second (fractions 13,24, and ®&p with 92% purity with ~88 %
labelling and the third one (fractions 14, 15, &)-vas with less purity also with less
labelling efficiency. The labelling efficiency wastermined by NanoDrop measurements.

ml MonoS column was equilibrated with 10 ml of waaad then with 10 ml of 50
mM NaPQ, pH 7.0, 25 mM NaCl, 10% glycerol. Sample is lch@e 0.5 mL/min.
The column was then washed with 10 ml of 50 mM NaR® 7.0, 25 mM NacCl,
10% glycerol at 1 ml/min. Proteins were eluted watl20 ml gradient of 50 mM
NaPQ, pH 7.0, 25 mM NaCl, 10% glycerol to 50 mM NafPPH 7.0, 1 M NaCl,
10% glycerol at 1 ml/min. 250 pl fractions wereleoted (Figure 2.2). All the
fractions were analysed further on SDS-PAGE by cassie staining and for Cy3
label (Figure 2.2). Both commassie and Cy3 scanrshgwed in Figure 2.2.
Fractions 16-20 contained a 47% labelled p66 weds Ilthan 5% other detectable
proteins. Hence, these fractions were pooled anflZ0iquots were shock frozen
with liquid N, before storing at -80 °C.

The same protocol was followed for the purificatimfnp51 subunit. Since p51 was
not labelled, the second round of heparin puriiicatvas skipped. Therefore, it was
purified in three consecutive purifications: i) NiFA, ii) heparin, and iii) MonoS
column.

Preparation of reverse transcriptas8ince the functional reverse transcriptase is a
hetero-dimer consisting of p66 and p51 subuniwssehseparate subunits needed to
be combined to re-constitute the enzyme. For g@6,of 1 UM and 10 molar excess
of p51 was prepared in 50 mM Tris-HCI (pH 8.0),r&M NaCl and 6 mM MgGl

The mixture was incubated at 37 °C for 2 hoursofed by 4 hours at room
temperature. Since the complexes of p66/p66 antppbhlhomo-dimers are weaker
compared to p66/p51 hetero-dimed¥ dnd the concentration of individual subunits

is much higher than the dissociation constaff € 10 nM), we expect that the

majority of p66 will be in hetero-dimer. Because toncentration of p51 we used
was very low compared to theyK>100 uM) of p51/p51 homo-dimers and p51
alone shows no binding affinity to DNA, excess p8des not interfere with
heterodimer RT binding to DNA.

Reverse transcriptase activity assayprimer extension assay was performed in order to
confirm the activity of labelled protein. 100 pl 0 nM of labelled protein was incubated
with a 50 nM of 19-bp primer (5'-/Cy5/AC TTA CGT TICCGA TCA CTA GT-3')/ 36-bp
template (5-ATT AGA TTA GCC CTT CCA GTA CTA GTG AT GAG ACA GTA AGT
GGC GTG GC-3’) DNA in a buffer constituting of 50MnTris-HCI (pH 8.0), 50 mM NacCl,

6 mM MgCh, 1 mM DTT and 0.1 mM EDTA at 37 °C for 10 minut&he primer was
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labelled with Cy5 at its 5-end, which enabled s ttack the extension by reverse
transcriptase. Initiation of primer extension wasel by addition of 250 uM dNTP mixture.
The primer extension was allowed for following tipeints: 0.25, 0.5, 0.75, 1, 2, 3, 5, and
10 minutes. The extension was terminated by migidd pl of reaction resultant to 10 pl of
stop buffer (96% formamide and 20 mM EDTA). Theduoats were loaded on a 10% urea
polyacrylamide gel which was pre-run for 1.5 hoat850 V. The products were separated
by electrophoresis at 333V for 1.5 hours. The gt then scanned on Typhoon scanner (GE
healthcare) for visualizing the primer extensioig(fe 2.3). The results indicatbat Cy3-
labelled RT is as active as its unlabeled countgrgansistent with previous

findings 6, 6.
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Figure 2.3 Measuring the activity of RT-Cy3 Activity of the labelled protein in
comparison with unlabelled protein (provided by Grice lalh USA) was determined by
primer extension assay. Lower activity of unlaletlierotein compared may be because
overestimation of its concentration due to impasiti

2.1.2 Labdling oligonucleotidesfor single molecule FRET and primer -
extension assay

DNA and RNA substrates were purchased from IDT rtetdgies (IDT; Coralville,
IA). A thymine nucleotide was amino modified with6Qinker in order to label
oligonucleotides with a fluorophore. Oligonucleedwvere dissolved in Milli-Q at 1
mM concentration. Mono-reactive Cy5 NHS ester (@&lthcare) was dissolved in
DMSO (Sigma) at 20 mM final concentration. In ordermaximize labeling, the
reaction was performed in a freshly made solutibdG® mM sodium tetraborate-
HCI, (pH 8). The labeling buffer consists of 5 fillanM oligonucleotide, 5 pl of 20
mM Cy5-NHS ester, and 25 pl of 100 mM sodium tetrabe-HCI buffer. The
mixture was incubated at room temperature for atcuhours. Excess non-reactive
dye was removed by ethanol precipitation. We uguatthieve around 50% of
labeling efficiency after first round labelling. Bgpeating the labeling reaction for
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one more time results in around 100% efficiencyy(Fe 2.4). For single molecule
FRET, a 1:10 ratio mixture of the complimentaryastis with biotin modifications
at their 5’-end were annealed to Cy5-labelled striay heating at 80 °C for 5 min
and allowed to cool to room temperature. The atratof having excess labeled
primers would result in annealing of all the bigtated primers. Excess labeled
primers would not interfere with single moleculepexments since they will be
washed away during buffer exchange. A differentatetyy was adopted for
annealing substrates for the strand-displacememhegis assays since this assay
only detects labeled primers. Substrates for strdisglacement synthesis were
prepared by mixing 1:2:4 ratio of primer-Cy5:templaon-template. The excess
template and non-template primers ensure anneafiad) the labeled primers. The
annealing buffer was 100 mM Tris-HCI (pH 8.0), 1n®MDTA and 100 mM NacCl.
The products were stored at -20 °C.

20
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Figure 2.4 Repetitive labelling of oligonucleotides to get high labelling efficiency. The
absorption spectra of single round labelled oligd-Qblack line) and repeating of labelling
for second time (red line). The spectra were remtbron Nanodrop by 10 times diluting the
oligo-Cy5 mixture (corrected for dilution).

2.2 PEGylation of quartz slidesfor fluor escence measurements

Slides cleaning by piranha etchinddlacroscopic contaminants on microscope
guartz slides (G. Finkenbeiner, Inc.) were remobgdscrubbing with detergent.
After washing with water, slides were placed inomk-made Teflon holder. Slides
were then sonicated in acetone for 20 minutes abdeguently in 1M KOH for 20
minutes with a Milli-Q purified water washing in taeen. In parallel, cover slips
were also etched in 1M KOH for around 2 hours. &ime image quartz slides in
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our single molecule experiments, slides need tadelean as possible. To obtain
high surface quality, the slides were etched irargia solution (3:1 ratio of
H,SOy:H,0,) for around 45 minutes. Since piranha solutiom istrong oxidizing
agent, it will not only remove the organic mattest i will also result in a highly
hydrophilic surface.

Amino-silanizationimmediately after piranha etching, the slides wexasferred to
Milli-Q water and subsequently sonicated in methdono around 15 minutes to
remove traces of water molecules. Alongside, amsitasization mixture (100 ml of
methanol, 5 ml of acetic acid and 10 ml of aminggitoiethoxysilane) was
prepared. Slides and cover slips were then incdliatehe amino-silane mixture for
20 minutes and then washed with methanol thorougfthe reaction will result in
surfaces with homogenous amino (-)Hunctional groups which are readily
available for attaching any molecules with —-NHS&efinctional groups.

Passivation of quartz surfaces with PEGhe amino-silanized quartz slides and
cover slips were taken out from methanol and ringeatoughly with Milli-Q.
Methoxy poly(ethylene glycol) succinimidyl valera(gmPEG-SVA) (Laysan Bio,
Inc.) was prepared in a freshly prepared 0.1 Mwuodbicarbonate (pH 8.5) buffer.
Quartz slides were placed on a flat surface on kvhi@0 pl of 25 mM mMPEG-SVA
was applied. Cover slips were placed on each sbdsandwich the mPEG-SVA
solution. The slide-cover slip sandwiches were tinenbated overnight under dark
and humid environment. The next morning, slides@ner slips were washed with
Milli-Q after disassembling the sandwiches. The Rt@ted slides and cover slips
were then stored under inert conditions at -801ifdl used.

2.3 Multi-color fluorescence microscope set-up for single
molecule studies

Design of the microscopestudying the interaction of biomolecules with segl
molecule fluorescence microscopy requires apprpneavelength laser lines to
excite the fluorophores attached on the biolog&aahples. The fluorophores we
chose to visualize are YOYO-1 (Molecular Probes)y3 CGE healthcare), Sytox
Orange (Molecular Probes) and Cy5 (GE healthcdie¢. emission and excitation
spectra of these fluorophores is shown in Figuse @y3 and Cy5 have been used to
study bio-molecular interactions using single moled=RET B, 6). YOYO-1 is a
strong DNA intercalating dye with high quantum gieHowever, it gives rise to
high number of double stranded DNA breaks due tiiggllamage. Sytox orange is
a very good intercalating stain for visualizing dtaistranded DNA due to its high
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quantum yield (90%) coupled with fast binding anssdciation rates7j. The fast
kinetic rates not only ensure that reaching bindewuilibrium fast but also
minimizes the problem of photo-bleaching, therebgiding photo-damage to DNA.

A schematic diagram of entire microscope set-ughimwn inFigure 2.6. We used
488 nm laser line (Cobolt MLD) to excite YOYO-1, 53m laser line (Cobolt
Samba) to excite either Cy3 or Sytox orange, ari@lréa laser line (Cobolt MLD)
to excite Cy5. Dichroic mirrors were used to conebihe lasers. The lasers are
always operated at highest laser powers (60 m\Wi88nm and 100 mW for the
other two). An appropriate laser intensity is clmosg tuning the Acoustic Optic
Tunable Filter (AOTF-AA optoelectronics). The AOHIs0 allows us to alternate
between two lasers at high temporal resolutiorerititing between two lasers helps
to confirm the presence of the fluorophores whiefgrming FRET measurements

(8).
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Figure 2.5 Normalized excitation and emission spectra of $g@nge, Cy3 and Cy5

The laser beam from the AOTF is then steered omjoaatz prism at normal angle
to get total internal reflection thereby creatimgevanescent field (Figure 2.6). The
prism and quartz slide were optically coupled bwdsgiching immersion oil
(Olympus) with appropriate refractive index betwebam. Coupling of the slide
and prism via immersion oil results in creating évanescent field on the surface of
guartz slide. Alternatively, the lasers can be i@gpln epi-fluorescence mode by
focusing at the back-focal plane of the objecthv@tigh a dichroic cube.
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The molecules we want to visualize are immobilibeda PEG passivated quartz
surface via biotin-streptavidin-biotin linkage. Wemobilize Cy5-labelled DNA on
the quartz surface for single molecule FRET andalige them in prism type TIRF
mode. Doubly tethered 21 kb DNA molecules are \lized using Sytox Orange
stain in epi-fluorescence mode. A water immersibjective lens (60x Olympus)
with numerical aperture of 1.2 is used to colldot emitted fluorescence. The
collected fluorescence is then roughly collimatsthg a pair of lenses;§50 mm
and $=100 mm) separated by sum of their focal lengthss Tonfiguration also
provides an ideal location to narrow the width ield of view by placing a slit at
close to the shared focal point of the two len$ég. emission is then separated into
two channels by a dichroic mirror (FF635-Di02-Seal)o This dichroic is reflective
to light emitted by Cy3 or Sytox orange while ittiansparent to the wavelengths
emitted by Cy5. Band pass filters at 731/137 nm @nt/72 nm are employed to
avoid cross talk between the channels. Addition&ll$50 nm long pass filter also
employed in Cy3 emission path to eliminate anydiE82 nm laser light that might
pass through to the EMCCD camera (Andor Ixon 8%mally, another dichroic
mirror is employed to combine the emitted fluoresee signals onto the single
EMCCD chip. This system allows to display and rdaemission from Cy3 or Sytox
Orange and Cy5 next each other on
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Q i |
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Figure 2.6 Fluorescence microscope set-up. The microscopdeaperated either in TIRF
mode or epi-fluorescence mode.
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the EMCCD simultaneously. We chose to use two sépdube lenses to minimize
chromatic aberrations. The microscope is operayed bustom LabVIEW routine.
The timing of ALEX and EMCCD is done through LabWIENIDAQ-mX, using a
PCle-6320 card and a BNC-2120 breakout box (Natimsé&ruments). The EMCCD
maintained at -90 °C during the data acquisition.
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Figure 2.7 Estimating signal-to-noise ratio from single molecule photo-bleaching traces.
(A-E) Representative photo-bleaching curves foicatgtd EM-gain. The noise was obtained
from the standard deviation in the signal. Strerajtthe signal was estimated by subtracting
the mean of background intensity from the mean Blo¢hsignal and noise are indicated in
the plots. (F) Plot shows the SNR as a functiommflied EMCCD gain. Each SNR was
obtained from at least ten individual moleculeg fiteoto-bleached during acquisition.

Setting optimal EMCCD gain from single molecule tpHoleaching measurements:
Cooling down the CCD to around -100 °C and electruitiplying gain are central

to the EMCCD detection of single molecules withrhgignal-to-noise-ratio (SNR).

The lower temperatures of the CCD give rise todaicdon in the noise. The optimal
EM-gain for a given EMCCD should be set experimiintbecause higher gains
might lead to decreased SNR. We set to measurte simgecule bleaching events
in order to measure the optimal EM-gain for obtagnhighest signal to ratio. We
immobilized Cy5-labelled 19nt single-stranded DNA @ PEGylated quartz slide
via biotin-streptavidin-biotin linkage. The moleesalwere then excited with 640 nm
wavelength laser and imaged at 10 frames/secomuy usiur prism-type TIRF

microscope. By applying high laser power we colidtp-bleach some of the Cy5
molecules within the imaging duration. Photo-bléagtof fluorophores is necessary
to obtain background fluorescence. The mean iniertdi single molecules was
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corrected by subtracting the background mean iitteafier photo-bleaching. The
noise and signal was estimated for each molecusthasn in Figure 2.7A-E. From
Figure 2.7F it can be seen that the SNR is readbipdateau around an EM-gain of
1000. Based on these observations we used a gai®Q@ff for the subsequent
fluorescence measurements.

A)

Figure 2.8 Geometrical mapping between two channels using multi-color Tetraspeck
beads. A) High Density beads obtained by combining twentgrsely distributed beads
images. Two channels are indicated with green aademta rectangle®) ldentifying the
centers of beads in both the chann€lgdentifying the corresponding beads after mapping
between the two channels. Here, the yellow ciratesoriginal coordinates identified and the
red crosses are identified spots from geometricapping. D) Overlaid image of two
channels after mapping every pixel in the bottorantctel to its corresponding pixel in the
top channel.

Mapping between two channels using multi-colorriscent beadsAs described in
the section 2.3.1, for single molecule FRET, we gendhe emission from two
fluorophores next each other on a single CCD. Wag we could follow intensity
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of an acceptor and its corresponding donor fluoooplin time but to do this we first
need a geometrical mapping of every acceptor amsbrdmolecules. In order to
obtain a high precision mapping between two channeé¢ used multi-color

Tetraspeck beads (Invitrogen). Since these beadsefice in multiple wavelengths,
by imaging a sparsely distributed field of view wen identify every fluorescent
spot in one channel with its corresponding spotthe second channel. We
repeatedly translate the microscope stage for mgadifferent field of views. By

combining multiple fields of views we obtain a higtensity of paired bead
localizations (Figure 2.8A). After this we identibll the spots in the combined
image in each of the channels (Figure 2.8B). Usimgtom written Matlab code we
then identify the paired coordinates of the beads/d channel.

These coordinates are then fit to a fifth-orderypomial function to co-localize
every bead in the bottom channel to the ones inctamnel (Figure 2.8C). The
overlaid image of bottom and top channel is showrFigure 2.8D. The yellow
colored beads in overlaid image are indicativeafedlent co-localization of green
spots in the top channel with red spots in thedmotthannel. The root mean squared
displacement (RMSD) between original and mapped®éaathis case is 0.49 pixels
which indicates that we can follow the FRET paitime with subpixel resolution.

2.4 Fluorescence based single-molecule techniques to probe
protein-DNA interactionsin real-time

Proteins are workhorses for the cellular world their function is essential at every
step of a cell cycle. For example, as describedabmnversion of DNA to RNA is
done by a protein called DNA polymerase in co-cation with few other proteins.
Therefore, studying the DNA-protein interactiongyide a crucial information in
controlling the molecular activities. The scalewdtich the dynamic protein-DNA
interactions happen varies from nano-meter to @waplmicrons. For instance, a
conformational change in a protein bound to DNA ntey necessary to switch
between two different functions. This kind of irgetions require a protein to
explore couple of nano-meters distance. On ther didwed, some proteins are known
to search a target on DNA by one-dimensional diffusin this case, a protein has
to interact with DNA while translocating for severaicro-meters. As a
consequence, one needs to adopt different expemirtechniques depending on the
range of interactions to probe.

Single-molecule FRET as a spectroscopic nano-rufea donor fluorophore and

acceptor fluorophore are sufficiently close to eatiier and the emission spectrum
of former one overlaps with the absorption spectafnthe latter one, an energy
transfer occurs between the donor to acceptomhdnyear 1948, German physicist
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Theodor Forster theoretically described the phemameof non-radiative energy
transfer between two fluorophore8).( The mechanism is then called Forster
Resonance Energy Transfer (FRET) in honour of &imen Around two decades ago
FRET was adopted to study the interactions of sirdgnor and single acceptor
fluorophore L0). Because FRET is sensitive in the length rang@-ab nm, it
became an effective tool to measure the dynammsdiecular complexes( 6, 8,
11, 12. Single-molecule FRET (smFRET) has extensivelgrbased to probe the
conformational changes of protein- DNA complexesigfe 2.9A). The
conventional SmFRET is limited to capture the giseachanges of 2-10 nm between
donor and acceptor fluorophores, however, the kergige may be pushed further
by adopting three-color or four-color FRET3]. In chapter 4 of this theses, we
extended the smFRET to probe the transition stgteardics of HIV-1 reverse
transcriptase. In general, smFRET is insensitivevitmalize the corresponding
distances of transition states. We circumvent thysmodulating the RT-DNA
interactions under various salt and macromolecatawding concentrations. We
then modelled the change in the height of transisiates to provide an insight into
the flipping of RT.

2.5 Stretched DNA to probe DNA-protein interactions

In order to probe the interaction of proteins WitNA on longer length scales, on
the order of microns, one has to adopt either detdthered DNA or DNA curtains
assay 14-16. DNA curtains is a high-throughput technique whiallows to
visualize numerous nicely aligned DNA moleculesparallel (7). To set-up the
DNA curtains assay one needs substrates sculptédnano-structures which is a
bottleneck because it requires a lot of optimisaiad also an access to cleanroom.
In that sense, doubly-tethered DNA assay is ledsous that it requires DNA
molecules with biotin labels on both the ends aB&iotin coated surfacd%, 18,
19). In these assays, a long piece of DNA is stretcdmd attached on a passivated
surface using biotin-streptavidin-biotin linkageigire 2.9B). If the immobilized
DNA is stretched sufficiently (around 75% to thentmur length), the DNA can be
imaged using total internal reflection fluoresce(iTERF) microscopy. The doubly-
tethered DNA assay is a good platform to study gineDNA interactions. In
chapter 7 of this theses, we implemented this assayudy interactions dE. coli
Dps, DNA-binding proteins from starved cells, WilNA in real-time. Based on the
observations we provided new insights into the raatdm of DNA compaction by
Dps.
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Real-time visualization of supercoiled DNA dynamio®A is enormously long
compared to the size of a cell that contains itt Egwample, 0.002 mm sized
Escherichia colbacterium contains a 4.7>{1Bases (1.6 mm) of DNA in it. Because
of this difference, DNA must be folded tightly inrder to fit into the cell.
Furthermore, the genome should also be well-orgdnis be able to access any
genes of interest out of several thousand ge2@s Bacterial genome is known to
compact mainly by supercoiling of DNART). The mechanical properties of DNA
are well understood based on single molecule bisiphl/studiesZ2-25. However,
understanding of the organisational dynamics of D&tAmolecular level is just
started to emerge because of the development osimagle-molecule tools26-29.
One interesting mechanical property of DNA is thpplication of twists leads to
intertwined coils called plectonemes. The plectoeemere observed to diffuse and
hop along DNA 28), perhaps to accumulate at certain position orgtdre thereby
allow or control the gene expression. Further ca@nensive understanding of the
supercoiled DNA and its interactions with proteigguire tools that are both easily
adaptable and provide deeper insights into the mijgg of supercoiled DNA.
Hence, we developed a novel single-molecule assasgtudy supercoiled DNA
dynamics in real-time. This technique can be rgaailaptable by researchers who
have access to simple fluorescence microscopy.
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Figure 2.9 Fluorescence based single-molecules techniques for studying protein-DNA
interactionsin real-time. A) Schematic diagram showing single-molecule FRE&yasEhe
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acceptor fluorophore (Cy5) labeled nucleic acidstuattes are immobilized on the PEG-
coated surface via biotin-streptavidin-biotin liglea Binding of donor (Cy3) labeled RT on
nucleic acid substrate gives a FRET sigBjlDoubly-tethered stretched DNAZ0 kb) on
quartz surface. The ends of DNA molecules are inilized with multiple biotin-
streptavidin-biotin linkages for topologically cdraning (insert). Plectonemes can be
induced on the immobilized DNA molecules by addiag intercalating dye. Binding
dynamics of proteins on the immobilized DNA molasikan be visualized in real-time by
tracking both the label on protein and staining Bi¢A. C) Side-pulling magnetic tweezers
combined with wide-field fluorescence microscopystady DNA supercoils and protein-
DNA interactionsD) Combining the optical torque-wrench and fluoreseemicroscopy for
studying protein-DNA interactions.

Intercalation induced Supercoiled DNA (ISD)- a rlosmgle-molecule assay to
visualize supercoiled DNAWe developed a novel single-molecule visualization
technique based on simple fluorescence microscosyudy the plectonemic DNA
dynamics on a doubly-tethered DNA molecule (Figti@B). The plectonemes were
induced and visualized in the doubly tethered DNélenules by using intercalating
dye molecules. In chapter 5 of this theses we impteed the Intercalation induced
Supercoiled DNA (ISD) technique to show that thecppnemes can be pinned to
mispaired bases of DNA. Furthermore, in chapterf 6his theses we used this
technique to show that AT-rich segments along DN@A @referable positions for
plectonemes to be localized. Moreover, ISD asséysisof its kind with a potential
to directly visualize the interactions of proteimigh plectonemic DNA. To this end,
in chapter 7 of this theses we attempted to vigealhe interaction of Dps with
plectonemic DNA. Our results suggest that Dps favao bind on supercoiled
DNA.

2.6 Side-pulling single-molecule force spectroscopy techniques to
study DNA plectoneme dynamics

Here we briefly mention about two other potentedhniques to study the dynamics
of DNA plectonemes and protein-plectonemes inteyast Visualization of
plectonemes require DNA to be labelled with flucerg markers. These assays are
built on the widely used single-molecule force s$pEsropic techniques. In these
techniques, one end of DNA molecule is attachdtiécsurface and the other end to
either the magnetic bead or to a quartz cylindée plectonemes are induced by
applying twists on DNA using either by rotating mats or rotating the polarization
of light, the former one is called “magnetic twees?g24, 25 and the latter one as
“optical torque-wrench” 27, 29, 30. Subsequently, the molecule can be brought
horizontal for imaging the dynamics of plectonenasng the length of DNA
(Figure 2.9C and D). A combination of wide-fieldudrescence microscopy and
side-pulling single-molecule magnetic tweezers aiagady implemented to study
the dynamics of DNA plectoneme28j. Combination of fluorescence with optical
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trapping has been implemented to visualize DNA @litslength 81, 3). However,
visualization of supercoiled DNA dynamics and pirofupercoiled DNA
interactions are yet to be realised using optimajue-wrench.

A point to note that these two side-pulling forgestroscopy techniques allow to
precise control of the degree of supercoiling ofADbut both the techniques require
a complicated apparatus making them less reachailaler area of researchers. In
this sense, our new assay, the ISD is accessihigolsy researchers.
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Strand-Displacement Synthesis by
HIV-1 Reverse Transcriptase

The process of displacement synthesis, where a Pblfimerase must unwind a
nucleic acid duplex without the aid of a helicage,required for a range of
polymerases to properly function in the cell. Vigblymerases, including HIV
reverse transcriptase (RT), are known to use diepl@nt synthesis to copy
thousands of nucleotides of genetic code. Howdlermechanism of displacement
synthesis remains unclear. In order to elucidatetindr RT actively or passively
unwinds downstream duplexes, we measured RT elongaigainst a series of
duplex structures. We find that the both the thelynamic stability and the
backbone content of the duplex influences the shf@NA replication. We also find
that the presence of a nucleic acid flap on theteoplate strand increases the
efficiency of displacement synthesis. This is tingt fevidence that RT makes direct
contact with the non-template nucleic acid stradl results are inconsistent with a
passive model of displacement synthesis requiringvgit for the duplex to melt on
its own. Instead, we propose an active mechanitatertto some DNA helicases.

M. Ganji, S. F. J. Le Grice, and E. A. Abbondanzieri, to be submitted
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3.1 Introduction

Many DNA polymerases, while carrying no intrinsicelibase activity, can

nevertheless unwind downstream DNA annealed taethwplate strand through the
process of strand displacement synthesis (Figuflg. 3/iral polymerases in

particular often rely on displacement synthesibgathan encoding an additional
helicase or clamp that must work in concert witte tholymerase. Without

displacement synthesis, diverse viruses includig§-bacteriophage (1) and HIV
(2,3) would not be able to transcribe.

In retroviruses, several forms of displacement Isysis are orchestrated by the
enzyme reverse transcriptase (RT) while converting single stranded RNA
genome into proviral double-stranded DNA. The detai several steps in the HIV-
1 reverse transcription process are showed in Soppitary Figure 3.1. RT initiates
(-)-strand DNA polymerization by recruiting a cédlutRNA primer to the PBS of
viral RNA (4). After initiation, RT must displaceesondary structures in the single
stranded RNA template to proceed. Simultaneouslyp&forms RNase H cleavage
on the copied RNA, creating short RNA fragmentssiae 6-16 nucleotides (5-8).
During minus strand synthesis, RT precisely cleaves short RNA fragments
known as polypurine tracts (PPT) to use as prinf@rghe initiation of (+)-strand
DNA synthesis (9). After the addition of around ROIA nucleotides to the PPT
primer, RT makes a cut precisely at the divisionwleen the RNA and DNA
backbone before proceeding with (+)-strand synshddowever, the left over PPT
RNA fragments intact to the (-)-strand DNA and faée of this fragment is not
known.

Pre-translocation Pre-translocation Post-translocation
+ Paired base + Melted base + Melted base

Y
_J

L dNTP + hydroloysis

Figure 3.1: Schematic diagram illustrating indivaflusteps in performing strand-
displacement synthesis by a DNA polymerase.
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DNA (+)-strand synthesis proceeds from the PPToregiand initially requires RT

to displace the short RNA oligonucleotides generdty RNase H cleavage. Once
RT reaches the 5’ end of the (-)-strand templafeclRaves off the tRNA leaving a
sticky end (10). A circular intermediate is genedaby annealing this sticky end to
the 3’-end of the (-)-strand DNA. RT must then thsp DNA in order to extend the
3’-end of the (-)-strand DNA back to the PPT to pbete the proviral DNA.

At several critical steps, RT must therefore displaoth RNA and DNA in order to

copy the viral genome. However, the mechanism iahst displacement remains
unclear. Previous studies show RT pauses at regibegong secondary structure
(11-14), suggesting the stability of the downstreduplexes affect the rate of
displacement synthesis. RT has also been showmwind ~2 nt of downstream

RNA even in the presence of dNTP (15,16), implyii§ makes specific contacts
that stabilize the bound complex during displacemsgnthesis. In order to elucidate
the sequence dependence displacement synthesassaged primer extension and
strand displacement synthesis of RT on differerbsgates with a range of
percentage of GC.

3.2 Methods

3.2.1 Oligonucleotides and preparation of displacement constructs

Table 3.1: oligonucleotide used for primer extensi®NA-, and DNA- displacement
synthesis assays
Primer /5amMC12/ATTATGGATCTTAGCCACTTT

PPT RNA (non-template) UAAAAGAAAAGGGG

PPT DNA(non-template) TTAAAAGAAAAGGGG

PPT template CCCCTTTTCTTTTAAAAAGTGGCTAAGATCCATAGCTGCCTTGT
13% GC RNA (non-template) AAUUGACUAAUUAAU

13% GC DNA (non-template) AATTGACTAATTAAT

13% GC template ATTAATTAGTCAATTAAAGTGGCTAAGATCCATAGCTGCTTGT
46% GC RNA (non-template) AUAGCGAUAGCGAUG

46% GC DNA (non-template) ATAGCGATAGCGATG

46% GC template CATCGCTATCGCTATAAAGTGGCTAAGATCCATAGCTGATGT

93% GC RNA (non-template) CGCCCGCUCCCGCCG
93% GC DNA (non-template) CGCCCGCTCCCGCCG
93% GC template CGGCGGGAGCGGGCGAAAGTGGCTAAGATCCATAGQIGTTGT

All the oligonucleotides were purchased from ID€hiologies (IDT Coraville Inc.)
(Table 3.1). All the templates are designed to awnodate the same primer in order
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to minimize the effects from RT- primer/templatéemactions. The primer listed in
the Table 3.1 have an amino functional group abisend that we labelled with

Cy5-NHS ester (GE healthcare) as following. Labellireaction was done in a
freshly made 0.1M sodium bicarbonate-HCI, pH 8.§dyu The reaction contained
an approximately 142 uM primer and 20 times molaess of Cy5-NHS ester dye.
After 4 hours of incubation at room temperaturecess dye was removed by
ethanol precipitation. The reaction resulted irs lkmn 50% labelling efficiency. We
repeated the labelling reaction second time whiebulted in around 100%
efficiency.

For primer-extension assay, we mixed 1:2 molapratiCy5-labeled primer (5 uM)
to template in TE buffer with 2100 mM NaCl and heltiee mixture on a heat block
to 80 °C. Since we take fluorescence intensityhef primer as a read out for the
fraction of extension, we strategically added twiogre template to make sure most
of the primer annealed to template. The heat bleak left at room temperature for
cooling the mixture to room temperature over aqzbdf time.

For displacement synthesis assay we added an exeegemplate primer to make
sure that the most of the primer-template containson-template. Therefore we
mixed 1:2:4 molar ratio of primer:template:non-téate at 5 UM concentration of
primer in TE buffer with 100 mM NaCl. The mixtureaw then heated to 80 °C on
heat block and subsequently cooled to room temperabn a heat block for
annealing the Cy5-lebeled primer and non-templateemplate. The resultant was
then diluted to 250 nM and stored at -20 °C.

3.2.2 Preparation of HIV-1reversetranscriptase

Reverse transcriptase of HIV-1 is a heterodimeridtilmnctional enzyme. While
both the polymerisation and RNase H functions ee&idp66 subunit, pS1 subunit
plays a role in gripping the substrates. Individa#bunits were purified as described
earlier (17). The p51 subunit was purified in itddvtype form. An E478Q mutation
was introduced into p66 subunit to abolish the RN&bs function (18). The
functional heterodimers, final concentration of M,pwere reconstituted by mixing
1:5 ratio of p66 and p51 subunits and incubating7atC for 2 hours. Aliquots of 2
ul were stored at -20 °C. An aliquot was left atmotemperature for around 2 hours
before using. The dissociation constanty &0 nM) of heterodimers is low
compared to the homodimers we expect majority @f ipaghe form of heterodimer.
The concentration of p51 was too low to form homuaelis and the p51 alone shows
no affinity to DNA.
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3.2.3 Primer-extension and displacement synthesis assays

All the primer-extension and displacement synthessays were performed in
reaction buffer: 50 mM Tris-HCI, pH 8.0, 50 mM KC3, mM MgChL at room
temperature with indicated concentration of PEG BK50 pl of reaction mixture
containing 10 nM DNA substrates and 20 nM RT wareipcubated for 5 minutes.
The extension or displacement synthesis was iedialy adding 200 pM of dNTPs
mixture. Reactions were terminated at 1, 2, 5,dd 20 minutes by adding a 10 pl
of reaction mixture to 10 ul of 20 mM EDTA and 9% mamide. The reactions
were then heated at 90 °C for 5 minutes and imnheglighilled on ice in order to
denature the DNA products. The products were thactibnated on a 10% urea-
polyacrylamide gel. The gel was then imaged for @ybrescence on Typhoon
scanner. The amount of unextended, partially exdegndnd fully extended primer
intensity was analysed using 1D gel analysis softwa

3.3 Resaults

3.3.1 Primer extension by reversetranscriptase on different GC rich
templates

First we tested the ability of RT to polyemerise MNrimer on different GC rich
templates. We designed four templates which caoragmdate the same primer but
with different GC content in the extendable regi®he first template was selected
from poly purine tract (PPT) region of the HIV gem® We designed this substrate
such a way that primer was situated right behimdRRT sequence. The other three
substrates contain the same sequence in the prégien but the template sequence
down stream to the primer was varied. This way wpeet RT to bind on the
primer-template with equal affinity and then we candy the ability to polymerise
different GC sequences. The resuts showed that Blymerises on general
sequences much more efficiently than on the PPTplam (Figure 3.2). It was
known that RT pauses at certain sequences espeamaoly(T) regions. The PPT
template indeed contains two thymine quartets seperby single nucleotide. The
first quartet was immediately upstream to 3’-endhef primer where RT was found
to be predominantly paused (see lanes 1-4 of Figta). Up on over coming the
first pause, RT encounters the next strong pausasnd 7 and 11 nucleotides
upstream to the 3’-end of the primer that can ke deom the lanesl-4 of Figure
3.2A.
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We quantified the intensity of the primer bands dBparating them into three
catageries: (1) unextended (U), (2) partially edezh(P), and (3) fully extended (F)
fractions. The amount of fully extended primer wakulated as follows

(1)

Fully extended fraction = TPl
Because RT pauses strongly on PPT template, theranob fully extended primer
was linearly increased over time instead of geherabserved exponential
behaviour (Figure 3.2C- blue curve).
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Figure 3.2 Primer extension by reverse transcriptase is weakly affected by GC content.
Four template sequences were designed annealeddmmon primer but had varying GC
content in the 15 nt downstream. the same primerthei downstream of primer in the
template is designed to have different GC contAhtRepresentative gel showing primer
extension by reverse transcriptase. First fourdaepresent the extension of primer through
PPT region. Lanes 5-8 represent the extensionwrtie (13%) template region. Lanes 9-12
represent the extension on 46% GC template. LaBekSIrepresent the extension on GC
rich (93%) template sequence. Lanes 17-20 are tendgd primer. The primer elongation
in this gel was terminated at 1, 2, 5, and 10 neistB) Cartoon showing the RT (yellow)
positioned on DNA primer/template (Black arrows) time polymerase modeC) Plot
showing the fraction of fully extended primer otene. Error bars are s.e.m. from at least
three experiments. Exponential fits to the fractiextension versus time yielded rate
constants of 4x1) 5.7x10°,5.7x10°, and 5.3x10 /s.
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Contrary to the PPT template, primer extension BydR other GC rich templates
was not much different to each other and the psmegre extended exponentially
with time (Figure 3.2). There was some fractiompoimer that was not extended in
the case of 93% GC substrates probably becausestnet annealed properly.
However, the rate of extension obtained from exptaik fitting was not any

different compared to 13% and 46% GC substratasatidg that primer extension
proceeded in the same fashion. Next, we investightBT can extend the primers

in the presence of the upstream RNA fragments texsdifom RNase H activity of
RT.

3.3.2 RT displacement synthesisthrough RNA fragments

RNase H activity of HIV-1 RT results in differenzed RNA fragments. Some of
the fragments will be intact to the DNA by base ptementarity if the size of the
fragments are longer than 10 nucleotides. We teftéd presence of these RNA
fragments impede the DNA polymerisation. We usexl dhme sudstrates used for
primer extension assay but with a complimentary RiNgment upstream to the 3'-
end of the primer (see cartoons in Figure 3.3) séhmibstrates allowed us to test the
sequence dependent RNA strand displacement sysithesi

Full extension
— -_—
Unextended - L - ‘
primer .--------.----z----
o 19nt PPT " 19 nt 13% GC il 19nt  46% GC o 19nt 93% GC
PPT template 13% GC template 46% GC template 93% GC template
B) C) 40 1
{ —=—PPTRNA
Primer PRVt RNA 30 e m%cC

—A— 46% GC
71 —v93%ce
20 1

. q E"\g, non-template

Template s
P \QAWJ

Reverse transcriptase
RNA-displacement synthesis

Fraction extended (%)

0 10 20 30
Time (min)

Figure 3.3 Displacement synthesis through RNA non-templates. Primer extension by
displacement of the non-template PPT RNA, 13% GGARM% GC RNA and 93% GC
RNA. First four lanes represent the displacementhssis through PPT RNA regioA)
Representative gel showing the RNA displacementthegis. Lanes 5-8 represent the
displacement synthesis through low GC (13%) norptate RNA region. Lanes 9-12
represent the displacement synthesis through 46%nG&Gtemplate RNA. Lanes 13-16
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represent the displacement synthesis through GE (@3%) non-template RNA. The
displacement synthesis in each case was termiaated?, 5, 10, and 30 minutd®). Cartoon
showing RT (yellow) bound on DNA primer/templatéadk arrows) with an up-steam RNA
non-template (green arrowlC) Plot showing the fraction of fully extended primby
displacing RNA non-template over time. Error banme &.e.m. from at least three
experiments.

The results indicated that the RNA strand displaa#nsynthesis was strongly
impeded by the presence of the upstream RNA nopitden primer and also
dependent on the GC content of the non-templatagorto be displaced (Figure
3.3). The displacement of 46% GC and PPT non-templgh equal efficiency was
some what surprising because we expected PPT RNA thsplaced easily because
it contains 33% GC. It should be noted that RT subwa slow primer extension on
PPT template,and hence the presence of upstreanRRRTprimer seemed to have
a minimal effect compared to the other upstream template primers. It could be
because PPT RNA exhibit localized anomalous basegaio DNA (19,20). The
13% GC non-template RNA fragment was easiy displamempared to the highest
GC non-temlate (93%). Presence of 93% GC non-tdmpldmer showed to inhibit
primer extension beyond 2 nucleotides. We next echid probe the displacement
synthesis of DNA fragments with identical sequeneesl compare that to the
displacement synthesis of RNA.

3.3.3 RT displacement synthesisthrough DNA fragments

RT must also perform DNA displacement synthesisnduseveral stages of reverse
transcription. Here, we tested the efficiency of ®™isplace DNA fragments with
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Figure 3.4 Primer extension by displacement of the non-template PPT DNA, 13% GC
DNA, 46% GC DNA and 93% GC DNA. First four lanes represent the displacement
synthesis through PPT DNA region. Lanes 5-8 remtetbe displacement synthesis through
low GC (13%) non-template DNA region. Lanes 9-1@resent the displacement synthesis
through 46% GC non-template DNA. Lanes 13-16 rapreshe displacement synthesis
through GC rich (93%) non-template DNA. In eachecathe primer elongation was
terminated at 1, 2, 5, 10, and 30 minu@psCartoon showing RT (yellow) bound on DNA
primer/template (black arrows) with an up-steam DNén-template (red arrowl) Plot
showing the fraction of fully extended primer bysmlacing DNA non-template over time.
Error bars are s.e.m. from at least three expetisnen

different GC contents. We once again used the €2#e substrates that we used in
primer extension and RNA displacement synthesiswitit DNA upstream non-
templates (see cartoons in Figure 3.4).

Similar to the RNA displacement synthesis, DNA tispment also showed strong
dependency on the GC content of the non-templagei(@ 3.4A). Quantified results
of displacement of non-template DNA fragments slobwia Figure 3.4C.
Surprisingly, displacement synthesis of PPT DNA s slowest among all the
non-templates tested. The displacement synthedtP®f DNA did not show more
than 3 nucleotides extension and the others wesplatied more efficiently
comparing to their RNA counter parts (compare FgBr3 and Figure 3.4C). The
striking difference between RNA and DNA PPT displaent synthesis can be due
to the difference in base-pairing with DNA template
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The results clearly indicated that RT was les<igdfit in displacement synthesis of
either RNA or DNA non-template fragments. We thastéd the effects of
macromolecular crowding on the displacement syigleRT.

During the (-) strand DNA synthesis, RT encounfIA hairpins and during the
(+) strand DNA synthesis, RT encounters RNA fragmersulted from RNase H
digestion,in virio. RT must able to displace these RNA fragmentsstarcessful
reverse transcription. RT must also perform DNAptisement synthesis for
generating proviral DNA for integration into thedtgenome. However, the above
results indicate that RT was not efficient in disphg the non-template RNA or
DNA fragments. In view of this, we tested if theepence of macromolecular
crowding enhances the efficiency of displacementissis. We tested the 46% GC
content substrate for both the RNA and DNA strarspldcement synthesis in the
presence of 100 mg/ml of PEG 8K. The results shawatdRT displaces both RNA
and DNA non-templates slightly more efficiently @nccrowding compared to the
non-crowded conditions (Supplementary Figure 3tR)wever, the displacement
synthesis was still much slower than the primeersion. The higher crowding
concentration in the cytoplasm of cells (around #@§'ml) may boost the strand
displacement synthesis.

During the displacement synthesis there was coraitle amount of primer

accumulated after extension for three nucleotidegufe 3.3 and Figure 3.4)

probably indicating that the polymerization of fithree nucleotides is a limiting

step. Because, once the displacement synthesisalb@asge three nucleotides, the
synthesis continued to the end of template whichhmindicate of RT interaction

with the 3-nucleotide flap of non-template. To gaisights into the RT interaction

with the non-template flap we performed displacensgnthesis on a construct that
contained three- or six- nucleotide non-templaap flsee Figure 3.5B).

3.34 Non-template DNA flap enhances displacement synthesis activity

We then probed the dependence of DNA displacemgtheasis on the flap length
of non-template which RT encounters upon initiatbdrdisplacement synthesis. For
this we created four different constructs usingop8cy5-labelled DNA primer, 63-
bp DNA template, and 15-bp non-template DNA witlmozkep, 3-bp, or 6-bp flap
(Figure 3.5B). These constructs were subjectedN@ Misplacement synthesis by
RT and the results were fractionated on urea-PABHufe 3.5A). The primer-
extension and displacement synthesis (no flap)asaseen in the previous sections.
But the displacement synthesis in the presence of 8- nucleotide flap was much
faster comparing to the zero-bp flap displacementiesis. This increase in activity
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of RT strongly supports the idea that it interasith the flap of non-templated
DNA.
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Figure 3.5Flap length dependence rever se transcriptase strand displacement synthesis.

A) A representative gel showing the primer extensiisplacement synthesis with no flap
and with 3- or 6- nucleotide flapB) Cartoon showing RT (yellow) bound on DNA
primer/template /non-template (black arrows) witliegp. C) Plot showing the fraction of
fully extended primer by displacing DNA non-templatith a flap over time. Error bars are
s.e.m. from at least three experiments.

3.4 Discussion

Viral reverse transcriptase is a unique enzymeditdtestrates different functions in
order to convert a single stranded RNA genome pintwiral DNA genome. While

synthesizing DNA using RNA templates, RT cleaves tiopied RNA into short

fragments by RNase H activity. The RNase H digestesults in RNA fragments of
different lengths ranging from few nucleotides #nd of nucleotide (5,6,21).
Moreover, RT specifically process a 15 nucleotidene rich RNA fragment to be
used as a primer to initiate (+)-strand DNA synihg®). During the (+)-strand

DNA synthesis, RT encounters the remained RNA fexgn Previous research
showed that, apart from these explicit enzymaticcfions, RT performs strand
displacement synthesis (3). RT thus capable oflatispy non-templated RNA or
DNA fragments.

Our results indicate that the displacement synshiegiRT is very slow compared to
the normal DNA polymerization. The displacement tegsis was strongly
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dependent on the sequence of the non-template émigrout the displacement of
PPT RNA and DNA were exceptions. Primer extensionhe PPT template was
anticipated to be slow because RT was known togpanspoly(T) (25). In view of
the observation that the primer extension on th& Enplate was much slower
compared to the primer

Table 3.2 Predicted free energy changes for DNA/DNA and RDIA duplex formations

at room temperature. These free energy differeme@e predicted using nearest neighbor
approximations (22,23) and corrected for 50 mM NaGtording to an ampirical formula
provided in the ref. (24)

Nucleic acid sequences % of GC AG°(kcal/mol) Fraction
extended
d(AATTGACTAATTAAT) 13 -12.53 29.45
d(ATAGCGATAGCGATG) 46 -18.49 22.15
d(CGCCCGCTCCCGCCG) 93 -28.88 6.78
d(TTAAAAGAAAAGGGG) 33(PPT DNA) -16.50 3.24
r(AATTGACTAATTAAT) 13 -9.99 34.17
r(ATAGCGATAGCGATG) 46 -17.54 12.78
r(CGCCCGCTCCCGCCG) 93 -25.51 1.17
r(TTAAAAGAAAAGGGG) 33 (PPT RNA) -17.54 12.77

extension on the other templates, we compared ifgadement of PPT RNA and
PPT DNA non-templates. While the PPT RNA templates wlisplaced by RT, the
PPT DNA non-template was observed to hinder thgrpetization beyond three
nucleotides. This result reiterates the fact tHaTHRNA/DNA deviates from the
normal base pairing as showed by both the X-ragtahstructure and biochemical
footprinting studies (19,20). In the absence ofs thlinomalous base pairing
interactions, PPT RNA was expected to displacé kféisiently because the primer-
extension on this template itself was rather slblis hypothesis was supported by
the observation that PPT DNA was the slowest ims$eof displacement synthesis.
Therefore, our results strongly supporting the vieat PPT RNA/DNA assumes a
unique structure, in order for selective processing successive usage as a primer.

We calculated free energy of annealing using tlageast neighbor estimatigp2,23)
to compare with the displacement synthesis of eadbstrate (Table 3.2). The
predicted free energy changes for the formatiorDBIA/DNA and RNA/DNA
duplexes globally agree with the sequence deperdisplacement synthesis albeit
PPT RNA and PPT DNA non-templates being the exoaptiAlthough, the change
in the free energy of formation of PPT RNA/DNA aR&T DNA/DNA duplexes
were comparable, our data showed that the PPT RNA/Dvas the easiest to
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displace while the PPT DNA/DNA was only displacecaximum of three
nucleotides. A detectable enhancement in the aispiant synthesis of both RNA
and DNA was observed in presence of crowding médéscuHowever, the
polymerization reactions were still slower compat@the normal primer extension,
perhaps indicating that higher cellular crowding(end 400 mg/ml) would promote
the displacement synthesis. Once again, this cosfthat the PPT RNA/DNA takes
different structure to be selectively recognizedJyto be used as a primer for (+)-
strand DNA synthesis. Our results also support Rigtinteracts with the flap on
not-templated DNA actively in order for displacermsynthesis.

Taken together these results suggest that in tisenab of flap, displacement
synthesis is very slow compared to primer-extensaon proceeds only if the
nucleotides melt due to stochastic reversible deatbn (13,26). However, our
results support that as the flap builds up by thmedeotides or more, RT interacts
with the flap to fray the next paired nucleotide min-template strand (15). This
melting step is strongly dependent of the baseegaimucleotides because the
displacement synthesis showed a strong dependendbeosequence of nucleic
acids (13). We describe that RT can then transtocae nucleotide forward on the
template to be able to ready for binding and hygislof a next cognate dNTP (27).
Accordingly, RT continues in cycles of fraying ntewplate DNA, translocating
one nucleotide forward, and recruit and hydrolyzeddTP to perform the
displacement synthesis (Figure 3.1). In additiothie nucleic acid chaperone, the
nucleocapsid protein (NC) of HIV, might also assishccelerating the displacement
synthesis (28,29).

In conclusion, we showed that the primer extensigth in the PPT region was
much slower compared to the other templates duepaosing of RT. The
displacement synthesis was observed to be ratheesee dependent and the high
GC content non-template fragments were observelirtder the polymerization
reaction (13). Although speculative, it might batthIV evolved to contain biased
AU-content (~58%) in its RNA genome (30) to be efifiee for strand displacement
synthesis. Surprisingly, while RT was able to displ the non-template RNA-PPT,
the displacement of non-template DNA-PPT was cotaplédlocked indicating the
structural anomaly of RNA-PPT (19). Our observatiaiso indicated that the
including crowding molecules enhances the displatgraynthesis. Highly crowded
cellular environment, where the biochemical readtitvappen, together with low
GC-content viral genome probably aid RT for sucitgseverse transcription.
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Supplementary Figure 3.1Steps in reverse transcription. Step 1: RT of HIV-1 first
recruits cellular tRNA at primer binding site (PB&)on infection of the host celftep 2:

RT then starts to copy the viral RNA to DNA usingRINA primer. RT also digests the
copied RNA into smaller fragments. The smallest Rik&gments (<10 nucleotides) fall off
the DNA while the longer ones are remain bound.peiforms RNA displacement synthesis
when it encounters a RNA hairpin. Here and in thigsequent steps, displacement synthesis
is highlighted with a yellow ellips&tep 3: Minus strand transfer occurs: the copied DNA
along with tRNA are transferred to the other endhaf viral RNA. During this step, RT
encounters more RNA hairpins where RT has to perfdisplacement synthessep 4: RT
copies the remaining RNA genome while digesting ¢bpied RNA into smaller pieces.
During these steps, RT specifically processes a $9A polypurine tract to be able to use
as a primer for (+) strand DNA synthesssep 5: Synthesis of (+) strand DNA begins at the
PPT primer. RT displaces those RNA fragments lefthe template DNA and it makes a cut
exactly at the end of the PPT RN&tep 6: DNA synthesis reaches &nd of the (-) strand
DNA. RT then cuts off the tRNA leaving a sticky e@tlep 7: Circularization of the DNA by
annealing the PBS sites. RT once again needs forpesstrand displacement synthesis
through the left over RNA fragments and PPT whigh still be intact with the DNA. At
this point RT also performs DNA displacement systhehrough U5-region towards R-
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region Step 8: Linearization of the fully synthesised proviral BNwhich is ready to be
incorporated into the host cell genome.
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Supplementary Figure 3.Displacement of the non-template RNA and DNA under
macr omolecular crowding. The reaction buffer contained 100 mg/ml PEG 8KstHive
lanes represent the displacement synthesis thrdé§h GC non-template RNA region.
Lanes 6-10 represent the displacement synthesiagdhr46% GC non-template DNA region.
In each case, the primer elongation was terminattdd 2, 5, 10, and 30 minutd®). Cartoon
showing RT (yellow) bound on DNA primer/templatdatk arrows) with and up-steam
DNA or RNA non-template (blue arrow) under macroeanllar crowding (grey spheres))
Plots showing the fraction of fully extended printwr displacing DNA non-template (red)
and RNA non-template (green) over time at 100 md?iBG 8K. Plots for the displacement
synthesis of DNA (light red) andRNA (light greemeaalso showed for comparison. Error
bars are s.e.m. from three experiments.
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DNA Binding Proteins Explore
Multiple Local Configurations

Finding the target site and associating in a sjgecifentation are essential tasks for
DNA-binding proteins. In order to make the targearsh process as efficient as
possible, proteins should not only rapidly diffuse the target site but also
dynamically explore multiple local configurationgfbre diffusing away. Protein
flipping is an example of this second process tiaatbeen observed previously, but
the underlying mechanism of flipping remains uncledere we probed the
mechanism of protein flipping at the single moleclgvel, using HIV-1 reverse
transcriptase (RT) as a model system. In orderesv the effects of long-range
attractive forces on flipping efficiency, we varigle salt concentration and
macromolecular crowding conditions. As expectedydéased salt concentrations
weaken the binding of RT to DNA while increasedvetlong strengthens the
binding. Moreover, when we analyzed the flippingnekics, i.e. the rate and
probability of flipping, at each condition we foutitat flipping was more efficient
when RT bound more strongly. Our data are congistgh a view that DNA bound
proteins undergo multiple rapid re-binding evers,short hops, that allow the
protein to explore other configurations without getely dissociating from the
DNA.

This chapter has been published as M. Ganji, M. Docter, S. F. J. Le Grice, and E.
A. Abbondanzieri, DNA binding proteins explore multiple local configurations
during docking via rapid rebinding, Nucleic Acids Res., 44, 8376-8384 (2016)
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4.1 Introduction

Proteins that non-covalently bind and release imeeids must undergo a complex
three-dimensional search to find specific targetthe crowded environment of the
cell. On distance scales of microns to nanomethis,search on long nucleic acid
duplexes can be facilitated by a combination afistj (continuous attachment) and
hopping (short three dimensional excursions) (1-Bpwever, as a protein
approaches its target, it must become precisegnted relative to the target site
within the nucleic acid substrate in order to perfenzymatic reactions. These last
steps of the target search involve diffusion ovenometer distances, and therefore
occur at microsecond to millisecond time scale$ #ma both too fast to observe
directly with many experimental techniques and stmw to easily simulate using
all-atom molecular dynamics approaches.

Protein flipping has recently emerged as an impbrtamponent of the last steps of
the target search mechanism and in the subsequpldraion of alternate local
configurations. It has been proposed that typedtriction enzymes use a flipping
mechanism to cleave complimentary DNA strands dudnsingle encounter with
the target sequence (4-6) and the homeodomainctiptisn factor HoxD9 was
observed to flip to bind on two oppositely orienteidding sites within a single
DNA molecule (7). Additionally, flipping was dirdgtobserved in single molecule
complexes of HIV reverse transcriptase (RT) boundvarious nucleic acid
substrates (8-10). Furthermore, protein flippingswaed as a tool to discriminate
between nucleoside and non-nucleoside RT inhib{tbtsl2). Flipping requires the
enzyme to rotate around a vector perpendiculah¢oaxis of the duplex and is
distinct from rotation along the nucleic acid he{3). Because of this, during a
flipping event many specific contacts must be dited between the protein and
nucleic acid and then immediately reformed with positions of the two nucleic
acid strands in the duplex reversed.

We have chosen RT as a model system to underdtenchéchanism of flipping
using the technique of single-molecule FRET (smFRHhe time resolution of
SMFRET can be pushed as high as a few millisecavitts high illumination
intensities (14) but at a cost of increasing the of photo-bleaching (15). Instead of
attempting to measure the FRET efficiency during tkhort-lived flipping
intermediates, we chose to measure the rate carctdhipping (k), dissociation
(Ko)), and binding K,) of RT on DNA substrates to decipher the mecharufthe
transitions. We therefore selected a frame rate lasdr intensity that provides
relatively high spatio-temporal resolution (~1 nmda00 msec) while allowing us
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to capture the entire interaction of RT with the ®Nith minimal photo-bleaching
(~10%).

We have taken advantage of two experimental pasms#iat modify the affinity of
RT for DNA: salt concentration and macromolecularowding. Low salt
concentrations preferentially strengthen the stgbibf bound states containing
strong electrostatic interactions, while crowdimggiats preferentially strengthen the
stability of states that form a compact complex.other DNA polymerases, the
bound states are stabilized by a decrease in thecaacentration of the buffer
(16,17) or an increase in macromolecular crowdiig-22). However, the
magnitude of this effect on the bound states ofsHTremains to be experimentally
determined. Typicain vitro measurements of RT are frequently performed at low
salt concentrations (<50 mM) whereas concentraidrsl50 mM better mimic the
binding interactions observéul vivo (23).

Furthermore, using transition state theory we aanetate changes g andk. with
changes in the free energy barriers associatedthtbe transitions. Therefore, by
measuring how the rate constants and equilibriunstamts associated with binding,
flipping, and dissociation change as a functiosaif and macromolecular crowding,
we can determine the relative stability of eachditéon state.

For a given bound state (B) and an associatedefligpound state (F), we consider
two possible mechanisms for flipping to occur whigé define as “tumbling” and
“hopping” (Supplementary Figure 4.1). In the tumblimodel (Figure 4.1a-left), the
enzyme maintains some non-covalent contacts wilisteate during the flipping
transition and the complex becomes slightly lesmpact (Supplementary Figure
4.1). The flipping transition by tumbling is theoe¢ distinct from the dissociation
transition. Tumbling can be thought of as an anaow the sliding transition that
has been shown to mediate one-dimensional diffugibnproteins on DNA
(13,24,25). In the hopping model (Figure 4.1a-figtite enzyme enters a short-lived
pseudo-bound intermediate state representing e diffusive excursions near the
DNA that allow flipping or dissociation to occur (@plementary Figure 4.1). A
pseudo-bound state (or ‘effective’ state) has @ewmiously introduced to capture
the essential kinetic behavior of diffusing macréecales undergoing competitor-
induced dissociation (26). An analogous hoppingditeon has been shown to allow
some proteins to diffuse along DNA (27,28).

If flipping occurs by tumbling, we expect that RTelks electrostatic contacts and
becomes less compact in the tumbling transitiote sée therefore would expect
that k; would decrease as salt concentration decreasesanomolecular crowding
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increases. However, if flipping occurs by hoppikgwill be affected by both the
rate at which RT enters into the less compact pséodind state and the probability
that the enzyme rebinds from the pseudo-bound s#tter than dissociating. If the
long-range (0-2 nm) attractive forces between timyme and the DNA increase, the
rate of entering the pseudo-bound state will deserdmut the likelihood of rebinding
will increase, making it possible that the retcould increase (supplementary
materials and Supplementary Figure 4.7). Below hewsthat changes ik and
flipping probability Prip) can be explained by the hopping model but not the
tumbling model.

4.2 Materialsand Methods

4.2.1 Labeled RT and nucleic acid substrates preparation

Individual subunits of HIV-1 RT were expressed safely as described earlier (29).
An E478Q mutation was introduced in p66 subunitliminate RNase H activity
(30). To allow for site-specific labeling, nativgsteines in the p66 subunit were
converted to serine and a unique cysteine wasduated at its C-terminus (31). All
purification steps were performed at 4 °C. As atfiound of purification, p66 was
expressed and purified via a self-poured Ni-NTA (BEalthcare) column. The
resultant p66 was applied to a heparin-Sepharokenoo(GE Healthcare). The
enzyme was reduced with DTT on the column and thercolumn was washed with
50 ml of DTT free sodium phosphate buffer. Reduys@@ was eluted by applying a
75 mM-1M NacCl gradient and purified protein was igdrately mixed with Cy3-
maleimide dye (GE Healthcare) at a 1:10 protein:dyé. The labeling reaction
was allowed to continue for ~2 hours at room terapge before quenching with a
10-fold molar excessive of 2-mercaptoethanol. Eseltant mixture of p66 and Cy3
was loaded onto the heparin-Sepharose column whitking Cy3 absorption at 550
nm. The column was washed with sodium phosphatéehuintil free dye was
removed. Cy3-labelled p66 was then eluted by apgha salt gradient. Labeled
protein was concentrated by mono-S chromatogra@ig/Healthcare). The reaction
resulted in ~50% labeled p66 with >95% purity asesled from absorption and
SDS-PAGE analysis, respectively. Functional RTetwtimers of p66 and p51
were prepared by mixing a 1:10 ratio of p66-Cy3:pHie mixture was incubated at
37 °C for 2 hours and then for 4 hours at room enaipire. The dissociation rates of
p51/p51 or p66/p66 homodimers are fast enough cardpa p66/p51 heterodimer
to allow most to exchange within 6 hours (32). Reseathe concentration of
individual subunits is much higher than the disaben constantK;<10 nM) of
heterodimer, we expect to have a majority of p6ahia form of heterodimer.
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Aliquots were stored at -80 °C until just before theasurements. Since p51 alone
has low affinity for DNA, excess of p51 does notenfiere with heterodimer RT
binding to DNA.

DNA substrates were purchased from IDT technolodi&sT; Coralville, 1A).
Where applicable, a thymine nucleotide was amindifigal with C6 linker, in order
to label oligonucleotides with an acceptor fluorogh Mono-reactive Cy5 (GE
healthcare) was attached to an amine group onutleio acids as described by the
manufacturer. Excess non-reactive dye was remowedetbanol precipitation.
Absorption measurements indicate that the labeffigiency was close to 100%. A
1:10 ratio mixture of the complimentary strandswitotin modifications at their 5'-
end were annealed to Cy5-labelled strand by heati®9 °C for 5 min and allowed
to cool to room temperature. The annealing buffas W00 mM Tris-HCI (pH 8.0),
1mM EDTA and 100 mM NacCl. The product was storee?t°C.
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Figure 4.1 Single-molecule FRET assay for probing RT dynamics. @) Two possible
models describing flipping transitidaft- tumbling model, a basic three state model in Whic
RT can undergo a transition of flipping or dissticia from a bound state amgyht- hopping
model, a model with a pseudo bound state in whithnfust undergo to the transition of
flipping or dissociation through the pseudo stajeSchematic diagram of detection of two
binding orientations of RT on a double primer DN#bstrate. Larger green star and smaller
red star represent a low FRET binding mode, largérstar and smaller green star represent
a high FRET binding mode of freely diffusing Cy3gn sphere)-labelled RT to surface
immobilized Cy5(red sphere)-labelled DN4). FRET analysis of RT binding to a double-
primer DNA substrate. Top: fluorescence time tramfeSy3 (green) and Cy5 (red) under 532
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nm laser excitation. Bottom: FRET value calculavedr the duration of the binding events.
Arrows represent low-to-high (pink) and high-to-idalue) FRET flipping events. Yellow

shaded region identifies the bound state @dn8RET distribution histogram of RT binding
on 19-bp double primer DNA at 50 mM NaCl. The higam was constructed from 1534
binding events.

4.2.2 Monitoringtheflipping of RT by single-molecule FRET assay

Microscope quartz slides (G. Finkenbeiner, Inc.§l @over slips were passivated
with PEG as described (33). Surface passivate@sslitbgether with cover slips,
were stored under inert conditions at -80 °C urgéd.

Flow cells were assembled by sandwiching doubleesidpe between a cover slip
and a quartz slide. Typically, the volume of thewflcell was<10 pul. 100 pl of
buffer A (50mM Tris-HCI, pH 8.0, 50 mM NaCl, andnéM MgCl,) was applied
through the flow cell before applying a 0.2 mg/rtieptavidin in buffer A for 1
minute. Excess streptavidin was removed with 106fduffer A before incubating
a 50 pM biotin-DNA substrate. Finally, the flow kelas washed with 100 pl of
buffer A to remove unbound DNA. Fluorescence messents were performed in
an imaging buffer consisting of 50mM Tris-HCI, pHD86 mM MgC}, 20 nM of
RT-Cy3, 2 mM trolox, 0.2% triton-X100, and an oxygscavenging system (0.3
mg/ml glucose oxidase and 40 pg/ml catalase with(\B#®) glucose as a substrate).
Additionally, PEG 8K was used as a crowding agel l[daCl was used to vary the
salt concentration. Where needed, the concentmattsnNaCl and PEG 8K are
mentioned.

4.3 Results

4.3.1 Rapid flipping of RT on a 19-bp double primer dsDNA

Previously, smFRET was used to show that RT speoiasly flips 180° on various
nucleic acids (8-10). To study the mechanism gqipflig, we immobilized a 19-bp
double primed dsDNA (dpdsDNA) (Figure 4.1b) in whigoth strands can serve as
primer or template (see Supplementary Materials BMA sequences). The
symmetric structure of dpdsDNA substrate allows ®Tbind in two different
orientations (Figure 4.1b), and the two bindingeotations should occur with
roughly equal probability. We first examined thading of RT on dpdsDNA using
smFRET under low salt concentration (50 mM NaCll éow crowding (0% PEG
8k) conditions. Time trajectories showed that as substrate RT bound in distinct
states with corresponding FRET values of abouafdB1 (Figure 4.1c).
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A histogram of more than 1500 binding events shtiva¢ RT spends roughly the
same amount of time in each FRET state (Figure)4Mdreover, RT was observed
to flip spontaneously between the two binding mofledicated with arrows in
Figure 4.1c). Measuring the binding dynamics alldwes to directly measure the
frequency of binding and the binding dwell timedyieh are direct measures laf,
andk., respectively (Supplementary materials). Using #igsay we next sought to
explore how salt and crowding conditions influettise stability of RT binding to
DNA.
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Figure 4.2 Binding kinetics of RT on DNA as a function of salt concentration. a)
Example FRET traces of RT binding dynamics on dpd&DTop: binding dynamics at
50mM NaCl, bottom: at 200 mM NacCl. Green and rqatesent a low FRET and high FRET
bound states. Black line represents a flipping sitaan between the two bound states.

Yellow shaded region identifies the bound stat¢. NaCl linkages @INKy versus
dIn[NacCl]) for the binding of RT to 19-bp dpdsDNA. The slagfehe linear fit (red line) to

the data (squares) is 2.55, the thermodynamicvestige number of ions released upon RT-
DNA complex formationc) Salt concentration dependent binding rate caledldtom the
frequency of RT binding to DNA over the observatione. d) Salt concentration dependent
dissociation rate derived from the dwell times df Binding. Dashed red line is a reference
line connecting the data points. Number of bindégnts analyzed for 50, 100, 150, and 200
mM salt concentrations are 1534, 2700, 4431, afd i@spectively.
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4.3.2 RT bindsweakly on DNA under increased ionic concentration

The interactions of a protein-nucleic acid comes in general strongly influenced
by the salt concentration of the buffer. Typicapyopteins interact weakly with DNA
under high salt concentrations (16,22). The abiityRT to bind to DNA under
increased salt concentration was first probed usaidgulk primer-extension assay
(Supplementary materials). We tested the abilitiR®fto extend a Cy5-labelled 19-
bp DNA primer on a 52-bp template under various @44Cl) concentrations (50
and 300 mM). This primer-extension assay revediatithe initial bound fraction of
DNA molecules decreased with an increased salt esdration (Supplementary
Figure 4.2), which suggests that screening of ich@rges weakens the binding of
RT to DNA templates.

To complement the ensemble results that RT binds teghtly on DNA under

increased salt concentration, and to acquire tkhéidual kinetic parameters of
flipping and dissociation, we returned to the smFRESsay, which allows precise
determination of the dissociation constafd)( ko, ko, andk. These quantities were
corrected for the effects of photo-bleaching (Sapm@ntary materials).

Using smFRET we next measured binding of RT on Di#er increased salt
concentration. RT exhibited increased dwell timeshwa higher frequency of
binding events at 50 mM NaCl compared to a saltentration relevant tm vivo
conditions (150-200 mM NaCl) (Figure 4.2a and Sapmntary Figure 4.3).
Analysis of a large set of single molecule traceS@0 traces in each test condition)
demonstrates tha€y increases with an increase in salt concentratiagu(e 4.2b).
We also determined the thermodynamic linkage nuntbgyr of the interaction
which is a measure of binding affinity, given by:

L a(mj )

In[NaCl]

L, roughly corresponds to the number of counter refesased during formation of a
protein-DNA complex (16,34,35). A linear fit to thiekage plot yielded ah, of 2.5
(Figure 4.2b). This net release of ions is sintikawhat was observed for other DNA
polymerases (16). The single-molecule results fbereconfirm that RT binds
weakly under increased salt concentrations.

Next, we estimated the binding and dissociatioasgrditom single-molecule binding
events (Supplementary materials) to identify thigiorof the change irKgy. Ko
increased and,, decreased with increased salt concentration (Eigu2c and d),
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indicating that the transition state correspondim@inding and dissociation shifted
relative to both the bound state and the dissatiatate. We note that at a salt
concentration relevant tan vivo conditions, RT binds DNA infrequently and
dissociates rapidly once bound. Given that RT pif.8 kilobases of double
stranded DNAIn vivo, we therefore expect cellular conditions stabilmeind RT
through some other mechanism.

4.3.3 Impact of macromolecular crowding on binding of RT to DNA

We next investigated if macromolecular crowding ikey factor in determining RT
binding stability at a salt concentration thatépresentative ah vivo. We chose a
widely-used crowding agent (21,36), PEG 8K, whoselius of gyration is
comparable to the length of RT (37). We measuradibg dynamics on DNA at
150 mM NaCl under various PEG 8K concentrationsigidioth the bulk primer-
extension assay (Supplementary materials) and smFREh increasing PEG 8K
concentration, the fraction of bound DNA increasexdmeasured by the primer-
extension assay. The results suggest that incgetisgnvolume fraction occupied by
the PEG 8K molecules leads to an increase in théirg stability of RT on DNA
(Supplementary Figure 4.2). Similar increases aibiity were observed when other
crowding molecules were used (Supplementary Figid).
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Figure 4.3 Effects of increased macromolecular crowding on the binding kinetics of RT
on dpdsDNA. a) representative FRET traces of RT binding dynaricdpdsDNA. Top:
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data obtained at 150mM NacCl, bottom: data obtaatet50 mM NaCl and 10% (w/v) PEG
8K. Flipping (black line) of RT between low FRETrégn) and high FRET (red) is
pronounced under increased crowding. Yellow shaegibn identifies the bound state)
Dissociation constant (X of RT binding on DNA under macromolecular crovwglirRed
curve is a fit to the data (squares) based on dqedeticle theory. Blue region is where the
concentration of cellular crowding falls in whichTRs estimated to have sub-nanomolar
binding affinity. c) andd) Rate of binding and dissociation of RT binding DNA as a
function of PEG 8K at 150 mM NaCl, respectively.dbad red line is a reference line
connecting the data points. Number of binding evemtalyzed for 0, 2.5, 5, 7.5, and 10 %
(w/.v) PEG 8K concentrations are 4431, 3925, 4820, and 1049, respectively.

In order to confirm this relationship, smFRET measwents of RT-DNA
interactions in the presence of PEG 8K were peréariat 150 mM NaCl. Addition
of 10% (w/v) PEG 8K lead to an increase in bothlheling frequency and dwell
times compared to the dilute conditions (Figurea&8pplementary Figure 4.3). We
found that increasing the volume fraction of PEG #®K10% caused an order of
magnitude decrease (i.e. tightening)Kn (Figure 4.3b). In addition, a small but
measurable increase kg, of RT (Figure 4.3c) and decreasekip was observed as
crowding increased (Figure 4.3d).

To determine the binding affinity of RT at vivo crowding conditions, we fit the
decrease in th&y of RT-DNA using scaled-particle theory (21,38,3Bis theory
predicts that the more compact RT-DNA complex igagically favored over the
dissociated RT and DNA as the number of crowdingemdes increases. By
modelling the DNA, RT, and the RT-DNA complex wisimple geometric forms
approximating their size and shape (Supplementatgmals), we find we can fit the
relative decrease in the dissociation constantowitlany additional free parameters
(Figure 4.3b). Extrapolation of this curve to plysgical crowding conditions
suggests RT binds with a sub-nanomolar dissociatmmstantin vivo. We also
measured the effects of crowding at 200 mM NaClhwgimilar results
(Supplementary Figure 4.4). We therefore find tihat effects of macromolecular
crowding on the dissociation constant of RT canirtterpreted straightforwardly
from the entropic effects described in scaled plartheory.

Because increased macromolecular crowding alseases the viscosity of solution,
we tested the effect of viscosity on the bindingRdf to DNA independently. We
used high concentrations of D-(+)-dextrose in orgercreate a similar effective
viscosity. We did not observe a significant diffeze inKy under increased D-(+)-
dextrose concentration (Supplementary Figure 4Bajvever, a decrease kg, and
kot was observed (Supplementary Figure 4.6b and &sé& hesults indicate that the
increased viscosity due to increased crowing coulgt have slowed the kinetics of



DNA BINDING PROTEINS EXPLORE MULTIPLE LOCAL CONFIGURATIONS | 62

binding and dissociation slightly, but did not affehe stability of the bound
complex.

4.3.4 RT bindsstably on DNA with an incoming nucleotide

Both salt concentration and crowding can alteratiaction of RT and DNA even at
longer ranges (~1 nm separation). In order to amxen the stability of RT-DNA

complexes without stabilizing the transition statee examined the binding in the
presence of cognate nucleotides (dNTP). Previousty RT/DNA/ANTP ternary

complex was shown to have higher stability thanD®NA alone (8). We therefore

prepared a new double primer DNA of 21-bp with aishterminating nucleotide

(dideoxynucleotide) at one of the 3'-priming endsiggre 4.4a and see
Supplementary Information for DNA sequences). ka divsence of this nucleotide,
the binding kinetics of RT on this substrate wasnparable to the standard
dpdsDNA (compare Figure 4.2a-bottom and Figure -toph. The addition of 250

UM dTTP (the next cognate nucleotide for the higrEF orientation) lead to RT

binding predominantly in a high FRET state (Figdréb-middle). Since the addition
of nucleotides lead to
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Figure 4.4 Binding dynamics of RT on 21-bp dpdsDNA with an incoming dNTP. a) A
21-bp double primer DNA construct with a chain-tarating (ddC) priming end (double
arrow) to study the effects of an incoming nucldetion RT binding kineticsb)
Representative FRET traces of RT binding dynamit2b-bp double primer with a chain
terminating dNTP. Top: RT binding under 150 mM Na@iddle: 150 mM NaCl and 250
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UM dTTP and bottom: 150 mM NaCl, 250 pM dTTP an8%.PEG 8K, respectively.
Yellow shaded region identifies the bound stajeDissociation constant of RT binding on
21-bp DNA-ddC.d) ande) Rate of binding and rate of dissociation of RT2dnbp DNA-
ddC. Number of binding events analyzed for RT, RTHd, and RT+dTTP+PEG 8K are
393, 284, and 471, respectively.

stabilization of high FRET state only, we only cargd the high FRET data on this
substrate. As expected, the presence of cognaleatides greatly decreased the
effectiveKy (Figure 4.4c). This was caused primarily by a dase irkq; rather than
an increase iRy, (Figure 4.4d and e). We also explored the combéifatts of 250
MM dTTP and 7.5% (w/v) PEG 8K, and found that bmgawas further stabilized.
Under these condition,, increased significantly ankl; decreased significantly
compared to RT alone (Figure 4.4). We conclude S8fairt-range interactions
primarily changek,, rather thark,.

4.3.5 Increased ionic concentration makesflipping lesslikely

Having established the effect of salt concentragind crowding on the bound states,
we next wanted to explore how the flipping tramsitistate responded to these
conditions. These measurements can determinerdrett of ionic interactions and
the degree of compaction in the transition state$ any short-lived intermediate
states involved in flipping. We again analyzed ligdevents as a function of salt
concentration (Figure 4.2a), but we now extracheddffectivek , i.e. the number of
flipping events per second bound, aRgl,, i.e. likelihood of flipping versus
dissociation from a high or low FRET event (Supeatary materials). ThEy;, is
determined solely by the ratio & and k.. While increasing salt concentration
increased, , the number of flipping events dropped dramaliiodigure 4.2a) Py,
dropped monotonically with increased salt conceitna with a total decrease of
>98% from 50 mM to 200 mM (Figure 4.5a). This shdgerease Py, can be
partly attributed to the increasekg. However k; also dramatically decreased as the
salt concentration was increased (Figure 4.5b)aAshole, k; at 200 mM NacCl
decreased by >95% compared to 50 mM NaCl. Thesdtsasdicate thak; andk
move in opposite directions in response to saltentration.

4.3.6 Flippingismorelikely in the presence of crowding agents

We next extracted; and Py, from binding events measured in the presence of
crowding agents (Figure 4.3a). A monotonic increiasey, was observed as the
PEG 8K concentration increased from 0% to 10% (feigu5c). Addition of 10%
(w/v) PEG 8K resulted in a 10-fold increaseR,. We also found that whilk
decreased in the presence of crowding agdatspnsistently increased (Figure
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4.5d). Taken together, we once again seekilmbves in the opposite direction from
Kot with crowding. It also indicates that flipping ars frequently ain vivo salt and
crowding conditions.

4.3.7 Flippingisequally likely but lessfrequent in the presence of
cognate dNTP

Finally, we wished to determine how flipping wasluenced when no long range
attractive potential exists but the stability oé thound state is altered. We extracted
ki and Py, from high FRET binding in the presence of 250 pbyrate dNTP
(Figure 4.4b). WhileP;, was minimally affectedk; decreased dramatically (Figure
4.5d and f). This indicates thiatand thek, scaled together, keepir, roughly
constant.
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Figure 4.5 Effects of increased salt concentration and macromolecular crowding on the
flipping transition of RT. a) NaCl dependence of probability of flipping of RTi 49-bp
double primerb) NaCl dependence of rate of flipping.PEG 8K dependence of probability
of flipping of RT at 150 mM NaCld) PEG 8K dependence of rate of flipping of RT at 150
mM NacCl. e) Probability of flipping of RT on 21-bp double pmDNA-ddC (Figure 4.4a).

f) Rate of flipping of RT on 21-bp double primer.

Addition of dTTP and 7.5% PEG 8K further stabilizéak binding, but increased
Prip andki. We conclude from this that short-range stabilaiof the RT bound
state affectk; andk.; identically. Taken together, these results sugtfest long-
range forces are likely the cause of the diffeerdiffects inki and k. observed
under different salt and crowding conditions.

4.4 Discussion

Flipping is an important transition, allowing privie to rapidly find specific targets
on nucleic acid substrates. We considered two piatemechanistic models of
flipping, “tumbling” and “hopping”. A key differere between our models is that
competes withky; directly from the bound state in the tumbling modehile
hopping requires dissociation into a pseudo-bouatd $hat allows the RT to rebind
or fully dissociate (Figure 4.1a).

We describe both the tumbling and hopping modeisguMarkov chains (Figure
4.1a). Each model has exactly three free param#tatscan describe the flipping
behavior. These free parameters can be relatethetoexperimentally measured
parameters (the rate constants of binding, disBonjaand flipping) (Table 4.1). In
the case of tumbling, each rate constant from tbdencorresponds directly to a
measured rate constant. In the hopping model, wenaesd the pseudo-bound state
was too short lived to contribute directly to bodifetimes. Therefore, the behavior
was entirely described by the two rate constantsnééring into the pseudo-bound
state and the ratio of the rates exiting the psdammd state, i.e. the branching ratio
r. The relationships between these three free paeasnand the measured rate
constants were derived (Supplementary materials Teatdle 4.1). Based on the
derived rate constants, we calculated the assdcfede energy diagrams for each
model at both 50 mM and 200 mM NacCl with 0% PEG (&igure 4.6, orange and
black lines). A similar set of diagrams was geretgor 150 mM NacCl at 0% and
10% PEG 8K (Supplementary Figure 4.6, black anagedines). In the hopping
model, we have used the same energy well to représéh the bound state and the
flipped state, since these states are roughly syriimen our DNA substrate. We
aligned these free energy diagrams so that theggrdrthe bound state was the
same under each buffer condition.
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Table 4.1 Equations describing probability of flipping arate of flipping for tumbling and
hopping model

Tumbling model Hopping model
Rate constant of dissociation Ks_p 1+r
(orr) kBaP(Zﬂj
Rate constant of flippin¢k) kB E Ks_ p
557)
Rate constant of binding rate Ko g Kp_ p
(kor) ( o ]

r is the branching ratio defined by:=kF’—ﬂD
P-B

If crowding and salt concentration only affecte@ ttability of the bound states,
then in both models we would expégt to scale withk; andPy;, to remain constant,
as was observed when cognate nucleotide was addeslation. However, if
crowding and salt concentration also influence dtability of the transition states,
then thePy;, can change as well. Our data reveal thaPpedid not remain constant
in these two cases. Instead, decreased salt coamti@mtor increased crowding
increased thePy, (Figure 4.5a and c). This shows that the transiStates are

affected by the changes in the buffer conditioms] ¢he manner in whicly,
changes supports the hopping model.

Flippin iti Flipping/rebinding
& Dissociation PP Lg/tr\a‘nsmon Dissociation b) transition 1.78kT
transition . 'I transition o /'
~ N V7771 sa2skt
2.58kT [ 1.87 kT \

Dissociation
transition
T

Pseudo
bound state

LV

Bound state

— . Flipped state
Bound state/
/ [3‘66 KT flipped state 3.66 kT I

Dissociated state

Dissociated state

Figure 4.6 Free energy diagrams of RT flipping kinetics on DNA. The free energy
diagrams were drawn for tumbling model and hoppingdel based on the kinetic and
thermodynamic data obtained under different NaCQicentrationsa) Free energy diagram
corresponding to the tumbling model of RT bindingd dlipping kinetics under high salt
concentration (black). Decreased salt concentralg@als to increase in the free energy
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barrier height for dissociation transition and @ese in the barrier height for flipping
transition relative to the bound or flipped bourdtes (orange)b) free energy diagram

explaining flipping kinetics based on hopping modéh an extra pseudo-bound state. In
this free energy diagram both the bound state dipgbefl state are identical. Color
convention is the same as in the free energy diadpa tumbling model.

First, we discuss why the tumbling model has diffies explaining the data. In the
tumbling model.k; is expected to increase with ionic concentrati@canse the
tumbling transition state should break some of itrec contacts that are present
between RT and DNA in the bound state (40,41).ebu$t we observed th&t
decreaseds the salt concentration increadgdvas also expected to decrease with
increased crowding because the tumbling transitate should become less
compact compared to the bound state. Instead, senadd thak; increasedas the
volume fraction of PEG 8K increased. If we use mliling model to fit our
experimental data, we therefore have to concludettie flipping transition is more
destabilized by increased salt concentration ket the bound state (Figure 4.6a).
Conversely, the flipping transition would have te Istabilized by increased
crowding (Supplementary Figure 4.7a). This wouldgast an unphysical transition
state that is both more compact and has more estatic contacts between the RT
and DNA than the bound state.

Next, we discuss why the hopping model is consisteith our experimental
observations. The hopping model assumes that theromalecular complexes
undergo many short-lived diffusive excursions aa¢bindings before a complete
dissociation can occur. These short-lived excussiare kinetically equivalent to a
pathway where RT must move from the bound state iseudo-bound state before
dissociating (26) (Figure 4.1a). When RT enterssthert-lived pseudo-bound state,
it has a chance to dissociate or to rebind in eitie original orientation or a flipped
orientation. For simplicity and because our DNA péate is nearly symmetric, we
assume there is an equal chance of rebinding ppdt state or in the original
orientation. Decreasing salt concentration or iasieg crowding should create more
long-range attractive forces between RT and DNA43R We expect that these
long-range attractive forces should increase tlanaoh of rebinding relative to the
chance of dissociation from the pseudo-bound sfteprovide support for this
assumption, we numerically simulated the Browniaotiom of two spherical
particles in close proximity. In the presence ofadinactive force extending for ~2
nm from each particle, both the number and frequehdiffusive excursions taking
the particles more than 7 nm apart (the diameteRDf before they came into
contact again increased (Supplementary Figure 4.7).
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Therefore, we exped;, andk; to increase as the salt concentration is decreased
crowding is increased, as we observe in the détmd-our experimental data to the
hopping model, we in fact observe that at lowert sabncentrations the
rebinding/flipping transition is destabilized by smaller amount than the
dissociation transition (Figure 4.6b). A similasuét is derived from the crowding
data (Supplementary Figure 4.6b). Therefore, welode that flipping proceeds by
hopping rather than tumbling.

In addition to this primary conclusion, our resdéarcdemonstrates that
macromolecular crowding plays a major role in detamg how strongly RT binds
nucleic acidslin vitro experiments on RT, both in bulk and at single-roole level,
are frequently performed in dilute solutions wibthvlsalt concentration (32,44). This
contrasts with the crowded and salty milieu instédls and viruses, with around
200-400 mg/ml of different macromolecules and dffec salt concentrations of
~150 mM (45-49). In line with previous findings orowding-induced effects on the
stability of DNA binding proteins (19,22), we firtdat increased crowding at salt
concentrations relevant to those fouimdvivo can result in comparable binding
affinities to those achieved at low salt concerdgres under dilute conditions (Figure
4.2 and Figure 4.3). In fact, fittingy to scaled-particle theory suggests that RT
binds DNA with a sub-nanomolafy at physiological crowding conditions. We
therefore emphasize that crowding is an importanible to control when trying to
predictin vivo rates fromin vitro data, particularly when predicting the effects of
antiretroviral drugs on the efficiency of reversaiscription.

Our results have implication for other macromolacwomplexes as well. The fact
that flipping of RT can be modeled through hoppamg rebinding is consistent with
the recent observation that macromolecular DNA dewgs rebind after entering a
pseudo-bound state, allowing the bound lifetimebéo shortened by competitive
inhibition (26). Indeed, any physical model of tHessociation of two diffusing
macromolecules would imply that some rebinding #hooccur with a finite
probability, since the free molecules undergo adoam walk. Our observations
provide empirical evidence that these short exonssican allow flipping to occur
before the molecules rebind.

The highly crowded environment inside the cell pdeg long-range attractive
interactions between many binding macromoleculedai to those provided by our
in vitro crowding agents, increasing the probability of meloig and flipping. This

increase means that for any encounter between @mavamolecules, a wider range
of configurations can be explored through rebindiedore complete dissociation
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occurs. This exploration can make the assembly atramolecular complexes
kinetically more efficient (50,51). Rebinding anipping also aids enzymes that
perform more than one reaction per encounter, sclDNA polymerases that
contain an exonuclease site (52), type Il restmctenzymes (4-6) or ERK
phosphorylation by MEK (53,54). We have demonsttateat smFRET combined
with kinetic analysis provides a useful tool forpkxing the role rebinding and
flipping play in all of these systems.
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Supplementary Materials

Sequences of DNA molecules used in the single-molecule FRET

Double primer double-stranded DNA (dpdsDNA) segesnc
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Primer 1: 5/CGG TGC CAC GCC ACTTAC TGT CTC GAT CAC TAG &

Primer 2: 5/5Biotin/ATT AGC CCT TCC AGTACT AGT GAT CGA GAC AGT
A -3 Double primer double-stranded DNA with a chainnmtieating 3-end
sequences:

Primer 1: 5/CGG TGC CAC GCC ACTTAC TGT CTC GAT CAC TAG TAGZ

Primer 2: 5/5Biotin/ATT AGC CCT TCC AST ACT AGT GAT CGA GAC AGT
A-3

Amino functionalized cytosine base (indicated wiifeen color in primer 1) was
labelled with Cy5 fluorophore and biotin label orebd of primer 2 was used for
immobilization od duplex DNA on streptavidin coatedrface. Complementary
bases for DNA hybridization are identified with realor.

Total internal reflection fluor escence micr oscopy

A schematic illustration of the home built prismsbd TIRF microscopy set-up is
shown in Supplementary Figure 4.8. We combine talowr lasers (532 nm Cobolt
Samba, and 642 Cobolt MLD) with a dichroic mirréF635-Di01-Semrock). The
combined beam is put into an AOTF (AA optoelecteshito allow fast alternating
laser excitation (ALEX) between the two colours. (Ihis is required to track two
labels (Cy3-labelled RT and Cy5-labelled DNA). Titeam is then focused into a
prism at a nearly normal incidence, making it easikeep both coloured beams co-
localized at the image plane. The total internfiection occurs at the quartz-water
interface, allowing TIRF illumination of our sampl/ith a 60x water immersion
objective (Olympus UPLSAPO, 1.2 NA), we image tlanple onto a narrow slit
(Thorlabs) to remove light originating from outsidenarrow band in the image
plane. We then split the path into the two emissiolours. Having the slit and
separate paths for each colour allow us to display record both colours next to
each other on an EMCCD (Andor Ixon 897) simultarspuThe microscope is
operated by a custom LabVIEW routine. The timinghbEX and EMCCD is done
through LabVIEW NIDAQ-mx, using a PCle-6320 cardlanBNC-2120 breakout
box (National Instruments). In a typical experimerd record around 2000-2500
frames with a 100 msec frame rate. The first frasngbtained under the excitation
wavelength of 640 nm, followed by 530 nm illumimattifor the next 20 frames.
Alternating between the green and red illuminatioakes it possible to localize all
DNA substrates on the surface and allows us tatifgeany photo-bleaching of the
Cy5 (1). Imaged (http://imagej.nih.gov/ij/) was dayed to identify all the Cy5
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spots corresponding to DNA. The data was furtheated with a custom written
Matlab (Mathworks Inc.) routine to filter the backgnd and for further analysis of
the data. A mapping function between the greenraddchannels was obtained by
the repeated imaging and translation of a sparskl fof Tetraspeck beads
(Invitrogen), identifying the paired coordinatestioé red and green spots, and fitting
the data to a fifth-order polynomial function. Mamgp was needed for co-localizing
Cy5-labelled DNA spots in red channel with the esponding Cy3-labelled RT
fluorescence in green channel. Regions of intdfed pixels) centered on the Cy5
spots were cropped and the corresponding fluoréso&msities were plotted in
time. The dwell times and FRET values were derifveth this data. Development
of the code was inspired by previous works (2,3).

Activity assay for Cy3-labelled RT

We performed a primer extension assay to confiraittivity of RT after labelling
with Cy3. The reaction buffer is composed of 50 nik-HCI, pH 7.8, 50 mM
KCl, 8 mM MgChL, 1 mM DTT 0.2 mM EDTA. Cy5-labelled, 21 nucleotiggmer
(20 nM) was annealed to 50 nucleotide template. priveer/template was then pre-
incubated with Cy3-labelled RT (1 pM) in the reantbuffer for 10 minutes before
adding dNTP mixture to initiate the polymerizatiohhe primer extension was
guenched at various time points by adding a mixair600 mM EDTA and 90%
(viv) formamide. The products were heated at @0for 5 minutes and were
separated on a 10% urea-polyacrylamide (Bio-Rad)lgensities of fluorescence
bands from extended primers were measured with phdgn scanner (GE
healthcare). The intensity of bands were analyz#dgulD gel image analysis. The
labelled enzyme showed similar activity to the beleed RT (data not shown). This
agrees with previous results that show Cy3-labelRddto have primer extension
activity comparable to its unlabelled counterpdjt (

Single turnover primer-extension assay to study the effects of increased salt and
crowding concentrations

Effects of increased ionic concentration and maoteoular crowding were
measured by primer extension assay. The assayme s& the activity assay
described above except that it also included arirepap. The heparin was added to
the reaction along with the dNTP mixture to ensarsingle run of nucleotide
incorporation followed by dissociation (5). In ord® estimate the initial bound
DNA fraction we quenched the reaction at three tpots (30 sec, 2 min, and 5
min). These samples were separated on a urea-PAsbEasgdescribed earlier
(Supplementary Figure 4.2a). The amount of prinxégresion was measured at each
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time point and extrapolated to Y-axis. The Y-ineptwas used to estimate the
initial bound fraction of DNA. The assay was regeatunder varying salt
concentrations (50-300 mM) and different crowdigerats (PEG 8K and Ficoll 70K
from 0-10% (wi/V)).

A representative gel shown in supplementary figd@mewas used to examine the
effects of increased macromolecular crowding ath®0NaCl. Increased crowding

not only increased the initial bound fraction of BNbut also increased the
processivity of RT (Supplementary Figure 4.3b). &ndincreased salt

concentrations, RT was found to interact weaklyhvidNA (Supplementary Figure

4.2c). At physiologically relevant salt concentats (150 mM of NaCl), the bound

fraction of DNA increased by more than 50% as ttoevding fraction increased to

10% (Supplementary Figure 4.2d).

Analysis of flipping kinetics, correcting for the photo-bleaching of fluorophores
and derivation of kinetic parametersfor tumbling and hopping models

Binding of Cy3-labelled RT on dpdsDNA resulted in imcrease of fluorescence
above background and FRET values of either 0.3for bw FRET and high FRET
orientations (Figure 4.1d). If a binding transitioacurs between an unbound state
and a bound state with a FRET value of below OMbmark the subsequent frames
as a low FRET event, while if the FRET is aboveb(lte frames are marked as a
high FRET event. A history-dependent threshold wpplied to identify flipping
events, using a FRET cut-off of 0.6 to identifynsdions from high-FRET to low-
FRET events and a cut-off of 0.7 to identify traiosis from low-FRET to high-
FRET events. Additionally, we only counted flippitrgnsitions between states that
lasted for longer than two frames each, to avoldefgositives (Supplementary
Figure 4.9). In this way, we could obtain all thading dwell times corresponding
to low FRET binding events and high FRET bindingreg, as well as the total
number of flipping transitions. We calculated thieding rate, dissociation rate, and
the flipping rate based on the total nhumber of inigdevents, total number of
flipping events, and the total observation timehaf DNA molecules.

The photo-bleaching rate of Cy3 and Cy5 was caledlén a separate experiment.
RT-Cy3 or DNA-Cy5 were separately immobilized omuartz slide via anti-his-
antibody or biotin-streptavidin, respectively. Thmmobilized molecules were
continuously recorded under the excitation of thedspective laser-lines and
recorded at 10 frames per second. The amount ef ttat individual Cy3 or Cy5
molecules fluoresced before entering into a permadeark state was measured.
This data was fit with an exponential decay functtio obtain the characteristic time
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constant of photo-bleachinl,.,, for both the Cy3-labelled RT and Cy5-labelled
DNA (Supplementary Figure 4.10). The bleaching cdt€y5-DNA (kbleachCyS) was

found to be 0.0093 séavhile the bleaching rate of Cy3-RKfeach o) Was found

to be 0.027 sét The higher bleaching rate of Cy3 was partly cduse the local
environment near the protein, since Cy3 attache®N#\ bleached more slowly
(data not shown). The measured bleaching rate 8fdDyRT was used to correct the

dissociation rateK ), binding rate (k,,), rate of flipping G<ﬂip ) and probability

of flipping (P, ) as described by the equations beldere we use an asterisk (*) to

lip
indicate parameters that have been corrected éoeffects of photo-bleaching.

Nh -N
T

bound, low

i

koff Jlow =

k:)ff ,low = koff,low - ( kbleach C8 J'Z -E I))

N, — N
— b fh
Kot high —

Tbound, high

kc:ff,high = koff, high - ( kbleach C$ J-Z - E J) * k bleach CE/ME #2
. (1), ,
koff - E (koff,high+ koff, high) (1)

Note that we assume that the bleaching rate of <epdes agZ—E ;) , since

high FRET will lower the chance of entering thelet state, while the bleaching
rate of Cy5 scales with the FRET efficiency, sitiie amounts to a modulation of

the excitation intensity of Cy5. Herd;; =0.3 and E, =0.98 , the average low
FRET and high FRET values observed on dpdsDNA. sra
Koteach cg L~ E)) << K peaen cgLE » We did not include the effects of Cy5 photo-

bleaching in the low FRET state.
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K .=
on, low Nh Nq
Ttot T - [ RT]

*
koff Jow koff, high

high — Nm
on, hig
N N
(Ttot_ * - & J[RT]

*
kc)ff,low koff,high

. 1), .- .
kon = (_j (k on, tow K on higf) (2

. 1 . R
kﬂip = (Ej (N f) moﬁ ,|OW+ th moff,high)

R N N
and Pr, = (%j(N_N_]
b b

where,

Nh -total number of low FRET binding events observed
qu - total number of high FRET binding events observed
Nfl - total number of observed low-to-high FRET flippiavents

th - total number of observed high-to-low FRET flipgiavents

T, - total observation time of all the molecules
Toound 10w~ SUM of the binding dwell times of all the low FREvents

Toound, hign - SUM of the binding dwell times of all the higREET events

[RT] - concentration of reverse transcriptase



CHAPTER 4|79

An examples FRET trace is shown in Supplementagyr&i 4.9 in which all of the
above parameters are defined.

These measured rates can then be used to deriveatd® in each model. The
tumbling model contains 6 rate constants; -, K, 5.k 5.k £k , and

Ks_ o (see Figure 4.1a). Because we assume the boatedastd the flipped state to

be symmetric, we conclude thitt, - =k, 5,k =k ., andk. ,=k; .
Therefore, the tumbling model can be completelcdeed using three kinetic free

parametersk, 5,K; -andk;_ . These parameters have a direct correlation to the
measured rates, namely:

Kt = Ka_p
Kon = Ko 5
Kiip = K5
b

The hopping model also contains 6 rate constamts: o, Ko 5, Ko 5, Kg 5y Ko ¢
and K- . Again because of the symmetry of the flippedestatd the bound state,

we assume thak, =K, 5, and k-, =Kk; . We further assume that the

pseudo-bound state is too short lived to contriliatéhe bound lifetimes. This is
supported by the observation that flipping app&sstantaneous at 100 msec frame
rates with no intermediate FRET states observeithgltine transition. Therefore we

Kk
can only measure the ratio=—=2rather than the absolute values of the rates out

P-B
of the pseudo-bound state. Because of these twimmasiens, we can describe the

hopping model with three kinetic free parameteramely k, .,k; , and

k
r =—2=B We can relate these free parameters to the nmehsate constants by
P_B

first defining the probabilities of flipping, relding, or dissociating from the
pseudo-bound state:
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P pseudo =P pseuda_ kP - F 1

flip bind =

Ko r+ko gt koo 2T

P pseudo - kP -D r
dissoc

Ke ptKe gt ko p 2%T

The measured rate constants are therefore relattk thopping model parameters
by:

k;ﬁ - kBH Ppseudo: k r

P " dissoc B+ P2+ r

k:)n - k Ppseudo: k 1

D- P bind D- P
2+r

* 1
— seudo —
kfIip_kBaPPﬂFi)p - KBAP 24

K :kBﬁP kPﬁD: kB-»PE'
d
kpﬁ B kDﬁ P kDﬁ P
We also can relate the measured probability opig, Pf*

ip » 10 T by considering

the conditional probability that the enzyme flippgiglen that it did not revert back
to the previous bound state:

P pseudo

< _ iip _ 1
Pflip - 1 — pPseudo - 1471
bind

Using this relationship, we can write the kinetied parameters of the hopping
model as functions of the measured rate constants:
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%

flip

I‘(DAP = k:)n[2+ k;ﬁ J

Using these rate constants, we can now calculaté¢le energy differences in each
model (Figure 4.5) and identify how buffer conditsoaffect these free energies. For

the tumbling model, the free energy of bindi{fdG;) , the height of the

dissociation barrie(AG;, ), and the height of the flipping barriéAG; ) shift
by the following amounts as the salt concentraticreases from 50 to 200 mM:

200
d

K50
DAG], = kT[ﬂog[Kd J

50

AAG;ﬁ o = kTlog kzgo
k50
_ fli

AAG;H F= kT Dbg kT;)O

flip

In the case of hopping model, we can specify the émergy of bindindAG;) , the

height of the barrier from the bound state into piseudo-bound statéAG;ﬁP),

and the height of the barrier from the pseudo-bostiate to the dissociated state
(AG: p).

AAGY = KT ubg[ﬁ—kgg d —kégopj

200 50
r200 kBa P kDa P

. K.
AAG]_, = KT(log| - 5
B_P

DAGE | = kTﬂbg(i]mAq;P

r200
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The same equations are applied to calculate fregggrdiagram for crowding data
(Supplementary Figure 4.7)

Fitting the dissociation constant of RT/DNA complex under macromolecular
crowding to scaled-particle theory

Scaled particle theory was originally developed Ugbowitz and co-workers to
estimate the free energy of cavity formation inaeqg liquid solution (6,7), and later
extended to understand the effects of macromolecutavding on the equilibrium
of binding of non-interacting hard spheres (8). ély, this theory was applied to
explain experimentally observed macromolecular diay effects (9,10). We fit our
experimental data (Figure 4.3b and Supplementagyr€i4.5) using scaled particle
theory (8). For this fit we modelled the DNA asydirder of radius 1 nm and length
of 6.33 nm (19 bp) and RT is a sphere of radium&5The bound complex of RT-
DNA was modelled as a sphere whose volume is dquhk sum of the volumes of
the DNA cylinder and RT sphere. The PEG 8K was tmaxelled as a sphere of
radius 1.5 nm based on neutron scattering reslils Under these assumptions, the
model closely predicts the observed shift in thesagiation constant without any
additional free parameters (Figure 4.3b and Supphany Figure 4.5). Because
cellular crowding fractions are typically around-20 %(w/v), we extended the
range of the model to >20 % (w/v) PEG 8K. It isdmnt from this curve (Figure
4.3b) that RT is predicted to bind DNA with a sudmomolar affinity under cellular
and viral crowding conditions.

Brownian dynamics simulations

We performed Brownian dynamics simulations to ustdrd the influence of
attractive forces on the rate of rebinding andigping between two spherical
particles of radii 1.5 nm (DNA) and 3.5 nm (RT).eTsimulation starts at the bound
state where the two particles are in contactseparated by sum of the radii. During
the simulation we allowed the particles to diffuse Brownian motion under the
influence of an exponentially decaying attractivecé between them. The distance
between centres of two particles was tracked.dfglhirfaces of the molecules move
away from each other by more than 7 nm (the diamatdRT) before rebinding,
then rotational diffusion should allow the sphet@gotentially reorient< 82 > =
~180°). We therefore counted these events as rebintisigcould potentially lead
to flipping. The total amount of time the partickgsent before drifting apart by more
than 12 nm without rebinding was used to calcutagebound time. The simulations
were performed for 400 particles each for 100,00@ steps with a fixed maximum
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force and different screening distances, which &iesg different salt concentrations
in our experiments. Simulations were also performwith a fixed distance
parameter and different maximum attraction forces réflect the effects of
macromolecular crowing. Using the total bound tiaved number of rebinding
events that could lead to flipping, we then caltedaan average rate of rebinding.
The results showed that the rate of rebind inceasther with the increased
attraction distance and force (Supplementary Figurg. Hence, these simulations
confirm that the increased long-range attractireds arising from either decreased
salt concentration or increased macromolecular dimogv enhance the rate of
rebinding.
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Supplementary Figure 4.1chematic diagram representing the pathways of tumbling
and hopping mechanism of flipping. The DNA is represented with a cylinder (red) &%
with a “U”-shape (yellow-blue). In the case of tuinly model (left box), RT first binds
DNA from a dissociated state (middle box) in onetlnd two bound states and flipping
between the two states happens by tumbling oveDthA. In the case of hopping model
(right box), RT and DNA from dissociated state (di&box) first enters into pseudo bound
state. The pseudo-bound state is an intermedigteeba bound state, flipped state, and
dissociation state. Flipping happens if the enzjyusé entered into pseudo-bound state from
its one of the bound states, rotates 180° and hintte other bound state.



CHAPTER 4 85

a) b)
/_I 1o
EG 8K (0-100mg/ml)
Extended
- . G .- Fraction 75
;g
Partially 50
Extended a
Fraction a2 25
— - Unextended
Fraction
c) d)
__100
o —
é:- 75 §i 80
! < 5
=z
0O 50 = o
° o
S 25 € sof
8 8 wf
0

2 4 6 8
[PEG 8K] % (W/v)

10

(=)
(Yo}

o
j=}
- o~

i [KCI] (mM)

oor

[} 30
w

300¢

o
n
o

0 2 4 6 8 10
Crowding Conc. % (w/v)

Supplementary Figure 4.8ingle round primer extension assay under increased salt and
macromolecular crowding. a) A representative 10% urea-polyacrylamide gel ofriengr

extension assay in the presence of a heparinTiaassay was conducted at 40 nM RT and

150 nM DNA-Cy5 with 2 mg/ml heparin and varying centrations of PEG 8K (0, 2, 4, 6,
8, and 10 % (w/v) PEG 8K from left to right land)) Summed fractional intensity of
different DNA fractions at increasing PEG 8K contations. Orange: fully extended DNA
fraction, blue: partially extended DNA fraction agdeen: un-extended DNA fractionc)
Percent of extended DNA at increased KCI concdntratd) The percent of extended DNA

under increased crowding concentrations at 150 n@l Rlack line represents PEG 8K data

and red line represents

Ficoll 70K data.
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Supplementary Figure 4.3: Survival frequency of Biiding on double primer DNA at
varying salt and PEG 8K concentrations extractedmfr single-molecule FRET
measurements. a) Low FRET and b) high FRET frequericRT-DNA complexes with

lifetimes greater than or equal to the indicatecititime at 50 mM (blue), 100 mM (cyan),
150mM (green) and 200 mM (black) NaCl concentratignLow FRET and d) high FRET
frequency of RT-DNA complexes with lifetimes greatiean or equal to the indicated dwell

time at 0 % (blue), 2.5 % (cyan), 5 % (green),%.8black) and 10 % (magenta) (w/v) PEG
8K at 150 mM NacCl.
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Supplementary Figure 4.8inding dynamics of RT on dpdsDNA at 200 mM NaCl under
increased macromolecular crowding. @) Dissociation constant of binding of RT to
dpdsDNA under increased concentration of PEG 8ke @ashed red line is a fit of scaled
particle theory to the data (green circles) obtiae200 mM NacCl. The fitting was done in
the same way as in Figure 4.2).andc) Rate of binding and rate of dissociation of RT
under increased crowding concentration. Numbeiiradibg events analysed at 0, 2.5, 5, 7.5,
and 10 % (w/v) PEG 8K were 659, 681, 903, 1156,54R1l, respectively.
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Supplementary Figure 4.Rinding of Cy3-labelled RT on dpdsDNA at 150 mM NaCl
under high concentrations of dextrose. a) Dissociation constant of RT binding to DNA is
relatively constant under increased dextrose cdratiion. b) The rate of dissociation of RT
is decreased under increased dextrose concentrajidhe rate of binding of RT is also
decreased due to increased dextrose concentritionber of binding events analysed at 0,
15, and 30 % (w/v) Dextrose are 4431, 478, and B&pectively.

Fllppmg transition
a) G v 0.69 KT b AGH,, = 0.82 kT
Dissociation Flipping/binding
Dissociation ‘ nsit lransmon Dissociation
Lansiton ransition transition
I AGH, =131kT N T '
AGY,, = 3.49KkT
'
Pseudo
bound state
Bound state Flipped state
Bound state/ Dissociated state
IAG: =1.98 kT Dissociated state flipped state

AGH,= 1.98 KT .]... seens VY

Supplementary Figure 4.&ree energy diagrams of RT flipping kinetics on DNA under
increased crowding. The free energy diagrams were drawn for tumblirngleh and hopping
model based on the kinetic and thermodynamic dataireed under different crowding
concentrationsa) Free energy diagram corresponding to the tumbtiogel of RT binding
and flipping kinetics under dilute conditions atO1®M NaCl (black). Increased crowding
concentration leads to increase in the free enleaggier height for dissociation transition and
decrease in the barrier height for flipping traiositrelative to the bound or flipped bound
state (orangeb) Free energy diagram explaining flipping kinetieséd on hopping model
with an extra pseudo-bound state. In this free @neliagram both the bound state and
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flipped state are identical. Color convention is #ame as in the free energy diagram for the
tumbling model.
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Supplementary Figure 4.Brownian dynamics simulations of two diffusing particles
held under an attractive force field. a) Representative time trace showing the distance
between centres of two particles undergoing Browii&fusion with exponentially decaying
attractive force of with a maximum value of 1 pNdandistance parameter of 3 nm between
them. Grey region represents the minimum distaBaenf) between centres of two particles
before they come into contact. During the simulatiebinding events were tallied when the
distance returned to 5 nm after reaching 12 nm @adws). We assume that the two
particles are completely dissociated if the twotipkes become separated more than 12 nm
and do not rebind (grey arrow)) Curves showing exponentially decaying force fieddsa
function of distance between the centres of eacficfg|a The screening distance was varied
to simulate different salt concentrations. Theatise parameter for the red, blue, green, and
black curves are 0, 1, 2, and 3 nm, respectivetiytha maximum force was 1 pN in all the
casesc) Curves showing exponentially decaying force fieddth different maximum forces,
meant to simulate the effects of crowding. The mmaxn forces for red, blue, green, and
black curves are 0, 0.5, 1, and 1.5 pN, respegtiart the distance parameter was 2 nm for



CHAPTER 4| 89

all the curvesd) and e) The rate of rebinding of two particles was caltedaby taking the
ratio of number of rebinding events and total amaifrbound time for 1600 simulations for
each point. I(d) the attraction distance was varied with a maximaned of 1 pN, while in
(d) the maximum force was varied with a constant distgparameter of 2 nm.
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Supplementary Figure 4.8chematic diagram of the prism-type total internal reflection
fluor escence microscopy. The excitation lasers are focused through a Pheitica prism to
create a broad TIRF excitation region in the implg@e. Freely diffusing RT (yellow) binds
to immobilized DNA (blue) producing bursts of flescence. This fluorescence is imaged
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Supplementary Figure 4.Kinetics of flipping of reversetranscriptase on dpdsDNA. The
single molecule FRET time trace contains five mgdevents labelled as,J Tpz, Tha, Tha
and T Each binding event further divided into eithewlId=RET, high FRET or
combination of both with single/multiple flippingainsitions. The sub-states are labelled as
Ty, Ty onnene. , Ti3. Pink and blue colors denote for low and high FREfAding events,
respectively. If the pink and blue are not separdtg white color then a flipping event is
scored. Eight flipping events can be seen dueddatit that the transition between two sub-
states (between;Tand T, Tz and T, Ts and Tg, Ts and T, T; and Tg, Tg and Tg, Tg and T,

Ti0 and T;) happened instantaneously, @nd T, are two binding events without a flipping
event. In this example trace, during the total oletion time of 225 sec, there are seven

low FRET events N, =7) with total low FRET bound time T, ., 0f
To+Ta+TstTo+Tot T+ Ty, six high FRET eventsN,, = 6) with total high FRET bound
time (Tbound’high) of Ti+T4+TetTgtT g+ T3, four low FRET to high FRET flipping
transitons Ny =4, T, - T,, 5 - T, T, - T, andT- T, four high FRET to
low FRET flipping transitons Ny =4;T, - T,, T, - T, - T, andT,- T
and the total bound time igF Tyo+Tpat Tps +Tps=150s.
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Supplementary Figure 4.10Rate of photo-bleaching of RT-Cy3 and DNA-Cy5.
Histograms of photo-bleaching eventsa)fCy5 labelled DNA primer anfl) Cy3 labelled
on RT obtained from single molecule fluorescencalyais. Red curves are exponential fits
to the histograms.
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Single-Molecule Fluorescence
Assay to Study DNA Supercoil
Dynamics

DNA supercoiling crucially affects cellular processsuch as DNA replication, gene
expression, and chromatin organization. Howeverchaeistic understanding of
DNA supercoiling and the related DNA-processingyemzs has remained limited,
mainly due to the lack of convenient experimentald to probe these phenomena.
Here, we report a novel high-throughput single-roole assay for real-time
visualization of supercoiled DNA molecules, name&D | (Intercalation-induced
Supercoiling of DNA). We use an intercalating dye ihduce supercoiling of
surface-attached DNA molecules as well as to vizeiaoiled-loop structures (i.e.
plectonemes) formed on DNA. The technique is sol&ged on epifluorescence
microscopy and requires no mechanical manipulatiothe DNA molecules. This
new assay allows to track positions and sizes dividual plectonemes and
characterize their position-dependent dynamics sischucleation, termination and
diffusion. We describe the ISD technique and dernates its potential by
establishing that plectonemes are pinned to a l@Batucleotide long mispaired
sequence along a double-stranded DNA molecule.

This chapter has been published as M. Ganji*, S.H. Kim*, J. van der Torre, E.
Abbondanzieri, and C. Dekker, Intercalation-based single-molecule fluorescence
assay to study DNA supercoil dynamics, Nano Letters, 16, 4699—-4707 (2016)
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5.11ntroduction

DNA supercoiling plays a vital role in most cellulprocesses including DNA
replication and gene expressithFailure to control the degree of supercoiling can
be lethal’ Indeed, the supercoiling state of genomic DNA iiecjsely controlled
over the course of the cell cycle and is subjectch@ange in response to
environmental factors such as temperature jumpsstarvatiorf ° Electron-
microscopy studies revealed that tscherichia coligenome is organized into 50-
100 topological domains with a length of 20-100 Wihere each domain allows for
independent control of the degree of supercoilingtoDNA segment® ** Most
regions of the DNA are maintained in a negativelyescoiled state for easier access
of the DNA bases to proteins, but positively sup#ed domains are also preséht.
Interestingly, thermophilic bacterial species keejst DNA in a positively
supercoiled state to avoid excessive denaturafi@Na& at the high temperature of
their environment® 4

Supercoiling induces significant alterations in tiheee-dimensional structure of
DNA. For example, the formation of a type of DNApsucoil called plectonemes,
where the DNA helix is coiled onto itself (cf. Figu5.1D), brings distant DNA
segments in close proximity, which subsequentheraltthe activity of DNA-
processing proteins such as transcription-reguylatproteins or site-specific
recombinase$™ These enzymatic activities in turn can change singercoiling
state of DNA transiently or permanenitR. Also, local defects in the B-form DNA
structure such as kinks or bubbles have been #esbtio affect the locations of
plectoneme$:

Despite the ubiquitous importance of DNA superagili a mechanistic
understanding of the role of supercoiled DNA inieas cellular processes has
remained limited. This is mainly due to the lack afconvenient experimental
platform that allows real-timeén situ visualization of the DNA structure under
different degrees of supercoiling. Indirect measwets, such as biochemical assays
of enzymatic activity on supercoiled DNA, hardlyloat for an unambiguous
interpretation of the DNA structure. And direct reeeements of DNA structure
using electron-microscopy and atomic-force micrpgconly provide static images
of DNA plasmids with limited control of the supeiling state?** Force-
spectroscopy technigues such as magnetic tweenrerptical torque wrenches
have been developed for mechanical measurementsupercoiled DNA with
precise control of the tension and torque appfiédHowever, most of these single-
molecule techniques merely measure the end-to-gtah&on of the DNA which
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provides only limited structural information. Reathe visualization of the dynamics
of plectonemes within a single DNA molecule hasyacently been achieved by
combining fluorescence microscopy and magnetic reese in a side-pulling
geometry’* This technique provided a powerful demonstratibthe feasibility to
visualize and study the DNA supercoiling, but thairly complicated
instrumentation and sample preparation and thethoeughput of the method have
prevented it from becoming widely accessible.

Here, we report a novel high-throughput single-roole assay to control and
visualize DNA supercoils using only a conventioflabrescence microscope. We
use intercalating dyes to induce supercoils withitinear DNA molecule that is
bound to a surface at its two ends in such a way iths torsionally constrained.
Intercalation of dye molecules between the DNA basgsults in a local change of
the rise and twist of the B-form DNA®’, which globally induces twist to the DNA
molecule®® Indeed, we show that this simple approach makessisible to precisely
control the degree of supercoiling of the DNA bybing the concentration of the
intercalating dye. Therefore, there is no needdfarct mechanical manipulation on
the DNA, which requires a more complicated expentake measurement
apparatus? Moreover, visualization of the plectonemes tha arduced by the
coiling of the DNA is directly accessible by measgrthe fluorescence intensity of
the intercalating dye. We name this new assaydalation-induced Supercoiling of
DNA (ISD). Using this assay, we measured the sizé position of individual
plectonemes along DNA to characterize their pasilependent dynamics such as
nucleation, termination, and diffusion. We then lagghthis new assay to study a
pinning effect of plectonemes at a local singlesstied region of mismatched bases.

5.2Results and discussion

To visualize supercoiled DNA (Figure 5.1), we pneb20kb-long linear DNA with
multiple biotins labeled at its end regions (~509 & each of the ends). To
determine the direction of each DNA molecule, wethfer labeled one of the DNA
ends with Cy5 which can be identified under 640 taser illumination
(Supplementary Information,). We flowed the DNA emlles into a microfluidic
channel in which the surface is coated with stnggia (Figure 5.1A and
Supplementary Figure 5.1A). Under constant flone @md of the DNA molecule
first binds to the surface, causing the DNA moledd be linearly stretched along
the flow (Figure 5.1B). Subsequently, the other ehthe DNA binds to the surface
(Figure 5.1C)} “°We set the flow rate to obtain a DNA extensioraound 65-
70% of its B-form contour length (Supplementary Ufey 5.2A). Unbound DNA
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molecules were washed off before the injection btifier containing 30 nM of the
intercalating dye Sytox Orange (SxO). We chosentlomomeric cyanine nucleic-
acid stain SxO for inducing and visualizing DNA suils for a number of
reasons: First, the high fluorescence quantum yélithe dye ¢ = 0.9) provides a
high signal-to-noise-ratio in imaging at our 532 mxcitation. Second, SxO has
relatively high binding and dissociation rdfeshich ensures that equilibrium is
achieved immediately after buffer exchange and wlalso minimizes the number
of photo-bleached dye molecules bound to DNA (asehwill disassociate and get
replaced). Third, the dye exhibits a more than w0@-fluorescence enhancement
upon binding to DNA, minimizing the fluorescenceckground from the free dyes
in the solution. Upon flushing the buffer contami®xO into the flow cell, dye
molecules bind to DNA by intercalating between Isasesulting in local unwinding
of helical structure. Because each end of the DId4 imultiple biotin-streptavidin
linkages, the torsional stress induced by the d¢atation of the dye molecules is not
be relaxed and instead accumulates to induce y®stipercoiling in the form of
plectonemes (Figure 5.1D).

We employed dual-color epifluorescence microscopyoider to visualize the
tethered DNA molecule and the plectonemes induneitl (Supplementary Figure
5.1). Shown in the Figure 5.1E is a representdliverescence image with eight
stretched DNA molecules. Note that the DNA molesuliisplay a homogeneous
fluorescence intensity with additional bright flescent local spots, which are
consistent with the formation of local plectonenfegure 5.1E-G, red arrows) |[cf.
the very similar images in a previous report of DNApercoilsf* These spots
disappeared suddenly and irreversibly over timesupdolonged laser illumination,
presumably because of the photo-induced appeaddracéocal nick along the DNA
molecule. After the photo-induced nicking, the iy profile of the DNA
molecule became very homogeneous along the lengtheoDNA, showing no
detectable sequence-dependence in the binding ©fdye (Supplementary Figure
5.2B). Note that these fluorescent spots displayetkact same behavior as the local
plectonemes observed with side-pulling magnetieiees® To further confirm that
the observed spots were indeed plectonemes, werped two additional
experiments. First, we visualized DNA molecules achhivere pre-treated with a
nicking enzyme. As expected, we did not observelaight spots on these nicked
DNA molecules. Second, we directly visualized peetmes emerging from DNA
exhibiting bright spots using flow stretching. Welexted a DNA molecule which
was not oriented parallel to the direction of flwigure 5.1E-G and Supplementary
Movie 1). Before applying flow, the molecule wasdar and showed the
characteristic bright spots (Figure 5.1F). Durihg flow, under an oblique angle, a
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branch in the DNA molecule emerged in the directanflow (Figure 5.1G),
resulting in a Y-shaped molecule. The downstreaw-fligned branch of the DNA
exhibited a higher fluorescence intensity compadeethe other branches, indicating
this branch was a plectoneme containing two DNArgts wound around each
other. After prolonged exposure to
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Figure 5.1. Visualization of supercoiled DNA inddceéby intercalating dyes. (A-D)
Schematics of the preparation of doubly-tetheregescoiled DNA. (A) Biotinylated-DNA
is applied under flow to a surface containing imitinéd biotin-streptavidin complexes.
Cy5 (red star) fluorophores identify the DNA orietibn. (B) One of the DNA ends binds to
the surface causing the DNA molecule to be stretdme the flow. (C) Binding of the
remaining DNA end locks the molecule in an extendedformation. Multiple streptavidin-
biotin links at each DNA end ensure the DNA is immally constrained. (D) Binding of the
intercalating Sytox orange dyes (SxO, orange starsyinds the DNA and generates
torsional stress that lead to plectonemes in th& QH) Example of a fluorescence image of
SxO stained DNA obtained with the epifluorescendéerascope. Among the eight stretched
DNA molecules in the field of view, seven showe@qgibnemes (indicated by arrows).
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Dashed circles represent DNA anchor points. (F)genaf a single DNA molecule with
multiple plectonemes (red arrows) observed witHtmwt. A schematic of DNA molecule is
drawn at the bottom for visual guide. (G) Visualiaa of the same DNA molecule under
flow shows a single plectoneme (red arrow) straicimethe direction of flow. (H) After
photo-induced nicking, the plectonemes vanish ded DNA adopts a J-shaped structure
under flow.

the excitation light, the plectonemic region suddemwound, likely due to photo-
induced nicking of the DNA, creating a J-shaped DMalecule with a uniform
intensity (Figure 5.1H). These observations continat the bright fluorescent spots
that we observed were indeed DNA plectonemes.

Having established that SxO can be used to fornctgemes, we next used
magnetic tweezets to examine if the intercalation of SxO dyes magifithe
mechanical properties of DNA. We prepared DNA moles identical to those used
above except that the biotin labels at the Cy5wwatk replaced with digoxigenin.
We then tethered the digoxigenin-labeled ends ef DINA molecules to a glass
surface coated with anti-digoxigenin and attaches tiotin-labeled DNA ends to
magnetic beads coated with streptavidin. Then, &ingua pair of magnets, we
observed the mechanical response of the DNA madscuhder a range of tensions
and torques in the presence of SxO.

We first examined the end-to-end length change toirsionally unconstrained (i.e.
nicked) DNA at different applied forces in the grese or absence of SxO (Figure
5.2A). Force-extension curves from torsionally umteained DNA are shown in
Figure 5.2B. In the force range of 1-5 pN, we obedran increase in the end-to-end
distance of the DNA as we increased the conceatrati SxO. For example, at 3 pN
force and 30 nM SxO, we observed 21% increase & EINA extension.
Importantly, upon normalizing the end-to-end lengtlihe DNA with its maximum
length at 5pN, the force-extension curves of theADr all SxO concentrations
overlapped with each other (Figure 5.2B, insetplyimg that the intercalation of
the dye did not significantly alter the mechanipadperties of the DNA other than
slightly extending the contour length. When we liled out the flow cell with a
SxO-free buffer, the force-extension curve neaglyerted back to that of the bare
DNA, confirming that the dye binding is reversiljlggure 5.2B, grey dashed line).

We also measured force-extension curves for toadlipconstrained DNA (Figure
5.2C). In the absence of SxO, no difference wasmies between torsionally
unconstrained and constrained DNA, indicating the¢ADwas initially torsionally

relaxed (Figure 5.2B and D, black curves). Howewgron addition of SxO, the
torsionally constrained DNA exhibited a differerhavior (Figure 5.2D) compared
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to the torsionally unconstrained DNA (Figure 5.2BAs we increased the

concentration of SxO, the end-to-end extensiorheftorsionally constrained DNA

systematically decreased due to the formation @tphemes. This empirical force-
extension relationship measured with magnetic texsealso allows to estimate the
tension within the DNA in ISD measurements (Sup@etary Figure 5.2A). We

then measured the extension-rotation curves of DNdélecules at 3 pN under
different SxO concentrations (Supplementary Figu&C). When we unwound the
torsionally
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Figure 5.2. DNA force-extension curves from singielecule magnetic tweezers assay. (A)
Schematic diagram showing lengthening of nicked Diélecule, held in magnetic field

created by a pair of magnets, upon binding of Si&).Force-extension curves of nicked
DNA measured at various SxO concentrations (blpok, cyan, blue, green, and red: 0, 5,
10, 15, 30, and 50 nM. The dotted grey curve weaiobd after washing off 50 nM SxO

with SxO free buffer). Inset shows the same DNAenmgion curves normalized to their
maximum length. (C) Schematic diagram shows therdatating dye-induced plectoneme
formation on torsionally constrained DNA, resultimgthe decrease in the DNA extension.
(D) Force-extension curves of the torsional comst@d DNA (color scheme for the SxO

concentrations is the same as in (B)).
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constrained DNA, the end-to-end length linearlyréased until it reached to a
plateau where all the dye-induced plectonemes vedazed. Importantly, the slopes
within the linearly increasing regions of the raiatcurves (i.e., on the right side of
Supplementary Figure 5.2C) remained the same riegardf the SxO concentration,
implying that the size and curvature of the loopspiectonemes did not change
significantly upon binding of SxO in our buffer abitions. From the measured
rotation curves, we estimate the number of coilgitimg number) put in
plectonemic DNA due to binding of SxO. For instaretea DNA stretching of 3 pN
with 30 nM SxO concentration the number of turnduiced into the DNA was 31.
Thus, by using force-rotation curves from singlelesale magnetic tweezers as
reference, we are able to estimate the number § epplied on each DNA
molecule in our ISD assay.

Having successfully characterized the degree ofinigeced supercoiling, we return
to the ISD assay to investigate the dynamics df/iddal plectonemes. We recorded
fluorescence movies of the DNA dynamics with 100 erposure time per frame
(Figure 5.3A). The fluorescence images of the s@h&A molecules were also
measured after photo-induced nicking of the DNA®ofirm that the plectonemes
disappeared (Figure 5.3B). We extracted fluoressemtensity profiles along
individual DNA molecules for every frame to builcthténsity kymographs
(Supplementary Figure 5.3A-B). For quantitativelgsia, the fluorescence intensity
was converted to DNA density by mapping the intgngiofiles of the supercoiled
DNA onto the intensity profile of the corresponditagsionally relaxed molecule
(see Supplementary Figure 5.3C-E, and Material Btethods for detail). A
characteristic example of the converted DNA densjtyjograph is shown in Figure
5.3C.

Next, we applied a threshold algorithm to the DN&sity kymograph to track the
position and size of individual plectonemes (Figh/@D and Supplementary Figure
5.3F). Plectonemes appearing in consecutive framese considered to be
continuous if they appeared within 3 pixels (~360 or ~1 kb) of each other. In
order to reduce false-positives due to noise, we iogluded plectonemes that were
present for at least two consecutive frames. Is thay, diffusing plectonemes
(Figure 5.3E) could be tracked over time. If pleemes in consecutive frames were
separated by more than 3 pixels, we assumed tlate#isting plectoneme
terminated and a new plectoneme had nucleatediffeeent position (Figure 5.3F).
We marked the position of first appearance of galelstoneme as the nucleation
point and the last position as the terminating péfigure 5.3G). In Figure 5.3C
(right panel), we plotted the tracked position loé individual plectonemes on the
DNA density kymograph. Note that the trajectoridsttee plectonemes in Figure
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5.3D were plotted as a function of the genomic tpmsialong the DNA (i.e. in units

of kilobase pairs). We also obtained the mean-sgdesplacement (MSD) of

plectonemes from the individual time-trajectoridsptectoneme displacement, to
yield a diffusion coefficienD = 4.8 kif/s (0.13 prfis), from the slope of the MSD

versus time (Supplementary Figure 5.4). The sizéndividual plectonemes was
determined from the fluorescence intensity by sumgmip the excess amount of
DNA above the average DNA density in a local region
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Figure 5.3. Real-time observation of DNA plectonetgaamics. (A) Fluorescence image of
a supercoiled DNA with multiple plectonemes (redowss). Dotted circles indicate DNA
anchoring positions on surface (B) Fluorescencensity image of the same molecule as in
(A) after nicking. (C) Representative DNA densityntograph of a supercoiled DNA
molecule. Close up view of the first 5 second ievah in the right panel. Overlaid black
curves show the positions of individual plectonendestified by a threshold algorithm. (D)
The plectoneme positions are plotted in DNA base gace (i.e. in the unit of kb). (E)
Schematic diagram showing the diffusion of a pleetoe. (F) Diagram showing the
nucleation and termination processes coupled \Wwitptectoneme growth and shrinkage. (G)
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Schematic DNA plectoneme kymograph showing nuaeatdiffusion, and termination of
plectonemes. Two plectonemes (green and red) asepted. Presence of plectoneme was
represented with dots. Nucleation and terminaticents were shown with orange and blue
dots, respectively. (H-I) The measured plectonenemsiy (H), the nucleation and
termination rates (l), and the position-dependdettpneme size distributions from the
single DNA molecule presented in (C).

Based on the determined position and size of iddai plectonemes, we
constructed a probability density function for fllectonemes, hereafter referred to
as the plectoneme density, versus the genomici@osélong the DNA. The
plectoneme density was obtained by building a nbzed histogram of the genomic
positions of individual plectonemes collected fralhtime frames (Figure 5.3H, see
Material and Methods for details). We also courttezl total number of nucleation
and termination events at each position of the DidAobtain position-dependent
nucleation and termination rates (Figure 5.3I). Dhbserved size of plectonemes
varied between 150 bp to 4 kb (Figure 5.3J), indgagreement with our previous
study?*
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Figure 5.4. DNA sequence-dependent pinning of pleamnes. (A) Plectoneme densities of
46 identical DNA molecules (thin lines) and thekeeage (red thick line). The schematic of
the DNA construct is shown above (red star andgggrentagons represent Cy5 and biotin,
respectively). (B) Averaged nucleation (orange) tanchination (blue) rates observed. (Error
bars are sem) (C) Averaged position-dependent gieate size distributions. (D)
Plectoneme densities of 47 identical DNA molecyté lines) that contain a local 10-nt
mismatched sequence located at 8.8 kb away fronC¥aelabeled end as illustrated in the
top panel. Red thick line is the averaged plectandamsity of the individuals. (E) Averaged
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nucleation (orange) and termination (blue) rateseoled for the 10-nt mismatched
sequence. (F) Averaged position-dependent plectensire distributions of the 10-nt
mismatched sequences.

Interestingly, the observed plectoneme density thednucleation and termination
rates showed position-dependent variations (Figud&-J). As inhomogeneity in
the formation of plectonemes could be due to th&qudar molecule, we measured
many (N=46) identical DNA molecules and averages résults (see Figure 5.4A-
C). The inhomogeneity was still observed in therages of the plectoneme density
(Figure 5.4A, thick red line), the nucleation amdhtination rates (Figure 5.4B), and
the position-dependent plectoneme size distribut{figure 5.4C). Similarly,
dynamical properties of plectoneme such as theifife and local diffusion constant
were observed to be position dependent (Supplemeriggure 5.5). This
demonstrates that the plectoneme properties reféattires encoded within the
DNA sequencé? Interestingly, we observed a strong peak neareoeof the DNA
(at ~18 kb) in the plectoneme density, nucleatiod d@aermination rates, and
plectoneme size distributions (Figure 5.4A-C). Besmathere was no such a peak at
the other end of the DNA, the strong peak was Vikedt an artifact of the DNA-
surface linkage and instead reflects some propeftythe local sequence.
Interestingly, when we measured the plectonemesddron negatively supercoiled
DNA molecules (see Material and Methods for theaitietof preparation), we
obtained somewhat different patterns in the plesrtoa density and the nucleation
and termination rates (Supplementary Figure 5.®)il&\the current paper reports
the new methodology to observe DNA supercoils, f@guence dependence is of
obvious importance and will be studied in full dieitafuture work.

In cells, DNA plectonemes can potentially pin thgiisition to local structures such
as DNA-bound proteins or defects in the DNA. Weduee new ISD technique to
address one such example. As nucleation of a pleste requires a large bending
of a local region of DNA, a locally flexible DNA gion would significantly
promote the preferential formation and growth glectoneme at this particular site
as it would require less energy to bend the DNA ihie tip of a plectonenfé.To
examine if a flexible DNA region indeed serves asialeation site that localizes a
plectoneme, we inserted a 10-nucleotide mismatceegience (i.e. a local region
where the sequences of both strands do not all@e pairing) at a position 8.8-kb
away from the Cy5-end of the DNA (Figure 5.4D). Theeasured plectoneme
density then showed a pronounced peak at the gosfi this mismatch sequence,
confirming that the flexible DNA bubble pins pleotmes at this position. As
expected, the plectonemes nucleated more frequanthe mismatch site while the
termination rate was lowered at this position (Féy&.4E). Plectonemes also grew
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larger at the mismatch site (Figure 5.4F and Supefgary Figure 5.5G).
Furthermore, plectonemes were observed to diffosards the mismatch site from
both sides and survived longer near the mismatoluethle (Supplementary Figure
5.5B and F). We observed the same pinning effec loyispaired bubble using a
side-pulling magnetic tweezers assay where the DM#&s visualized using
covalently attached dyes (Supplementary Figure B/Jlescribed previouslyThis
control measurement rules out that the plectoneralitation observed in Figure
5.4D-F was an artifact from the intercalation of C6xo DNA. The strong
localization effect caused by a DNA mismatch bulshiggests that DNA enzymes
that induce local DNA melting, such as RNA polynsramay also localize a
plectonemic structure at the location of the enzgméhe DNA.

5.3Conclusions

Summing up, we have established ISD as a novelthigiughput technique that
allows real-time observation of multiple supercoi@NA molecules simultaneously
using a conventional fluorescence microscopy witkiraple sample preparation.
The first data taken with ISD demonstrates that vfseialization of individual
plectonemes in a supercoiled DNA can identify saqgaedependent features of the
DNA plectoneme dynamics, such as plectoneme pinbing 10-nucleotide DNA
bubble. The throughput of the current assay cafuliber improved by patterned
immobilization of the stretched DNA to visualize nuneds of molecules
simultaneously® Additionally, the current spatial resolution of rofluorescence
microscopy is limited by the optical diffractionmlit and does not allow to
distinguish two plectonemes in close proximity (8881, <lkb). This resolution
could be improved by combining ISD with recent athes of super-resolution
microscopy such as STED.* Furthermore, I1SD is capable of detecting other DNA
processes such as protein-mediated loop formatiah RNA condensation by
utilizing multi-color fluorescence imaging, makirtge technique more broadly
applicable to different biological systems. By sigantly lowering the barrier for
visualizing dynamic plectoneme structures, ISDwdlaesearchers to explore how
DNA structure is influenced by DNA sequence and yertic activity on
supercoiled DNA.

5.4Materials and methods

Preparation of DNA:DNA molecules were made by using PCR, oligonuctioti
hybridization, digestion and DNA ligation (see Slgmpentary Text 1 and
Supplementary Table 1-2 for detail). Each DNA fragmnwas digested to the
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desired length using the restriction enzyme Bsatlwkeaves an overhang outside
of the recognition site giving us the possibility specifically ligate different
fragments together. The digested DNA fragments wleea ligated using T4 DNA
ligase (Promega) to make 20kb-long DNA molecules. $surface immobilization,
we further extended the DNA molecules at both ewith 500-bp long DNA
fragments containing biotinylated dUTP (biotin-169P, Roche). We also
incorporated aminoallyl-dUTP-Cy5 (Jena Bioscient®)one of the biotin-DNA
fragments to distinguish between the different efitie@ desired DNA molecule was
gel purified.

Dual-color epifluorescence microscopyA schematic of the custom-made
epifluorescence microscopy setup is shown in Suppieary Figure 5.1. We
combined two lasers (532 nm Cobolt Samba and 64Cabolt MLD, Cobolt AB)
using a dichroic mirror and sent them through asuato-optic tunable filter (AOTF,
AA Opto electronic) for a programmable switching tbe two lasers lines. The
lasers were then focused at the back-focal planearofobjective lens (60x
UPLSAPO, NA 1.2, water immersion, Olympus) for thiele-field, epifluorescence-
mode illumination. Fluorescence emission from thengle was collected by the
same objective lens and separated from the lagandéy using a dichroic mirror
(Di01-R405/488/543/635, Semrock). The fluorescesigeal was focused by a lens
(f;=50 mm) and spatially filtered by passing throughlit The fluorescence was
then collimated again by using another leng=100 mm) before the spectral
separation of SxO and Cy5 by a dichroic mirror (8%®i02, Semrock). Band pass
filters at 731/137 nm (FF01-731/137, Semrock) aimd/B2 nm (FF01-571/72,
Semrock) were employed to avoid cross talk betwherchannels. Additionally, a
550 nm long pass filter (FEL0550, Thorlabs) wasethin the SxO emission path to
eliminate the back scattered 532 nm laser ligmalfi, two lenses (f = 200 mm) and
a dichroic mirror (FF635-Di02, Semrock) were usedcobmbine and image the
fluorescence signals onto an EMCCD camera (Ixon 88@dor). The AOTF and the
EMCCD was synchronized for the alternative lasaitakon by using a PCle-6320
card and a BNC-2120 breakout box (National Instmis}eand controlled by a
home-built LabVIEW software. The EMCCD was operaad90 °C and at an em-
gain of 1000 for data acquisition.

Intercalation-induced Supercoiling of DNA (ISDA flow cell for DNA
immobilization and buffer exchange was prepareddndwiching a quartz slide and
a glass coverslip with double-sided tape. Holethenquartz slide serves as an inlet
and outlet for buffer exchange (Supplementary KgbrlB). Typically, a flow
channel holds 10 pl of solution. The inner surfadethe flow channel was
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passivated with polyethlyleneglycol (PEG) to sugpraonspecific binding of SxO
and 2% (wt/wt) of the PEG molecules were functiaeal with biotin so that the
biotinylated DNA could be immobilized on the sudawia biotin-streptavidin
linkage*®

For immobilization of DNA, we first flowed 20 ul @.1 mg/ml streptavidin into a
flow cell and incubated for 1 min. After washingcess streptavidin that did not
bind to the surface, we introduced 30 pl of 1~10gf\biotinylated-DNA molecules
at a flow rate of 50 pl/min (Figure 5.1A). Immedibt after the flow, we further
flowed 200 pl of a washing buffer (40 mM Tris-H@H 8.0, 20 mM NacCl, 0.4 mM
EDTA) at the same flow rate to ensure stretchingy thering of the other end of
the DNA to the surface (Figure 5.1C). We typicallytained a stretch of around 60-
65% of the contour length of the B-form DNA (Suppkntary Figure 5.2A).

To induce supercoiling of the tethered DNA, we fialvin 30 nM Sytox orange
(511368, Thermo Fisher) in an imaging buffer camgsof 40 mM Tris-HCI, pH
8.0, 20 mM NacCl, 0.4 mM EDTA. We also included atygen scavenging system
consisting of 2 mM trolox, 40 pg/ml glucose oxida%€ pg/ml catalase, and 5%
(wt/v) D-dextrose in the imaging buffer for mininatzon of photo-bleaching of the
fluorophores.

To prepare negatively supercoiled DNA, we first iobized DNA to the surface in
the presence of high concentration of SxO (150 raviyl subsequently reduced the
dye concentration to 30 nM for the measurements. dubsequent release of pre-
bound SxO dyes after immobilization of the DNA riésin negative supercoiling of
the DNA.

Magnetic tweezersfhe magnetic tweezers apparatus is similar to tieereported
previously’”® A flow cell was prepared by sandwiching two poyyshe-coated
cover slips with a parafilm as a spacer. The flell was then incubated with 1
mg/ml antidigoxigenin in a buffer carrying 20 mMi§#HCI, pH 8.0, 20 mM NacCl,
5 mM EDTA for 15 minutes. Alongside, streptavidioated magnetic beads (2.8
pm diameter, M270, Thermo Fisher) were washed titiier A (20 mM TrisHCI
pH8.0, 200 mM NaCl, 5 mM EDTA, 0.25% (v/v) Tween2()d incubated with the
21-kb DNA functionalized with biotin at one end adigioxigenin at the other end
for 15 min. After incubation, unbound DNA was wagheith buffer A and the
mixture was flowed into the flow cell and incubatemt 15 minutes for surface
immobilization. The flow cell was washed with exe@snount of buffer A until all
the unbound beads were removed. After the washirg,introduced the same
measurement buffer which we used for the fluoreseeneasurement with indicated
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concentration of SxO to record force-extension esrof DNA. The force-extension
curves were measured by approaching the magnbetBDNA tethered surface at a
speed of 0.1 pN/s.

Side-pulling magnetic tweezers combined with flsoeace microscopyhe details
of the side-pulling magnetic tweezers assay areritbes! in our previous repott.
Briefly, a 20 kb long DNA functionalized with biotiand digoxigenin at each end
was labeled with Cy3 using a commercial nucleic dabeling reagent (Label IT,
MIR3625, Mirus Bio)>° The labeled DNA was incubated with a streptavithated
magnetic beads (1 um, New England Biolabs) in buffiefor 15 min. The
bead/DNA mixture was washed and reconstituted iifiebuA to remove unbound
DNA molecules and flowed in a square-hollowed gleeggillary (8270, VitroCom)
pretreated with polystyrene (0.1% in toluene, bimafnersing) and antidigoxigenin
(Img/ml, 15 min incubation). After 15 min incubatiof the bead/DNA mixture, the
capillary was washed with excess amount of buffertcA remove unbound
bead/DNA. Then a imaging buffer carrying 20 mM H@ pH 7.5, 2.5 mM
dihydroxybenzoic acid, 50 nM Protocatechuate 3 dxgenase, 1 mM Trolox, 100
UM N-Propyl gallate, and 0.1 % (v/v) Tween20.

The side-pulling magnetic tweezers setup combineith wepifluorescence
microscopy was built around an inverted microscgp&iovert 200M, Zeiss)
equipped with a 532 nm Laser (Sapphire, Coheramt)aascientific-grade CMOS
camera (Neo, Andorf. The surface immobilized DNA was first stretchedvapds
by placing a pair of magnet on top of the capilleryapply rotations to the magnetic
bead. After applying a desired number of rotatidghs, bead was pulled from the
side by approaching another magnet horizontalljovieed by removal of the top
magnets. The tension applied to the DNA was caklordy measuring the power
spectrum of the position fluctuation of the béa@he fluorescence from the labeled
DNA were collected by an objective lens (NA1.4, 6%l immersion, Plan-
Apochromat, Zeiss) and filtered through a bandfidtes (FF01-585/40, Semrock)
to remove back scattered laser light. Images wegrised with 20 ms exposure
time.

Image analysisFluorescence images were analyzed using custortemwrgoftware
in Matlab (Mathworks, available upon request). Tirg 10 frames of the measured
fluorescence images were averaged and used tomile¢ethe end position of
individual DNA molecules. After selection of a molde, the images with 640 nm
illumination at the same field of view were load®t used to identify the direction
of the DNA molecule. Then, fluorescence intensitgfiles of the DNA along its
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longitudinal direction were calculated by summingytbe intensities from 11 nearby
pixels that lied perpendicular to the DNA at eaokition. The background intensity
of the image was determined by taking the medidnevaf the pixels around the
DNA. The background intensity was subtracted frominhtensity profile which was

then normalized to compensate for photo-bleachingx®. After analyzing all the

frames, the normalized intensity profiles were radig to build an intensity

kymograph (Supplementary Figure 5.3C).

DNA density estimation from fluorescence intengitthough peaks in the intensity
profile indicate the position of individual pleceemes in real space, it cannot be
read as the position in the base pair space beadude nonlinearity caused by
presence of other plectonemes which put more DN#o igertain pixels
(Supplementary Figure 5.3mage analysis angbosition/size determination of
individual plectonemes. (A) Representative fluoess® images of a supercoiled
DNA (top) and the same DNA molecule (bottom) aftesional relaxation due the
formation of a nick. (B) Schematic of a supercoilPtlA and its fluorescence
intensity profile (top). Two plectonemes (red ameey) are shown with its positions
in the intensity profile. The DNA that was containe the two plectonemes is also
shown on the torsionally relaxed DNA (bottom). (€Juorescence intensity
kymograph measured from the supercoiled DNA mokec{id) Schematic showing
the conversion procedure from the raw data to th&\ @ensity. Due to a slightly
non-homogeneous illumination profile and varyingedéon efficiencies in the
image area, the intensity of each pixel cannotiteeily converted to the amount of
DNA. To convert the measured fluorescence intertsitgmount of DNA in each
pixel, i.e. DNA density, we first obtained fluorese intensities of each region of
the DNA by measuring the intensity profile of thane DNA molecule after
nicking. Note that, for the nicked-DNA case, the 4 homogeneously distributed
among the pixels so that the pixel positzan be directly converted to the base-pair
position. Hence, by comparing the area of theHafid side of each pixel in the
coiled DNA intensity profile, i.e., from the cumtilge intensity, to that of the nicked
DNA, we can determine the amount of DNA in numbérbase pairs that is
contained in each pixel for the coiled DNA. (E) Bestructed DNA density
kymograph that is obtained from the intensity kymagdn in C by using the
conversion procedure in D. (F) For each frame & BINA density kymograph, a
threshold is applied to detect the position ané sizindividual plectonemes. (G)
Example of position-time trajectories of plectonsndetermined from the threshold
algorithm.B). Moreover, because of the illuminatimofile and detection efficiency
in the field of view is not exactly the same forckeaixel, the observed intensity
values at each position of the DNA cannot be diyembnverted to the amount of
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DNA. To calculate the amount of DNA per pixel (DNdensity) in the intensity

profiles of the supercoiled DNA, we map it into timensity profile of the same

DNA molecule measured after relaxation of torsiosiaéss due to photo-induced
nicking (Supplementary Figure 5.3D). We then obtakymograph of DNA density

(Supplementary Figure 5.3E).

Plectoneme detection and analys#sthreshold algorithm was applied to the DNA
density profile to determine the position and fendividual plectonemes. First,
the background DNA density was determined by takjlodpal median value of all
the DNA density profiles in a kymograph. Then theeshold level was set to be
25% above the background DNA density (Supplemerfggyre 5.3F). Among the
peaks detected above the threshold, only thosentbist observed longer than two
consecutive time frames were selected as plectan&hee size of the plectoneme
was determined by summing up 5 pixels around ea&ak.plf a plectoneme was
found more than 3 pixels away in the next time game counted it as nucleation of
new plectoneme at that pixel and simultaneousiyiteation of the plectoneme in
the previous time frame (Figure 5.3F). The thregladgorithm applied to the DNA
density kymograph determined the positions of galelstoneme in real-space, i.e.
pixel position. The pixel positions of each pleaore were then converted to the
genomic positions (base pair position) by summipgftithe DNA densities in the
left-side pixels of the plectoneme. Once all thecpinemes were identified, we
calculated the probability of finding a plectonerfmectoneme density) at each
position along the DNA in base pair space, by dognthe number of frames
occupied by plectonemes at each position over tiWve. also calculated the
nucleation (termination) rate by counting the numbg nucleation (termination)
events divided by the sum of time spent withoutlfjva plectoneme present at that
location before the nucleation (termination) oftthkectoneme.
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Supplementary Text 1
DNA preparation

To make the bubble construct reported in Figure weddigested 5 DNA fragments
with Bsal and ligated these together using T4 DNgede. By using Bsal as a
restriction enzyme we could make non-palindrompec#ic 4-nucleotide overhangs
that gave us the possibility to specifically ligate fragments together in a known
way. Two of the DNA fragments were made by PCRiBgand ~11kb. Since this
gave a low DNA yield, we cloned these DNA fragments pCR-XL-topo vector,
using the TOPO® XL PCR Cloning Kit (Thermo Fisher).

The biotin-handle was made via a PCR on pBlueStSigtand using taq DNA
polymerase in the presence of biotin-16- dUTP witlte forward primer
GACCGAGATAGGGTTGAGTG and Reverse primer
TTTTTTTTTTGGTCTCTCCAGCTGGCGTTACCCAACTTAATCGCC.
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A ~11.2kb fragment was made through a PCR on urnylatud Lambda DNA
(promega) using Phusion DNA polymerase (Thermo dfjshwith the forward
primer TTTTTTGGTCTCACTGGCAGGAACAGGGAATGC and revergprimer
CGCAGTCCTGTCTGCCCAGG.

To make the bubble we hybridized the following twtigonucleotides with a
10nucleotide mismatch: Oligonucleotide 1:
TTTTTTGGTCTCTACGCGCCTCTGCCTTAATCAGCATCTCCTGCGCGGTAT
CAGGACGACCAATATCCAGCACCGCATCCCACATGGATTTGAATGCCCG
CGCAGTCCTGTCTGCCCAGCGAGAGACCAAAAAA

And oligonucleotide 2:
TTTTTTGGTCTCTCGCTGGGCAGACAGGACTGCGCGGGCATTCAAATCCA
TGTGGGATGCGGCAGACCCGCGTGGTCGTCCTGATACCGCGCAGGAGAT
GCTGATTAAGGCAGAGGCGCGTAGAGACCAAAAAA,

A ~8.3kb fragment was made through a PCR on unratd Lambda DNA
(promega) using Phusion DNA polymerase (Thermo dfjstwith the forward
primer: TTTTTTGGTCTCTGCGTATAAGAAAGCAGACGACATCTGG ah
Reverse primer: TTTTTTGGTCTCCATACACGGTGATGGTCCCGG.

The biotin-Cy5 handle was made via a PCR on pBlip@&SK and using tag DNA
polymerase in the presence of biotin-16- dUTP amindallyl-dUTP-Cy5 with the
forward primer GACCGAGATAGGGTTGAGTG and reverse nper
TTTTTTTTTTGGTCTCTGTATCTGGCGTTACCCAACTTAATCGCC.

The flat DNA construct was made in a similar wayithwthe following DNA
fragments. The biotin-handle was made via a PCBRineScriptlISK and using taq
DNA polymerase in the presence of biotin-16- dUTRhwhe forward primer
GACCGAGATAGGGTTGAGTG and reverse primer
TTTTTTTTTTGGTCTCTCCAGCTGGCGTTACCCAACTTAATCGCC.

A ~11.2kb fragment was made through a PCR on Urytetdd Lambda DNA
(promega) using Phusion DNA polymerase (Thermo dfjshvith the Forward
primer TTTTTTGGTCTCACTGGCAGGAACAGGGAATGC and revergprimer
TTTTTTGGTCTCTACGCGCGTGCCCATGTTCTCTTTCAG.

(promega) using Phusion DNA polymerase (Thermo dfjslwith the Forward
primer TTTTTTGGTCTCTGCGTATAAGAAAGCAGACGACATCTGG and
reverse primer TTTTTTGGTCTCCATACACGGTGATGGTCCCGG.
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The biotin-Cy5 handle was made via a PCR on pBlup®&K and using tag DNA
polymerase in the presence of biotin-16-dUTP andnéallyl-dUTP-Cy5 with the
forwmard primer GACCGAGATAGGGTTGAGTG and reverse mper

TTTTTTTTTTGGTCTCTGTATCTGGCGTTACCCAACTTAATCGCC.

A ~8.3kb fragment was made through a PCR on unrfstd/Lambda DNA
DNA sequences used in this study are summariz&dipplementary Table 1 and 2.

Supplementary Table 1

Bubble construct

DNA Primers/oligonucleotide Template PCR or
fragment hybridizat
ion

biotin- GACCGAGATAGGGTTGAGTG pBlueScriptll | PCR

handle SK + (Gotaq),
TTTTTTTTTTGGTCTCTCCAGCT Bio-11-
GGCGTTACCCAACTTAATCGCC duTP

~11,2kb | TTTTTTGGTCTCACTGGCAGGA | Unmethylate | PCR

fragment | ACAGGGAATGC d Lambda| (phusion)

DNA

CGCAGTCCTGTCTGCCCAGG

Bubble | TTTTTTGGTCTCTACGCGCCTCT Hybridiza
GCCTTAATCAGCATCTCCTGCG tion

CGGTATCAGGACGACCAATATC
CAGCACCGCATCCCACATGGAT
TTGAATGCCCGCGCAGTCCTGT
CTGCCCAGCGAGAGACCAAAA
AA

TTTTTTGGTCTCTCGCTGGGCA
GACAGGACTGCGCGGGCATTC
AAATCCATGTGGGATGCGGCA
GACCCGCGTGGTCGTCCTGATA
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CCGCGCAGGAGATGCTGATTA
AGGCAGAGGCGCGTAGAGACC
AAAAAA

~8.3kb TTTTTTGGTCTCTGCGTATAAG | Unmethylate | PCR
fragment | AAAGCAGACGACATCTGG d Lambda| (phusion)
DNA
TTTTTTGGTCTCCATACACGGT
GATGGTCCCGG
biotin- GACCGAGATAGGGTTGAGTG pBlueScriptll | PCR
Cy5 SK + (taq), Bio-
handle TTTTTTTTTTGGTCTCTGTATCT 11-dUTP
GGCGTTACCCAACTTAATCGCC +
Aminoall
yl-dUTP-
Cy5
Supplementary Table 2
Flat construct
DNA fragment | Primers/oligonucleotide Template PCR or
hybridizat
ion
biotin-handle | GACCGAGATAGGGTTGAGT| pBlueScriptll| PCR
G SK + (taq), Bio-
11-dUTP
TTTTTTTTTTGGTCTCTCCA
GCTGGCGTTACCCAACTTA
ATCGCC
~11,2kb TTTTTTGGTCTCACTGGCA | Unmethylate | PCR
fragment GGAACAGGGAATGC d Lambda| (phusion)
DNA
TTTTTTGGTCTCTACGCGCG
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TGCCCATGTTCTCTTTCAG
~8.3kb TTTTTTGGTCTCTGCGTATA | Unmethylate | PCR
fragment AGAAAGCAGACGACATCT |d Lambdal (phusion)
GG DNA
TTTTTTGGTCTCCATACACG
GTGATGGTCCCGG
biotin-Cy5 GACCGAGATAGGGTTGAGT| pBlueScriptll | PCR
handle G SK + (Gotaq),
Bio-11-
TTTTTTTTTTGGTCTCTGTA duTP +
TCTGGCGTTACCCAACTTA Aminoall
ATCGCC yl-dUTP-
Cy5

Supplementary movie legend:
Movie S1:

Movie can be found on the following link: http:/[ygl/sLPKbl. Direct
visualization of DNA plectoneme by the applicatiohflow. Movie starts with an
immobilized DNA molecule under zero flow featuridgnamic characteristic bright
spots indicative of coiled DNA. Flow is briefly dmd towards the bottom of the
frame, followed by an upward direction. During tiew, the DNA adopted a Y-
shaped configuration with brighter fluorescencersity along the stem pointing in
the direction of the flow. This indicates the stisna single plectoneme. Finally, the
molecule abruptly becomes J-shaped, likely due pbato-induced single-stranded
break in the DNA relaxing the torsional stress.nk&a from the same movie are
shown in Figure 5.1F-H.

Supplementary Figures
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Supplementary Figure 5.8chematic of the dual-color epi-fluorescence mioopy and the
sample chamber (A) Microfluidic sample chamber pred by sandwiching a double-sided
tape between quartz slide and coverslip. Holesedrin the quartz glass slide served as an
inlet and outlet for buffer exchanging. (B) Duallamo epi-fluorescence microscopy
consisting of two laser sources (532nm and 640 ant) an EMCCD. (M: Mirror, DM:
Dichroic Mirror, L: lens, LP: Long Pass filter, BBand Pass filter, AOTF: Acousto-Optical

Tunable Filter)
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Supplementary Figure 5.Estimation of force and number of coils induced $¥0. (A)
Length distributions of the DNA molecules showrFigure 5.1E. Using the force-extension
relationship in Figure 5.2D, the length was coree@rto force (top axis). (B) Fluorescence
intensity profile of torsionally relaxed DNA moldes measured in the presence of SxO.
Thin lines: individual molecules (N=46); Thick blatine: averaged intensity profile. (C)
Rotation curves measured at different concentratafrthe SxO. Red lines are linear fits of
the plateau and slope regions. Intercepts of thte@l and slope regions indicate the point
where plectonemes start to form. Slopes determiimed the linear fits are -0.052, -0.053, -
0.053, -0.055 pm/turn for 0, 10, 30 50 nM of Sx&xpectively.



SINGLE-MOLECULE FLUORESCENCE ASSAY TO STUDY DNA SUPERCOIL DYNAMICS | 118

A) Fluorescence image B) 2 Lo
Coled DNA 5
—— =: F;oswtloin (px)
Coiled DNA 74
e : g2, F 7
Nicked DNA Nicked DNA é ‘ ] | \

Position (px)

C) Intensity kymograph D) Conversion of intensity to DNA density

Intensity (a.u.) Coiled DNA Nicked DNA
Q 2 4.6 3 =
g g
= =
Position (px) Position (kb)
Cumulative profile Cumulative profile
2 o z o
‘@ | Intensity 'a
S| per pIXEV 8
E ¥ =
: 2 1 z
0 20 40 g =2 ~ | Amount of
Position (pixel) E £ DNA per pixel
(@] [&]
Position (px) Position (kb)

E) DNA density (kb) G) Plectoneme positions

0 05 1
e F) Plectoneme detection e s
; 1 22 [ B J
2 ! b
2 w2 Hteg {
% ceeefedecc L)L Threshold o :
o [T R Background & , (
=z DNA density =
a } )
Position (px) 4 f é
= sl 1]
0 20 40 0 10 20

Position (pixel) Position (kb)

Supplementary Figure 5.3mage analysis angbosition/size determination of individual
plectonemes. (A) Representative fluorescence imafes supercoiled DNA (top) and the
same DNA molecule (bottom) after torsional relaatdue the formation of a nick. (B)
Schematic of a supercoiled DNA and its fluorescernnsity profile (top). Two
plectonemes (red and green) are shown with itsiposiin the intensity profile. The DNA
that was contained in the two plectonemes is aewa on the torsionally relaxed DNA
(bottom). (C) Fluorescence intensity kymograph roesd from the supercoiled DNA
molecule. (D) Schematic showing the conversion @doce from the raw data to the DNA
density. Due to a slightly non-homogeneous illurtiora profile and varying detection
efficiencies in the image area, the intensity afhepixel cannot be directly converted to the
amount of DNA. To convert the measured fluorescentamsity to amount of DNA in each
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pixel, i.e. DNA density, we first obtained fluoresce intensities of each region of the DNA
by measuring the intensity profile of the same DiMélecule after nicking. Note that, for the
nicked-DNA case, the DNA is homogeneously disteiouamong the pixels so that the pixel
positioncan be directly converted to the base-pair positioant€, by comparing the area of
the left-hand side of each pixel in the coiled Difensity profile, i.e., from the cumulative
intensity, to that of the nicked DNA, we can detemnthe amount of DNA in number of
base pairs that is contained in each pixel for ¢hded DNA. (E) Reconstructed DNA
density kymograph that is obtained from the intgndymograph in C by using the
conversion procedure in D. (F) For each frame énDINA density kymograph, a threshold is
applied to detect the position and size of indiridplectonemes. (G) Example of position-
time trajectories of plectonemes determined froenttlieshold algorithm.
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Supplementary Figure 5.4 Analysis of individual plectoneme dynamics. (A-B)
Displacement-time trajectories of individual plestmes (N=294) in base-pair space (A) and
in real-space (B). (C-D) Mean-square-displacem&tsd) in base-pair space (C) and in
real-space (D) obtained from the corresponding firagctories as in (A-B). The diffusion
coefficients D) were determined from the slopes of the linear tit the MSD (red lines)
plots.
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Supplementary Figure 5.8omparison of the position-dependent plectoneropegsties with
and without 10-nucleotide mismatch sequence. (AMpbability of the plectoneme
movement along the DNA without (A) and with (B) th@-nucleotide mismatch sequence. If
a plectoneme is moved at least 500bp leftwardiighd in the next frame (i.e. within 100
ms), we regarded the plectoneme as moved to ‘LightR If the distance was smaller than
500bp, we counted it as ‘Stay’. The window size&560bp and the time span of 100 ms is
empirically chosen based on the spatial resolutiond signal-to-noise ratio of our
microscope. Errors are standard errors of the méasD) Position-dependent diffusion
coefficients measured on the DNA without (C) andhw{D) 10-nulceotide mismatch
sequence. To obtain these local diffusion coeffitieD), we first calculated plectoneme
displacementsdi) at each position of the DNA for a time intervélteo successive frames
(dt=100 ms). We then used following equation to obt#ie diffusion coefficient:
<dx?>>=2Ddt. Errors are standard errors of the mean. (E-F)rdged life times of
plectonemes plotted versus the position where tbetgmeme was measured. (E): without
and (F) with 10-nucleotide mismatch sequence. Erave standard errors of the mean. (G)
Size distribution of the plectonemes detected a& mhismatched sequence (red). For
comparison, the size distribution at the same regiothe perfectly matched sequence was
plotted together (black). Slightly larger plectorenare observed at the mismatch sequence.



CHAPTER 5| 121

A) B)
—~ { 1 3 —_—
?"'>_‘ W —‘UJ
2 : 0 I
3 © 2B
@ C an c
E 5] 0.2 =]
@ = =
g 5., -
2 =0
o j =
JAPTAVA BN s 0 0
0 5 10 15 20 0 5 10 15 20
Pasition(kb) Position(kb)
Movement
C) D)
— Left —Stay — Right
0.8 e ay g 2
& 0.6 0 1.5
= 8
g 04 E 1
E @
o E=3
0.2 - o5 M
0 0
0 5 10 15 20 0 5 10 15 20
Pasition(kb) Position(kb)
E) F)
T 15 1 2
=) 5 &
= = 4 8
E 10 8 &
ks @ 2 5
2] (] Q
c £ Jal
8 5 \/\M @ 00
c =]
(=] 5}
g a
£ 9
(=] 0 5 10 15 20 0 5 10 15 20
Position (kbp) Position(kb)

Supplementary Figure 5.6°lectonemes on negatively supercoiled DNA molecu(é)
Plectoneme densities obtained from negatively sgiled DNA molecules (thin lines,
N=42) and their average (red thick line). (B) Avggd nucleation (orange) and termination
(blue) rates observed. Errors are standard errbrthe mean. (C) Probability of the
plectoneme movement along DNA. Errors are standenats of the mean (D) Averaged life
times of plectonemes plotted versus the positioaralthe plectoneme was measured. Errors
are standard errors of the mean. (E) Position-dig@ndiffusion coefficients. Errors are
standard errors of the mean. (F) Averaged posiligmendent plectoneme size distributions.
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Supplementary Figure 5.Plectoneme formation and dynamics observed with sike-
pulling magnetic tweezers combined with fluoreseermicroscopy. (A) A schematic
diagram of the side-pulling magnetic tweezers. f)LEluorescently labeled DNA molecules
is immobilized on the glass surface at its one i other end of the DNA is bound to a
magnetic bead which is pulled and rotated by usinmair of magnets above. (Right) After
applying rotations to the DNA, the top magnetsraraoved while another magnet is brought
from the side. The side magnets stretch the DNAhensurface for fluorescence imaging.
(B-C) Individual (thin lines) and averaged (reccthline) plectoneme densities measured on
(B) the perfectly matched sequence as in Figuréd,5&hd (C) the 10-nt mismatched
sequence as in Figure 5.4B. (D-E) Nucleation amthitetion rates measured on the
perfectly matched sequence and (D) the 10-nt migmedtsequence (E).
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Sequence-Dependent Plectoneme
Pinning Along Supercoiled DNA

DNA supercoiling plays a vital role in cellular pesses such as replication,
transcription and chromosome organisation. Foraimst, supercoils generated
during the transcription of a gene effect the egpi@n of distant genes by
deformation of three-dimensional structure of preenmr activator regions of that
gene, suggesting an accumulation of plectonemesrtin sequences of DNA than
the others. However, no such sequences have besetified to pin the plectonemes
due to unavailability of a technique to probe. dsthe technique described in the
chapter-5, we studied the sequence-specific orgtmis of plectonemes on a
supercoiled DNA at single-molecule level. For tine tested the effects of GC-
content of DNA in localization of plectonemes tgims along DNA. Our results

indicate that the low GC-content regions are veayotirable positions for

localization of plectonemes along supercoiled DINAaddition, preliminary results

suggest that the poly(A) tracts play a role in fation and localization of

plectonemes.
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S. H. Kim*, M. Ganji*, J. van der Torre, E. Abbondanzieri, and C. Dekker, to be
submitted

6.1 Introduction

Organization of the genome is central to everyutallprocess because some parts
of the genome are more demanding for biologicatlads). Supercoiling of DNA is
the main driving force in condensation of bactege@home leading to around 1000-
fold compaction. Early electron microscopy studmeealed that the 4.6 mega bases
long Escherichia colichromosome is organized into 50-100 topologicahdins of
which length varies between 20 to 100 &) 8 in which DNA is condensed by
supercoiling. In addition, supercoils exhibit tremily due to the molecular
processes such as DNA replication and RNA transeng4-7). Bothin vitro andin
vivo studies revealed that RNA transcription resultecbuilding up of positive
supercoils ahead of RNA polymerase and negativersajs behind of it-9). In

E. coli, these plectonemes appeared to hamper RNA tratisorifhe transiently
generated torsional stress was eventually remoyethd activity of Topo | and
gyrase resulted in the transcription burstf)y Moreover, the supercoiling state of
DNA leads to alterations in the three-dimensiorialcsure of DNA which in turn
participate in regulating the transcription becatisese deformations allow for
specific protein-DNA interactions9¢11). Thus, DNA supercoils play a vital role
during every cellular process.

Understanding of plectoneme organization along dheercoiled DNA has been
limited, mainly due to unavailability of experimahtechniques to probe. Although,
single-molecule techniques such as magnetic twegrevide useful information by
measuring end-to-end distance of a supercoiled Diwse techniques do not
permit to measure the position and the dynamicthefplectoneme8( 12-15. In
order to directly visualize the dynamics of ple&omes in real time, we developed a
fluorescence based technique, Intercalation-ind&zgzercoiling of DNA (ISD) (see
chapter-5) 16). In this chapter, we used ISD to understand durisnce dependent
dynamic localization of DNA supercoils.

In chapter-5, we found that a 10-nucleotide mismabcalizes plectonemes along
supercoiled DNA. In this chapter, we selectivelgrdd the DNA sequences in order
to understand the sequence dependent localizdtiglecdonemes at single-molecule
level. We first tested three different DNA sequence a sequence with relatively
homogeneous GC-content (designated as FlatDNA)a Zequence with large
fluctuation in GC-content (FluctDNA), and 3) an Ath DNA segment in the
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middle of FlatDNA (PeakA-FlatDNA). Along this linewe then created five
different AT-rich segments and inserted them innthddle of FlatDNA to test the
plectoneme localization dependency on the lengthADf rich DNA segments.
These DNA constructs allowed us to understand hmwiricreased length of AT-
rich regions modulate localization of plectonem#se. also analysed the dependence
of individual kinetic parameters such as rate afleation, rate of termination, and
movement of plectonemes on the AT-peak length al2iig.

In FlatDNA construct we identified a DNA segmenbi(iAT-rich) that but pins the

plectonemes. Analysis of the sequence indicatddlieae are several poly(A) tracts
(up to 8-nucleotides in length) within this regidie then specifically removed the
poly(A) tracts in this region and found that thdyfd) tracts were playing a key

role in formation and localization of plectonemes.

6.2 Methodsand Materials

6.2.1 Preparation of DNA

Relatively homogeneous GC-content DNA plasmidsesfgth ~8. kb and 11 kb
were expressed and purified frdn coli cells. Two DNA molecules of length 500
bp were synthesized by PCR in the presence ofmbi@dUTP (Roche). We also
incorporated aminoallyl-dUTP-Cy5 (Jena Bioscierioedne of the molecules. Each
of the fragments were then ligated to one of theb&nd 11 kb DNA molecules
using T4 DNA ligase (promega) after endonucleageddion of plasmids. These
fragments were digested to the desired fragmeling afferent restriction enzymes
and the fragments were gel purified. After purifica of samples, the molecules
were then ligated to obtain a ~21 kb DNA. While bietins at both the ends help in
surface tethering of DNA, the Cy5 at one of thesehelp in distinguishing between
the different ends. DNA molecule of different lemgAT-rich segments were
inserted in the between 8 kb and 11 kb DNA fragsémtorder to obtain the AT-
peak inserted flat DNA constructs. The varying G@tent DNA construct was
expressed and purified as a 21 kb plasmid. Thempthsvas then digested with
restriction enzyme and biotin- and/or Cy5-DNA meiles (500 bp) were ligated at
each end for surface immobilization.

Intensity profile of a supercoiled DNA is compartal the intensity profile of
corresponding nicked DNA to determine the positiefisplectonemes along the
length of DNA. This information was further conwatto obtain plectoneme density
(see methods and materials of chapter-5 for maaglsle
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In this chapter, we also calculated the plectonenmeipancy fraction in addition to

plectoneme density. First, we estimated the tata ef DNA in each plectoneme
(showed with red color in Figure 6.1) in a givemei frame. Then, the plectoneme
occupancy fraction for each position along DNA wéasained by dividing the total

number of occupied frames with total number of olesa frames.

6.2.2 Determining the plectoneme density and occupancy along DNA

tip

plectoneme

linear DNA linear DNA

- - - - ~
linear DNA plectoneme tip plectoneme linear DNA

Figure 6.1 Schematic diagram to show localization of plectonemes on linear DNA.
Plectonemic DNA (showed with red) was stretcheddaquivalent linear length to locate
the tip position of the plectoneme on linear DNAnIYtip position was accounted for
calculating plectoneme density. Entire length &f flectonemic DNA was considered for
calculating the plectoneme occupancy fraction aldhg\.

6.3 Results

6.3.1 Plectonemedensity pattern along DNA depends on the sequence
of DNA

We wanted to study if the formation of the plectmes and their dynamics vary
with the DNA sequence. First, we tested three difie DNA constructs with
different GC compositions. The first DNA construcontained relatively
homogeneous GC bases (~55%, FlatDNA, Figure 6.PA¢.second DNA construct
has a large fluctuation in the GC-content, varybegween 30-60% (FIuCtDNA,
Figure 6.2B). Third construct was the modified v@msof FlatDNA in which we
inserted a 3 kb AT-rich DNA segment in the middfetlee FlatDNA (9kb inside
from the Cy5-end, PeakA-FlatDNA, Figure 6.2C).
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We obtained the plectoneme occupancy profile fro® tlouble-tethered DNA
molecules as described in chapter-5. The plectoreaogpancies of FlatDNA from
40 individual molecules together with their averaaye showed in Figure 6.2D.
Clearly, plectonemes preferentially localize totaier positions along the length of
the DNA (a peak at around 17.5 kb). However, theddfitent of the FlatDNA does
not contain any corresponding feature (compare reigu2A and D). Here we
presented the plectoneme occupancy pattern fornwircconsidered the size of the
plectoneme (see Figure 6.1). We also measured ithiealpility of plectoneme
formation (plectoneme density) along the DNA byingkthe position of the
plectoneme at its tip. The results are presentédupplementary Figure 6.2 which
are in agreement with plectoneme occupancy patteswed in Figure 6.2.

When we measured FluctDNA, the plectoneme occupandyplectoneme density
pattern was completely different than that of thatPNA (Figure 6.2E and
Supplementary Figure 6.2). We observed two peakbkanplectoneme occupancy
pattern. Interestingly, the valley in the plectomentcupancy appeared at ~10kb
where there is a high GC-rich segment (~60% GC)tHlenother hand, the region
around at 12.5kb, where a peak appeared in thdoplEme occupancy pattern,
turned out to be AT-rich. Likewise, the first peatound 3 kb also correlates the
corresponding dip in GC-content. However, the lo@ @gion between 5 kb-9 kb in
FluctDNA was not observed to localize plectoneridgese results suggest that AT-
rich regions correlate with the observed peaksha filectoneme occupancies. In
fact, when we plotted correlation between GC-canaeial plectoneme density along
FluctDNA, we observed some correlation between puositions of AT-rich
segments and plectoneme density (Supplementarye=&yd).

In order to further confirm the localization of ptenemes to AT-rich regions in the
above results, we measured the plectoneme occupain®eakA-FlatDNA. We

strategically placed a 3 kb AT-rich segment in HlatDNA (i.e. the PeakA-

FlatDNA) at around 9 kb where we did not observe @msiderable preference for
plectonemes. The measured plectoneme occupancyO ofliflerent molecules

showed that the plectonemes preferentially locadizthe AT-rich segment (Figure
6.3F), indicating that AT-rich region is a prefetiah position for plectoneme
localization.
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Figure 6.2 Plectoneme density pattern on different DNA constructs. A) Distribution of
GC content along the length of FlatDNA binned t® Hp (black) and 1000 bp (red)
DNA construct (FluctDNA) with large fluctuations iGC content along its lengtiC)
PeakA-FlatDNA construct with a 3 kb AT rich segménthe middle of FlatDNAD), E),
and F) Thin lines are plectoneme density patterns medswigh (D) FlatDNA, (E)
FluctDNA and (F) PeakA-FlatDNA constructs. We meadu40, 120, and 20 molecules for
FlatDNA, FluctDNA and PeakA-FlatDNA, respectiveRed thick lines represent average of
the plectoneme densities from individual DNA molesu

The DNA stain, i.e., binding of SxO, did not shomyapecificity for either AT-rich
or GC-rich regions along DNA as was observed by \resmogeneous intensity
profile of DNA (Supplementary Figure 6.1), indicagithat the observed localization
of plectonemes was not influenced by binding of S¥@ also did not see any
considerable alterations in the mechanical progeif DNA due to the binding of
SxO (chapter-5).

6.3.2 Roleof nucleation, termination and diffusion in localization of
plectonemes

Our single-molecule fluorescence assay allows umdasure not only plectoneme
occupancy pattern but also the kinetics of indigidplectonemes. Using the same
data used for plectoneme occupancy, we calculdedkihetic parameters such as
the rate of nucleation and rate of termination glthe length of DNA molecules.
We also obtained the probability of plectoneme maset toward left, right or stay
at given position along the length of DNA.
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Nucleation of a plectoneme happens due to an agpeaf a new plectoneme by
simultaneous uncoiling of a plectoneme elsewheigu(e 6.3A). On the other hand,
a termination happens if a plectoneme disappeagstaabsorption of writhe by

other faraway plectonemes. Note that the plectonamséeation and termination do
not necessarily interrelated because an existiegtgheme may partially uncoil for

nucleation of new plectoneme. Similarly, terminataf a plectoneme may occur by
transferring the writhe into an existing plectoneme

We wanted to understand whether the plectonemézatian depends on the rate of
nucleation and termination. The rates of nucleadiod termination for FlatDNA are
showed in Figure 6.3C. The results indicated that tates of nucleation and
termination show a peak at around 17.5 kb wheretgheme density also showed a
peak (Figure 6.3D). On the contrary, terminatiote raeas highest and nucleation
rate was lowest from 1-5 kb where the plectonemesitiewas also the lowest. In
line with this result, the nucleation rate of FDBIA also showed peaks where the
plectoneme density showed peaks (compare Figur® &Bd Figure 6.2E).
Interestingly, PeakA-FlatDNA also showed a pred@ninpeak in the rate of
nucleation in combination with a predominant diptive rate of termination at
around 10 kb (Figure 6.3E). Note that the plectomeamensity also showed a
predominant peak around this region (Figure 6.ZBjether, these results indicate
that the higher rate of plectoneme nucleation is ohthe reasons that assist in
localization of the plectonemes.
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Figure 6.3 Kinetics of DNA plectonemes- nucleation, termination and diffusion. A)
Schematic of DNA plectoneme nucleation and ternmmatA plectoneme grows after
nucleation on DNA by simultaneous shrinking of dreot faraway plectoneme which may
eventually terminateB) Schematic showing diffusion of plectonen@, D), and E) Rates
of nucleation (orange) and termination (blue) adfgpbnemes along the length of DNA on
FlatDNA, FluctDNA, and PeakA-FlatDNAF), G), and H) Diffusion of plectonemes on
FlatDNA, FluctDNA, and PeakA-FlatDNA.

Diffusion of plectoneme along DNA is another dynaraspect of plectonemesj
(Figure 6.3B). We analysed our single molecule dattéest if the diffusion also
contributes to the localization of plectonemes iffecent regions of DNA. At a
given position along the DNA, a plectoneme can maitiger to right or left side, or
stay at the same position. The movement of pleatesealong the FlatDNA were
approximately constant (Figure 6.3F). In the ca$eFlctDNA and PeakA-
FlatDNA, the plectonemes showed a higher tendeadyoth staying constant and
moving inward from both the directions at positiavisere the localization was seen
(Figure 6.3G and H).

There is a possibility that the DNA stain (i.e. x@ight be binding favourably to
either the plectonemic DNA or linear DNA which cdulead to an artefact in
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observed plectoneme localizations. In the caseuoh possible artefact we would
expect unequal nucleation or termination eventhigal®NA, meaning that the
system is away from the thermodynamic equilibridm.order rule out this we
counted the total number of nucleation and termonagvents at every position of
DNA during the full course of measurements. Theultssshowed that the total
number of nucleation and termination events arealed¢u each other at every
position of DNA, indicating that the system was @nthermodynamic equilibrium
(Supplementary Figure 6.3).

Taken together, these results indicate both thetgrleme nucleation/termination
processes and the diffusion processes contributeetplectoneme localization.

6.3.3 Plectonemelocalization relatesto length of AT-rich region

In order to further establish the sequence depéndealization of plectonemes and
test if localization of plectonemes is enhancedwlie increased length of AT-rich
segments, we introduced different length AT-riclgreents into the FlatDNA
(Figure 6.4A). We prepared five different AT-richgsnents of size 0.25 kb (Peak
1), 0.5 kb (Peak 2), 1 kb (Peak 3), 3 kb (Pealadq, 3.9 kb (Peak 5) and introduced
them into FlatDNA at 8.5 kb away from Cy5 end (Fiy6.4A). The distributions of
GC content along the length of DNA with AT-Peaks showed in Figure 6.4B.

The plectoneme occupancy pattern for each of thepédks showed that the
localization of plectonemes were strongly dependanthe size of AT-peak (Figure
6.4C). The height of the peak in the plectonemesidemt the position where AT-
peaks were introduced increased with the size opAdks, indicating that AT-rich
segments of DNA are favourable positions for pleetoes. The rate of nucleation
followed the same pattern as plectoneme densitgu(Ei 6.4D) such that
plectonemes nucleated more frequently at the paositihere AT-rich segments
present. Interestingly, the rate of terminatiorréased elsewhere than the position
where the AT-peaks were present (Figure 6.4E).

The average plectoneme movement on DNA showedhhailectonemes move into
the AT-rich segments (Figure 6.4F-J). The movenaémglectonemes into the AT-

peaks increased with the length of the AT-peaksrddeer, the plectonemes also
showed higher tendency to stay within the AT-peakd it was dependent on the
length of the AT-peak.



CHAPTER 6| 133

m

~

(s")

[

©
=

o

°
©

e
°
73

Nucleation rate (s™)
S
Termination rate

8 2 10 1 2 3 10 5 0 5 10

Position (kb) Position (kb) Position (kb) Position (kb)
F)E o PE2K 1Lt sy oo GLP“"Z I Pkt V peaks R
g e ' —_— SR T T o8 9 S 0,
[
>
-
. 02 0.2 02 02
g
L B o
Position (kb) Position (kb) Position (kb) Position (kb) Position (kb)

Figure 6.4 localization of plectoneme by AT-rich sequences. A) Schematic diagrams of
DNA constructs with the indicated length of the A8@gment introduced into FlatDN/A&)
GC content of FlatDNA with 3.9 kb AT-segment. Thadar lines in the centre represent the
length and position of each AT-segment (red- 0.25dkange-0.5 kb, green-1 kb, cyan-3 kb,
and blue-4 kb)C), D), andE) Plectoneme density (C), the rate of nucleation ¢é»d the
rate of termination (D) versus position of DNA fat five AT peaks together with FlatDNA.
The color convention is the same as in (B) andCH&# showed in grey colorF-J)
Probabilities of plectoneme movement along DNA wi#) 250 bp (peak 1), (G) 500 bp
(peak 2), (H) 1 kb (peak 3), (I) 3 kb (peak 4) 44y 3.9 kb (peak 5) AT peak—FlatDNA
molecule. Blue curve represents the probabilitg pfectoneme movement to left side, black

represents the plectonemes that do not move itigmsand red represent movement to right
side.

Altogether, these results suggest that nucleatibrplectonemes happen more
frequent at AT-rich regions and the AT-rich regicm® favourable positions for
plectonemes to stay longer which resulted in aedess in the rate of termination.
The plectonemes also showed higher tendency tasdifin from elsewhere.

Next, we analysed the size of plectonemes for edidine five AT-rich segment
inserted constructs. We expected the size of ptectes to increase with the length
of the AT-peak as plectonemes strongly localizéheoAT-peaks. For this, we built
a 2-D histogram of plectonemes with their sizes positions (Figure 6.5A-F). The
results showed a consistent increase in the sipgecfonemes with the size of the
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AT-peaks at the position where the AT-peaks weseried (between red lines in
Figure 6.5A-F).

We then looked in to the fraction number of pleetmes at AT-rich region

compared to the throughout the length of DNA careds. The size of plectonemes
that appears around the AT-rich inserts increasigd thie width of the AT-peak

(Figure 6.%5). These results indicate that the size of thetpteame indeed grows

with increased length of the AT-rich segment.

6.3.4 Poly(A) tractsassist for localization of plectonemes

The above results strongly indicate that the ATiriegions are preferential

positions for localization of plectonemes. Howewbe reason behind the peak in
the plectoneme density pattern of FlatDNA aroundS1kb is not clear. Upon

looking into the sequence in this region, we foudinat the sequence with in this
region contained multiple poly(A) tracts which cdube helping in pinning the

plectonemes. We then studied the effect of the(Bdliracts on plectoneme pinning
by inserting this known sequence with and withcg tracts in the centre of
FlatDNA (around 9 kb from Cy5-end).

=

FlatDNA

Peak 1 Peak 2

Peak 3

plectoneme size (kb)

7
6
5
4
3
2
1
0
o

1 15

10 18 0 0 15

5 10 ts 20

Position {kbp) Position (kbp) Position (kbp) Position (kbp)

Lo

Peak 4 F}) Peak 5

8

o
@

o
Y

Fractional occupancy
5
|
w
=
.

plectoneme size (kb)

o

5 10 15 2o a 5 o 15 20 1 2 3 4
Position (kbp) Position (kbp) Width of AT-region (kbp)}

Figure 6.5 Plectoneme size distributions on DNA molecules with different-sized AT-
peaks. A) Position-dependent size distribution of plectonemeth FlatDNA. The of
plectonemes number is represented with color, dpeesents the least number and the dark
red represents highest numbB)-F) Plectonemes size distribution on Peak 1, Peale@k P
3, Peak 4 and Peak 5. The color convention isahgesas in (A)G) Plectoneme occupancy
distribution found near the AT-rich regions in (#) (F). Red vertical lines in (A)-(F) show
the AT-rich regions.
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First we copied a 1 kb DNA from 17 kb-18 kb regioh FlatDNA where three

poly(A) tracts were present (Supplementary Infoiomgt We then mutated few
nucleotides in the poly(A) tracts in order to gdtof them.

We then measured the plectoneme occupancy on efacheoconstructs. We

observed a strong peak in the plectoneme occupaattsrn around 9 kb for the 1 kb
DNA insert with poly(A) tracts (orange and red aesvigure 6.6A) compared to
the FlatDNA (black curve-Figure 6.6A). The conteoinstruct in which we inserted
the same 1 kb DNA in the middle of FlatDNA but vath any poly(A) showed no

preference for plectonemes. In line with theseltesthe rate of nucleation showed
a peak at the region where we inserted DNA withpblg(A) tracts but not on the

construct without the poly(A) tracts. The rate efntination was also showed an
agreement with these results. Taken together, tlessdts indicate that the poly(A)

tracts assist in the pinning of plectonemes.
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Figure 6.6:Plectonemes pinning by poly(A) tracts along supercoiled DNA. A), B), and C)
Plectoneme occupancy, the rate of nucleation, dmd rate of termination pattern of
FlatDNA, FlatDNA with poly(A) tracts, FlatDNA witlpoly(A<6) tracts, and FlatDNA with
no poly(A) tracts. A legend is presented to idgngiaich of the curves represented.

6.4 Discussion

Plectoneme, a coiled loop structure of DNA, formsew a topologically constrained
DNA is situated under torsional stress. The plestoa diffuse along a linear DNA
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which helps in bringing two faraway sites close éach other. In addition, a
plectoneme disappears from one position, whiclccompanied by appearance of
another plectoneme at a distant positid).( In the current study, by using
intercalation-based single-molecule fluorescenceays we showed that the
dynamics of plectonemes directly correlated togbguence of DNA sequence and
confirming that the AT-rich DNA segments are fawhle positions for the

localization of plectonemes.

By measuring the plectonemes on three different DidAstructs, flat GC content
DNA, fluctuating GC content DNA, and flat GC contddNA with an AT-rich
segment in the middle, we observed an anti-coiogldietween plectoneme density
and the GC-content of the DNA constructs. Furtheenave tested AT-rich
segments with different lengths and compositionscoofirm that the AT-rich
regions are favourable positions for the formabbplectonemes.

Our single-molecule technique is capable to meath@@ucleation and termination
rates, and plectonemes movement along DNA. Thdtsdsdicated that the rate of
nucleation increased within the AT-rich segmentthait much affecting outside
the AT-peaks and this increase was strongly depegnale the length of AT-rich
segment. While the rate of termination was suppgksstrongly at AT-rich
segments, it increased outside the AT-peaks aloNg.CPlectonemes were also
observed to move towards the AT-rich segmentsdtfit@n, we also observe that
the size of the plectonemes increased with incceéeagth of AT-rich segments.
These results synergetically lead to the obserlextigneme density patterns.

Although, our results clearly indicate that thecpdmemes prefer to localize at AT-
rich regions along DNA, the appeared peak in tleetpheme density on FlatDNA
around 17.5 kb was not understood. Since poly(@jts are known to induce an
intrinsic bend in DNA moleculesl8-21), we analysed the sequence of FlatDNA to
identify the positions of poly(A)-tracts. We foutlgat there are few poly(A)-tracts
present around this region (Supplementary Inforomti Our preliminary results
indicated that the poly(A)-tracts assist in pinniofy plectonemes (Figure 6.6).
However, further research is needed to ascertanetfects of poly(A) tracts on
plectoneme localization. For example, if poly(Aadts really play a role, DNA
construct with one or few poly(A)-tracts insertedid the mutated DNA construct,
should pin the plectonemes. This well controllechseement will facilitate to state
whether the poly(A)-tracts are favourable positfon plectoneme localization or
not. Therefore, our future research will be focusednderstand the role of poly(A)-
tracts on the localization of plectonemes.
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Supplementary Information:

1 kb DNA with several poly(A) tracts from FlatDNAT-18 kb region) was copied
to the centre of it. Subsequently, the nucleotidebese tracts were mutated to get
rid of the poly(A) tracts step-by-step. The oridipaly(A) tracts were highlighted
with yellow color and the mutated nucleotides wehewed with red font. These
DNA molecules were purchased from IDT technologigsne blocks).

1) FlatDNA + poly(A)
original 1kb DNA sequence from FlatDNA (17.5 kbl®.5 kb)

CCGCTACGAAATGCGCGTATGGGGATGGGGGCCGGGTGAGGAAAGCTG
GCTGATTGACCGGCAGATTATTATGGGCCGCCACGACGATGAACAGACG
CTGCTGCGTGTGGATGAGGCCATCAATAAAACCTATACCCGCCGGAATG
GTGCAGAAATGTCGATATCCCGTATCTGCTGGGATACTGGCGGGATTGA
CCCGACCATTGTGTATGAACGCTCGAAAAAACATGGGCTGTTCCGGGTG
ATCCCCATTAAAGGGGCATCCGTCTACGGAAAGCCGGTGGCCAGCATGC
CACGTAAGCGAAACAAAAACGGGGTTTACCTTACCGAAATCGGTACGGA
TACCGCGAAAGAGCAGATTTATAACCGCTTCACACTGACGCCGGAAGGG
GATGAACCGCTTCCCGGTGCCGTTCACTTCCCGAATAACCCGGATATTTT
TGATCTGACCGAAGCGCAGCAGCTGACTGCTGAAGAGCAGGTCGAAAAA
TGGGTGGATGGCAGGAAAAAAATACTGTGGGACAGCAAAAAGCGACGC
AATGAGGCACTCGACTGCTTCGTTTATGCGCTGGCGGCGCTGCGCATCAG
TATTTCCCGCTGGCAGCTGGATCTCAGTGCGCTGCTGGCGAGCCTGCAGG
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AAGAGGATGGTGCAGCAACCAACAAGAAAACACTGGCAGATTACGCCC
GTGCCTTATCCGGAGAGGATGAATGACGCGACAGGAAGAACTTGCCGCT
GCCCGTGCGGCACTGCATGACCTGATGACAGGTAAACGGGTGGCAACAG
TACAGAAAGACGGACGAAGGGTGGAGTTTACGGCCACTTCCGTGTCTGA
CCTGAAAAAATATATTGCAGAGCTGGAAGTGCAGACCGGCATGACACAG
CGACGCAGGGGACCTGCAGGATTTTATGTATGAAAACGCCCACCATTCC
CACCCTTCTGGGGCCGGACGGCATGACATCGCTGCGCGAATATGCCGGT
TATCACGGCGGTGGCAGCGGA

2 FlatDNA + Poly(A<6)

Those poly(A) tracts that are longer than six notitles were mutated. The mutated
nucleotides were showed in red font in the yellaghlighted region.

CCGCTACGAAATGCGCGTATGGGGATGGGGGCCGGGTGAGGAAAGCTG
GCTGATTGACCGGCAGATTATTATGGGCCGCCACGACGATGAACAGACG
CTGCTGCGTGTGGATGAGGCCATCAATAAAACCTATACCCGCCGGAATG
GTGCAGAAATGTCGATATCCCGTATCTGCTGGGATACTGGCGGGATTGA
CCCGACCATTGTGTATGAACGCTCGAASCAACATGGGCTGTTCCGGGTG
ATCCCCATTAAAGGGGCATCCGTCTACGGAAAGCCGGTGGCCAGCATGC
CACGTAAGCGAAACAAAAACGGGGTTTACCTTACCGAAATCGGTACGGA
TACCGCGAAAGAGCAGATTTATAACCGCTTCACACTGACGCCGGAAGGG
GATGAACCGCTTCCCGGTGCCGTTCACTTCCCGAATAACCCGGATATTTT
TGATCTGACCGAAGCGCAGCAGCTGACTGCTGAAGAGCAGGTCGAAAAA
TGGGTGGATGGCAGGACAACATACTGTGGGACAGCAAAAAGCGACGC
AATGAGGCACTCGACTGCTTCGTTTATGCGCTGGCGGCGCTGCGCATCAG
TATTTCCCGCTGGCAGCTGGATCTCAGTGCGCTGCTGGCGAGCCTGCAGG
AAGAGGATGGTGCAGCAACCAACAAGAGCACACTGGCAGATTACGCCC
GTGCCTTATCCGGAGAGGATGAATGACGCGACAGGAAGAACTTGCCGCT
GCCCGTGCGGCACTGCATGACCTGATGACAGGTAAACGGGTGGCAACAG
TACAGAAAGACGGACGAAGGGTGGAGTTTACGGCCACTTCCGTGTCTGA
CCTGAGCACATATATTGCAGAGCTGGAAGTGCAGACCGGCATGACACAG
CGACGCAGGGGACCTGCAGGATCCTATGTATGAAAACGCCCACCATTCC
CACCCTTCTGGGGCCGGACGGCATGACATCGCTGCGCGAATATGCCGGT
TATCACGGCGGTGGCAGCGGA

3 FlatDNA + No Poly

Those poly(A) tracts that are longer than four eattles were mutated. The
mutated nucleotides were showed in red font inygil®w highlighted region.
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CCGCTACGAAATGCGCGTATGGGGATGGGGGCCGGGTGAGGAAAGCTG
GCTGATTGACCGGCAGATTATTATGGGCCGCCACGACGATGAACAGACG
CTGCTGCGTGTGGATGAGGCCATCAATAGACCTATACCCGCCGGAATG
GTGCAGAAATGTCGATATCCCGTATCTGCTGGGATACTGGCGGGATTGA
CCCGACCATTGTGTATGAACGCTCGAASCAACATGGGCTGTTCCGGGTG
ATCCCCATTAAAGGGGCATCCGTCTACGGAAAGCCGGTGGCCAGCATGC
CACGTAAGCGAAACAACGACGGGGTTTACCTTACCGAAATCGGTACGGA
TACCGCGAAAGAGCAGATTTATAACCGCTTCACACTGACGCCGGAAGGG
GATGAACCGCTTCCCGGTGCCGTTCACTTCCCGAATAACCCGGATATEC
TGATCTGACCGAAGCGCAGCAGCTGACTGCTGAAGAGCAGGTCGACAA
TGGGTGGATGGCAGGASCAACATACTGTGGGACAGCAACGAGCGACGC
AATGAGGCACTCGACTGCTTCGTTTATGCGCTGGCGGCGCTGCGCATCAG
TATTTCCCGCTGGCAGCTGGATCTCAGTGCGCTGCTGGCGAGCCTGCAGG
AAGAGGATGGTGCAGCAACCAACAAGAGCACACTGGCAGATTACGCCC
GTGCCTTATCCGGAGAGGATGAATGACGCGACAGGAAGAACTTGCCGCT
GCCCGTGCGGCACTGCATGACCTGATGACAGGTAAACGGGTGGCAACAG
TACAGAAAGACGGACGAAGGGTGGAGTTTACGGCCACTTCCGTGTCTGA
CCTGAGCACATATATTGCAGAGCTGGAAGTGCAGACCGGCATGACACAG
CGACGCAGGGGACCTGCAGGATCTATGTATGAGCACGCCCACCATTCC
CACCCTTCTGGGGCCGGACGGCATGACATCGCTGCGCGAATATGCCGGT
TATCACGGCGGTGGCAGCGGA
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Supplementary Figures
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Supplementary Figure 6.I1Nicked DNA intensity profile upon labelling with Sytox
orange. The name of the DNA construct is indicated in tioeresponding plot. Light blue
color indicates standrd deviation and thick blme lindicates the mean of the data.
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Supplementary Figure 8.Plectoneme density plots. The name of the DNA construct is
indicated in the corresponding plot. Thin coloreknindicate plectoneme density from
individual molecules and thick black line indicatee mean of the data.
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Supplementary Figure 8.3 otal number of observed nucleation and termination events.
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indicated in the corresponding plot.

R=-0.34 R=-0.44 R=-0.11
0.06 020 - 10— -
= = . B .
@ .. @015 ‘:,"’ 98
5 ' .
@ 004 *Et L e 2 § .
o & 0.6 .
) = : .
: ; -
9 = 04 sk &
8 002 g E e A
2 ° E 02| ° i
o = o
5_
0.00 . ‘ 0.00 5 00 :
30 40 50 60 30 40 50 €0 30 40 50 60
GC content (%) GC content (%) GC content (%)

Supplementary Figure 6.4Correlation plots between the GC content and (Iefig
plectoneme density, (middle) the nucleation ratel gright) the termination rate of
FluctDNA.






v

Interaction of Dps with Different
DNA Topologies

DNA-binding protein from starved cells (Dps) is kmoto bind DNA cooperatively
and compact DNA by forming a dense DNA-Dps bioadh this chapter, we used
Intercalation-induced Supercoiled DNA (ISD) techugqsee chapter 5) to visualize
the interactions of Dps with supercoiled DNA antestDNA topologies. In ISD,
we obtain doubly tethered supercoiled DNA, doublty¢red linear DNA, and singly
tethered DNA molecules. This versatile techniquewad us to test the activity of
Dps on all these different DNA conformations untier same buffer condition. Our
results clearly indicate that binding of Dps regaitwo DNA strands close to each
other such as plectonemic DNA and Dps shows naigffio stretched linear DNA.
We also found that Dps can mediate the cross-linlkah two DNA molecules.
Additionally, we found that Dps-DNA assembly canc@mmodate extra DNA
indicating that Dps-Dps interactions are also presethe assembly. Based on these
observations we provide a model describing fornmadfbDNA-Dps complexes.

M. Ganji, N. Vtyurina, M. Docter, E. Abbondanzieri, to be submitted
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7.1 Introduction

Supercoiling of the DNA molecule is a major forcavihg the compaction of
bacterial genome (1-4). DNA supercoiling occursaitiopologically closed DNA
when the helix undergoes over- or under- winding tluincrease in writhe. While
over-winding leads to positive supercoiling, undénding leads to negative
supercoiling. Additionally, supercoiled DNA may forthree possible structures: a
plectoneme, a toroid, or a combination of bothcteleemes are more common in
nature and take part in shaping most bacterialmbsomes.

Bacterial genomes consist of a single circular Diwalecule that is negatively
supercoiled contributing to around thousand-foldnpaction of the chromosome
inside the cell (5). Additionally, the chromosome ¢onstrained by different
nucleoid associated proteins (NAPS) into topoldgdimmains of 10-100 kbp size
(1,2). By binding to multiple DNA sites, NAPs stide particular supercoil-
dependent structures of the DNA, and also credferént local conformations
through twisting, bridging, and DNA bending (1).

Despite the complex bacterial genome packaginglaggy sites of the DNA that
are essential for life processes must be made sibtedo the transcription and
replication machineries. Because of the interplagvieen supercoiling and genome
packaging, any large variations in the supercogete of DNA can affect gene
expression with severe consequences for the bacte(B). Therefore, DNA
supercoiling should be recognized as a vitally ingret component of chromosome
packaging and the regulation of the cellular preess

It was found that the extent to which each of th&PN contributes to DNA
supercoiling depends on the growth phase and gbgsial state of the cell (4,5).
This feature makes the level of DNA supercoiling rywvedynamic  and
environmentally regulated (4,6). For instance @sponse to environmental stresses,
the physiological states of the bacterial cell geafor the sake of survival and
adaptation. One of the responses includes an upteguof one of the NAPs, Dps,
that compacts DNA yet keeps the genome accessiblefé sustaining processes
like transcription. Another response includes angeain DNA supercoiling state
and, subsequently, was found to influence expraessigenes (7-9).

As both DNA supercoiling and Dps contribute to theysiological response of
bacteria on the environmental changes, a detailederstanding of interplay
between DNA supercoiling and Dps protein is reqlirehese findings can shed a
light on the mechanisms that modulate transcriptioring challenging conditions
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for bacterial survival and provide insights on @lemetabolic regulation. We
therefore used an assay developed in the chapteréxamine how Dps-DNA
complexes are influenced by supercoiling and diffieDNA topology. The assay
allows to visualize DNA in curved or plectonemipaétogies during binding of Dps.
The assay demonstrates that Dps preferentiallyshinglectonemes and enhances
the compaction of DNA.

In a previous report, Dps was observed to bind emupact torsionally relaxed

DNA through a cooperative Ising mechanism (10)this chapter, we focus on the
affinity of Dps for other DNA conformations, payingarticular attention to

plectonemic DNA as one of the DNA supercoiling esatUsing Intercalation-

induced Supercoiling of DNA (ISD) assay (11), wsteel the preferences of Dps in
binding to different DNA shapes. Additionally, whasv that preformed Dps-DNA

complexes are able to engulf more DNA and accomieoda inside these

complexes. Thus, we explore how preformed sup&ddilNA state influences Dps
activity. At the end, we summarize our observatiavith a model describing

binding of Dps to DNA.

7.2 Resultsand discussion

7.2.1 Preparation of different DNA conformations

To visualize the various DNA conformations and sgoent Dps binding at single-
molecule level, we utilized an assay developedsfadying supercoiled DNA (see
chapter-5 and also ref. (11)). We introduced aalir#0.6 kbp DNA biotinylated at

both the ends (Figure 7.1A) into a streptavidinteddlow cell at a flow rate of 30

pI/min. After one end of the DNA attached to theface the molecules became
stretched in the direction of applied flow. Whilew continued, the other end of the
DNA also attached to the surface at different liocat Thus, we obtained DNA

molecules doubly tethered to the surface. We alstaimed molecules that were
tethered at one-end only due to lacking of secaatinbhandle. We visualized the
immobilized DNA molecules using epi-fluorescencectoscopy. We choose the
intercalating dye SYTOX orange (SxO) for DNA labeglidue to the high quantum
yield (@ = 0.9) coupled with high binding and unbindingesa(12) that ensured a
rapid equilibrium of DNA-dye complexes and redutieel photo-induced damage of
DNA molecules.

We observed spontaneous formation of plectonemesoare fraction of doubly
tethered DNA molecules (Figure 7.1B) due to intltwan by SxO. Binding of SxO
would result in decrease in the sum of number b€dleturns of the DNAT,,) due
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to partial unwinding of the of two neighboring bad®/ an angle of around 30° as
well as additional separation of around ~0.3 nm).(E®r a topologically closed

DNA molecule, these effects were compensated byintrease in the number of
spatial crossings of DNA to itself, known as writfW,) due to conservation of

linking number [, =T, +W;) (14,15). The increase iW, corresponds to

formation of a plectoneme. Upon an applicationl@ff plectonemic DNA stretched

in the direction of the flow but remained interteth

A) B) C) D)

#||#— Biotin

20.5kb DNA Plectonemic DNA  U-shaped DNA Linear DNA

Figure 7.1 Design of the DNA construct and different DNA topologies tested for the
activity of Dps. (A) Cartoon of the DNA construct with biotin handligdue pentagonsat
both ends designed for the fluorescence aq&in) Schematics of different DNA shapes:
(B) plectonemic DNA obtained using ISD techniqu@) (nverted J-shaped DNA obtained
by application of flow on doubly tethered DNA, afi2) linear DNA obtained by application
of flow on singly tethered DNA.

We also found that some of the DNA molecules atddo the surface became J-
shaped upon application of flow (Figure 7.1C). Wemalude that these molecules
were nicked or tethered via only a single biotilgvaing them to torsionally relax.
The relative location of the two DNA attachmentsnp® also varied among the
molecules, creating a range of broader and narrdvattaped DNA under flow. In
the same field of view, we also observed singliteéetd DNA molecules that were
stretched in the direction of applied flow (FigufelD), because, these molecules
were lacking one of the biotin handles.
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We stretched DNA by application of flow and exandreps binding to different
conformations of DNA molecules: DNA plectonemesshdpe and linear DNA
molecules.

7.2.2 Binging of Dpsto plectonemic, J-shaped and stretched DNA

In order to visualize the binding of Dps to DNA different conformations, we
flowed in Cy5-labelled Dps into the flow cell whitecording the fluorescence of
Sx0O from immobilized DNA. We flowed in 200 nM of 6yabelled Dps in a buffer
containing 40 mM Tris-HCI, 50 mM NaCl, pH 7.3, 59%&® 8K. During the flow
the central part of the DNA molecules adapted ofethoee conformations:
plectonemic DNA, J-shape, and linear DAgure 7.1B, C and D).

The results indicated of Dps binding to DNA (frafs@-275) and compacting J-
shaped DNA faster than linear DNA but slower thalecionemic DNA.
Qualitatively the distinction in time of the DNA wepaction by Dps for various
DNA conformations can be seen if we focus on tregpsshots of DNA molecules at
different time pointgFigure 7.2. The binding of Dps to J-shape DNA was detected
at frame 175Figure 7.2A), while Dps binding to plectonemic DN¥#as detected
already at frame 125 (Figure 7.2C). At last strettDNA was compacted by Dps
when the flow was reduced almost completely at &&n5 (Figure 7.2B). We also
found that Dps was capable of cross-linking twdedént DNA molecules. This
cross-linking can be seen from the snap-shots geavin the figure 2D where two
DNA molecules initially not linked to each othen these frames, while the first
molecule is doubly tethered and exhibiting plectoas, the second one was singly
tethered. During the flow the singly tethered DNAletule was stretched (frames
25-100 Fig.2D) over the doubly tethered moleculel @ot cross-linked due to
binding of Dps (starting from frame 125 in Fig.2®More examples of cross-linking
DNA molecules are provided in the Supplementaryfég’.1.

By the time the flow was completely stopped (fraratter 275), we did not observe
any fluctuations across the DNA length that ardcgpto a doubly tethered DNA
without Dps, meaning all the DNA molecules werdntig compacted by Dps. The
DNA-Dps complexes can be readily seen as a brigbtdscence spots on image
obtained by overlapping fluorescence from DNA aruk [@hannelgFigure 7.3A).
Most strikingly, Dps was not detected along thegthrof the stretched DNA except
of the binding site where it nucleated, stabiliaedl compacted DNA.

We then performed quantitative analysis of therithstion of Dps along DNA
molecules. An example molecule for analysis isaatkd with a rectangle in the
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Figure 7.3A. The average fluorescence intensiteBMA (SxO) and Dps (Cy5)
were calculated along the length of the DNA-Dps plaxes and plotted them
together for comparison (Figure 7.3B). This reshibwed that Dps does not show
any affinity to linear part of the DNA apart frorhet position where it made a
complex with DNA.

U-shaped DNA
100 125 150 175 200

Linear DNA
50 75 100 125 150 175 200 225 250 275

B
1 25
Plectonemic DNA

100 125 150 175 200
Cross-linking of two DNA molecule

2
1 25 75 100 125 150 175 200 225
5 3
L]
i [

Figure 7.2 Real-time observation of Dps interacting with U-shape and plectonemic
DNA. All the images were acquired at 100 msec intersatsiltaneously for all molecules.
The frame number is indicated on each snap-$AdtSnap-shots showing DNA compaction
due to binding of Dps to U-shaped DNA formed duriihg flow as both ends were anchored
to the surface. Full compaction of the DNA occuregdrame number 22%B) Snap-shots
showing DNA compaction due to binding of Dps toelin DNA formed during the flow as
one end was anchored to the surface. Full compuaofithe DNA occurred at frame number
275. (C) Snap-shots DNA compaction due to binding of Dpsptectonemic DNA.
Plectonemes can be seen as bright fluorescent spdtames 50-100(D) Dps mediated
cross-linking of DNA molecules. A singly tethereddB molecule and a doubly tethered
DNA exhibiting plectonemes free from each othembefarrival of Dps. The two molecules
were cross-linked by binding of Dps.

50

Therefore, this fluorescence assay not only fatédid to observe DNA compaction mediated
by Dps but also provided insights into nucleatiéibps on DNA of various conformational
states in real time. Overall, our results strorgilggest that Dps binds and makes a complex
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with DNA only if two DNA strands are close to eaather such as plectonemic, kinked or
flexible DNA. Two interesting findings of this agsare that Dps can mediate cross-linking
of DNA molecules and it shows no affinity for strleéd linear DNA.

7.2.3 Dps-DNA complex accommodates excess of DNA

Above we observed and quantified the process ofM8 complex formation.
However, it remains unclear whether Dps-DNA asserabhave Dps molecules
proportional to the amount of wrapped DNA. Herehypothesized that stable Dps-
DNA complexes can form with various ratios of Dpsl@DNA. Thus, we tested if
the preformed Dps-DNA complexes can bind an adaili®NA in the absence of
free Dps.
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Figure 7.3 Distribution of Dps molecules along stretched DNA. (A) Overlaid fluorescence
signals obtained from DNA labelled with SYTOX orangomet like structures in green
color) and Cy5-labelled Dpgbright spots in red colorgfter the formation of Dps-DNA
complexes. An example of stretched DNA moleculdviaps-DNA complex formed on one
sight (shown in rectangular)(B) Plot showing the intensity distribution of Cy5-D@red)
along labelled DNA with SYTOX oranggreen)obtained by averaging the intensity of Cy5
and SxO from 90 different structures. Inset represean example molecule froiff\)
illustrating direction of pixels used in the plot..
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Before adding free DNA to the flow cell containingreformed Dps-DNA
complexes, we exchanged buffer in the flow cell)(#ifnes the volume of the flow
cell) to make sure that there is no free Dps diffgisn the solution. After this step
Dps-DNA complexes remained completely stable andompacted conformation.
Then, while recording, we added 100 pl of ~100 fM26.6 kbp DNA plasmid
labelled with in imaging buffer together with SxO.
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Figure 7.4 Binding of DNA plasmid to prefor med Dps-DNA assembly. (A) DNA plasmid
(shown in red circlefreely moving towards preformed Dps-DNA assenilgme 1-8)and
permanently binding to ifframe 9 and 10)Each frame is a snapshot taken at a 200 msec
interval. (B) Normalized time traces of six events when a sirgiep sharp increase in
fluorescence intensity of the DNA-Dps complex ireded binding of extra DNA plasmid.

Before binding to the Dps-DNA complex, plasmid Démained flexible with no
Dps bound (shown in red circle in Figure 7.4A). Kfatence in fluorescence
intensities detected for Dps-DNA complexes befand after addition of plasmid
DNA demonstrates that some of complexes boundyfr@elving DNA plasmid and
incorporated it inside of them. Therefore, on thatpd time trace of the intensity of
those Dps-DNA complexes that engulfed additionalADMasmids, a sharp intensity
increase is observed (Figure 7.4B). These timeegradgth single step fluorescent
increment confirmed the binding of plasmid DNA thessiof the preformed Dps-DNA
complexes.

The ability of a fixed amount of Dps to integraterious amounts of DNA into a
complex suggests that rather than adopting a singjié structure, the Dps-DNA
complex is flexible and can adopt multiple geonsstriThis might allow enzymes
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moving along the DNA, such as RNAP, to activelyrreage Dps-DNA complexes,
providing access to hidden sequences.

Plectonemic DNA Kinked or flexible DNA Stretched DNA
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Figure 7.5 Schematic diagram showing nucleation and for mation of Dps-DNA complex.
Plectonemic DNA or kinked/flexible DNA acts as remfion point for formation Dps-DNA
Dps does not bind to an inflexible or taut DNA.te DNA is held at constant force,
formation of Dps-DNA complex is hindered. Dps-Dpteractions are prevalent in the initial
Dps-DNA complex. An excess DNA binds to preformgusEDNA complex.
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7.3 Conclusions

In this chapter we investigated how different DNénformations and supercoiling
states affect Dps binding, nucleation and subsaqD®&A compaction. Also we
looked at influence of Dps on DNA coiling and paled DNA. Utilizing ISD
assay, we showed that Dps has no affinity for giesd DNA and requires two DNA
strands to be close to each other in order foraatidn (Figure 7.5). We considered
three different DNA shapes and found that as clds2iDNA strands are, as faster
Dps mediates DNA compaction. Dps shows higheshitffito plectonemic DNA,
then to bent or flexible DNA, and least to lineaN® but only after its released
from tension. Binding of Dps leads, therefore, {wsEDNA complex formation with
some Dps-Dps interactions. Additionally, the prefed Dps-DNA complexes can
accommodate excess of free DNA due to Dps-Dpsdotiems with the complexes.
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Supplementary Figure 7.1Dps mediated DNA Cross-linking: (A) Two singly tethered
DNA molecules (B and C) a singly tethered and abtiodethered DNA molecule get
stretched during the application of flow and crisked due to formation of Dps-DNA
assembly. First frame in each of the series shovi Didlecules obtained before application
of flow and the subsequent frames were obtainecmuagplication flow. Intermediates of
the compaction can be seen in frames 3 and 4 ih ehthe series. Green dotted circles
indicate the position of singly tethered DNA mollesuand the red dotted circles indicate the
positions of doubly tethered DNA molecules.






Summary

For the past two decades single-molecule technigasesbeen helped to reveal an
unprecedented detail into the complex moleculacgsses. Single-molecule FRET
(smFRET) is a fluorescence based technique thawsilto visualize interactions of
two molecules with high spatio-temporal resolutidm.this theses smFRET was
implemented to study the dynamics of protein-DNAnptexes by using HIV-1
reverse transcriptase (RT) as a model system. ¥ded@veloped a new technique to
introduce plectonemes into doubly tethered DNA mwles by exploiting the
properties of intercalating dyes. The new technigjl@vs to measure the dynamics
of individual plectonemes. We implemented the témim to understand the
sequence dependent plectoneme pinning. This tast@dpgens up new possibilities
to study interactions of proteins with supercolzdA.

In chapter 2 we modified the protocol to purify and label pGfbsnit of HIV-1
reverse transcriptase. Instead of labelling pretenpresence of reducing agent, we
first reduced proteins on the column and washedtlwdf reducing agent before
reacting with Cy3-maleimide. The labelled proteiasathen recovered from excess
Cy3 molecules by column purification. Chapter 2oatiescribes about our wide-
field fluorescence microscope set-up and differeingle-molecule fluorescence
techniques.

HIV-1 RT is one of the DNA polymerases that perferdisplacement synthesis
without the help of a helicase protein.cimpter 3 we used primer-extension assays
to study the effect of DNA sequence on the dispten® synthesis by RT. We found
that both the DNA and RNA displacement synthesés taghly dependent on the
sequence of backbone. In fact, RT hardly showed disiglacement synthesis on
DNA construct with 93% GC content. Moreover, theules indicated that RT
actively interacts with the flap of non-template ANnh order for displacement
synthesis.

Previous single-molecule research on HIV-1 RT shlibttat RT switches between
two binding modes instantaneously on the substrdtesvever, the underlying

mechanism of flipping was not known. Although retitphenomenon such as the
sliding of proteins on DNA have been visualizedha single-molecule level and

modelled, flipping transitions are difficult to abse because they occur on
comparatively fast timescales (less than 1 ms)aerdlimited to nanometre scale
rearrangements of the molecules. clmapter 4 we therefore developed a single
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molecule FRET assay to probe the mechanism ofifigppvhich provides a high
spatio-temporal resolution. We considered two d#fé models for flipping of
protein, a diffusive hop or a continuously bounihliling transition. In the tumbling
model, protein maintains contacts with DNA durihg transition state of flipping
and in the hopping model protein enters into theuds-bound state in order for
either flipping or rebinding. In order to differéaie between the two models, we
probed the interactions of RT and DNA under varisalt and crowding
concentrations and then measured the relativeliggadifi transition state under each
condition. The results showed that the increasdidcsacentration decreased the
affinity of RT to DNA, similar to many other protes. Furthermore, we found that
binding affinity of RT increases under increasedcromolecular crowding. The
effective dissociation constant of RT to DNA waerthfit to the scaled-particle
theory. This fitting predicted that RT binds to DNWith sub-nanomolar affinityin
vivo. We then applied the changes in rate of flippirage of binding, and rate of
dissociation due to increased salt and crowdinddth tumbling and hopping
models. While the hopping model was consistent witlir observations, the
tumbling model made unphysical predictions aboettthnsition state.

DNA supercoiling effects many essential cellulagasses such as DNA replication
and RNA transcription, but a detailed mechanisticdarstanding of DNA
supercoiling has remained limited mainly due to tlaek of a convenient
experimental tool. Existing techniques, force-basawle-molecule spectroscopy
techniques provide limited information regarding bNA supercoiling. In view of
this we developed a novel single-molecule fluoreseeassay to visualize individual
plectonemes on doubly tethered DNeéhdpter 5). We used intercalating dyes for
inducing plectonemes on topologically closed DNAecales and named the assay
as Intercalation-induced Supercoiled DNA (ISD). SThssay allowed us to follow
position and size of individual plectonemes in 4tgak leading to detect position-
dependent plectoneme dynamics. Using ISD we shotliat the plectonemes
localize to mispaired DNA sequences along supexdoDNA, emphasizing the
potential of the current assay to study sequenpertkent plectoneme dynamics.

In chapter 6 we studied the sequence-dependent plectonemezkigah along

supercoiled DNA using ISD assay. We wanted to ifetite fluctuations in GC-

density along DNA has any influence on the locaigraof plectonemes. For this we
prepared a DNA construct with relatively homogerseedsC-content and then
subsequently we inserted different length of AThriegions in the middle of it.
These constructs allowed us to test the influeric@@-density on localization of
plectoneme along supercoiled DNA. When we meastireglectoneme density on
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these DNA constructs, the results clearly indicdbed plectonemes prefer to pin at
AT-rich regions than GC-rich regions. We also idiged that poly(A)-tracts assist
in pinning the plectonemes even on positions wherdsC-density is comparable to
the flanking sequences.

Since DNA supercoiling is prevalent, activity ofeey DNA binding protein is
expected to be different on supercoiled DNA thadaxed DNA. Inchapter 7 we
used ISD assay to test the activity of Dps, DNAdbig proteins from starved cells,
on supercoiled DNA. Our results revealed new insighto the binding of Dps to
DNA. We found that Dps only binds to DNA if two atds are close to each other
such as in plectoneme structures but Dps doeshwat sny affinity to stretched
DNA. Our results indicated that Dps-DNA complexag aich in Dps that the
complexes can accommodate excess DNA. Moreovefowe that Dps is capable
of cross-linking two DNA molecules.



Samenvatting

In de afgelopen twee decennia hebben enkel-moldgegtihieken bijgedragen aan
de ontdekking van complexe moleculaire processenkelEmolecuul FRET
(smFRET) is een op fluorescentie gebaseerde tdcwaarmee het mogelijk is de
interactie tussen twee moleculen met hoge spatmieste resolutie te visualiseren.
In deze thesis is smFRET geimplementeerd, met pekah HIV-1 reverse
transcriptase (RT) als modelsysteem, om de dynawaicaeiwit-DNA complexen te
bestuderen. Ook hebben we een nieuwe techniek ldwldi om zogenoemde
plectoniemen te introduceren in dubbel-verankerdAD#ibor gebruik te maken van
de eigenschappen van intercalerende kleurstoffeze ieuwe techniek biedt de
mogelijkheid om de dynamica van individuele pleatomen te meten. We hebben
deze techniek gebruikt om sequentie-afhankelijkallsatie van plectoniemen te
begrijpen. Deze techniek biedt een nieuw arsenaal raogelijkheden voor het
bestuderen van interacties tussen eiwitten en soieat DNA.

In hoofdstuk 2 hebben we het protocol gemodificeerd om de p66xsitlvan HIV-

1 RT te purificeren en te labelen. In plaats vaneilgitten te labelen in de
aanwezigheid van een reducerende stof, hebberevgf de eiwitten gereduceerd in
een kolom en de reducerende stof weggespoeld alvode reactie met Cy3-
maleimide te laten plaatsvinden. De gelabelde eialgculen zijn toen gewonnen
uit het Cy3 overschot door kolompurificatldoofdstuk 2 beschrijft ook onze wijd-

veld fluorescentie microscopie-opstelling en veikmide enkel-molecuul

fluorescentietechnieken.

HIV-1 RT is één van de DNA polymerasen die vermemafssynthese uitvoert
zonder hulp van een helicase eiwit. Hoofdstuk 3 hebben we primer-extensie
assays uitgevoerd om het effect van de DNA-sequi@ptide verplaatsingssynthese
door RT te bestuderen. We vonden dat zowel DNARN#-verplaatsingssynthese
in hoge mate afhankelijk zijn van de sequentie darDNA-ruggegraat. In feite liet
RT nauwelijks verplaatsingssynthese zien op een fabidstruct met 93% GC-
gehalte. Daarnaast gaven de resultaten aan dacti€T iawerkt op de klep van het
niet-sjabloon DNA bij de verplaatsingssynthese.

Eerdere enkel-molecuul studies van HIV-1 RT lieteam dat RT instantaan schakelt
tussen twee bindingsmodes op de substraten. Edleteonderliggende mechanisme
van toestandswisseling is niet bekend. Hoewel vetsvdenomenen, zoals het
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glijden van een eiwit over DNA, gevisualiseerd eemgdelleerd zijn op enkel-
molecuul niveau, zijn toestandswisselingen moetljlobserveren omdat ze zich op
relatief korte tijdsschalen van minder dan 1 msrgdoen en gelimiteerd zijn tot de
herschikking van moleculen op de nanometer schiaghoofdstuk 4 hebben we
daarom een enkel-molecuul FRET assay ontwikkeld orhet
toestandswisselingsmechanisme te onderzoeken metdpatiotemporele resolutie.

We hebben gekeken naar twee verschillende modell@or eiwit-
toestandswisseling: het sprongenmodel en het toiodl. In het tuimelmodel
houdt het eiwit contact met het DNA gedurende dmditietoestand van de
toestandswisseling en in het sprongenmodel bethestdtiwit een pseudo-gebonden
toestand tijdens de toestandswisseling. Om ondeig¢h kunnen maken tussen de
twee modellen, hebben we de interacties tussen RDMA bestudeerd onder
verschillende zoutconcentraties en crowdingcorglid@ hebben we de relatieve
stabiliteit van de transitie gemeten onder dezeegew condities. De resultaten
lieten zien dat bij een verhoogde zoutconcentadi®NA-bindingsaffiniteit van RT
bindt lager wordt, zoals dat ook bij andere eiwitteet geval is. Daarnaast hebben
we gevonden dat de bindingsaffiniteit van RT toemeeaarmate de dichtheid van
crowdingmoleculen toeneemt. De effectieve dissmuahstante van RT aan DNA
hebben we gefit aan een geschaalde-deeltjesth&@mi fit voorspelde dat Rif
vivo aan DNA bindt met sub-nanomolaire affiniteit. Vaigens hebben we
veranderingen in de mate van toestandswisselingling en dissociatie door de
verhoogde zoutconcentratie en crowding toegepastavgel het tuimel- als het
sprongenmodel. Waar het sprongenmodel consistest m@ onze observaties,
maakte het tuimelmodel niet-fysische voorspellingeer de transitie.

DNA-supercoiling heeft effect op vele essentiéléutsire processen, zoals DNA-
replicatie en RNA-transcriptie, maar een gedetaitle mechanistisch begrip van
DNA-supercoiling is nog niet voorhanden. Dit kombovnamelijk door het
ontbreken van geschikte experimentele techniekenidige enkel-molecuul
krachtspectroscopietechnieken bieden beperktenma#te over DNA-supercoiling.
Daarom hebben we een nieuw enkel-molecuul fluorgsc@assay ontwikkelt om
individuele plectoniemen te induceren op dubbekukerde DNA-moleculen
(hoofdstuk 5). We hebben intercalerende kleurstoffen gebruiktpbectoniemen te
induceren op topologisch gesloten DNA-moleculen bkabben het assay
Intercalation-induced Supercoiled DNA (ISD) genoeiid assay stelde ons in staat
de positie en grootte van individuele plectonienmereal-time te volgen, resulterend
in positie-afhankelijke plectoniem-dynamica. Mehbkp van ISD hebben wij laten
zien dat plectoniemen zich lokaliseren bij verkegegaarde DNA-sequenties langs
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het supercoiled DNA, wat de mogelijkheden van hs$ag onderstreept om
sequentie-afhankelijke plectoniem-dynamica te luestn.

In hoofdstuk 6 hebben we de sequentie-afhankelijke plectonieralgktie langs
supercoiled DNA bestudeerd door gebruik van eendSg&ay. We wilden testen of
fluctuaties in GC-dichtheid langs het DNA invioedélt op de lokalisatie van de
plectoniemen. Hiervoor hebben we een DNA-constrgeprepareerd met een
relatief homogene GC-inhoud en hebben we AT-rijkergen van verschillende
lengtes in het midden ingevoegd. Met deze congtnukbnden we de invloed van
GC-dichtheid te testen op de lokalisatie van plaetmen op supercoiled DNA.
Toen we de plectoniem-dichtheid op deze DNA-comstu gemeten hadden, lieten
de resultaten zien dat de plectoniemen de vookebbdn om zich aan AT-rijke
regionen te binden, in plaats van aan de GC-rijggionen. Ook hebben we
geobserveerd dat poly(A)-tracts helpen bij het bindan plectoniemen, zelfs op
posities waar de GC-dichtheid vergelijkbaar is detanliggende sequenties.

Omdat DNA-supercoiling veel voorkomt in het genodsmet te verwachten dat de
activiteit van een DNA-bindend eiwit anders is oppercoiled DNA dan op
gerelaxeerd DNA. Inhoofdstuk 7 hebben we een ISD assay gebruikt om de
activiteit van Dps (DNA-bindende eiwitten uit vertgerde cellen) te meten op
supercoiled DNA. Onze resultaten geven nieuwe Imeit in de binding van Dps
aan DNA. We vonden dat Dps alleen bindt aan DNA&ke DNA-strengen dicht
bij elkaar zijn, zoals in plectoniemen het geval Bps liet daarentegen geen
affiniteit zien voor gerelaxeerd DNA. Onze resudtatieten daarnaast zien dat Dps-
DNA complexen rijk zijn aan Dps, zodat ze een osleos aan DNA kunnen
accommoderen. Verder vonden we dat Dps de cagabieft om twee DNA-
moleculen te crosslinken.
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