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Abstract
Condensin is involved in the condensation of DNA into chromosomes via

active loop extrusion. It remains a question, however, how loop extrusion is
affected by the many proteins that associate with the DNA, which are referred
to as roadblocks. In this report, we look at loop extrusion by yeast condensin
with dCas9 and nucleosomes as a roadblock, using single-molecule imaging
in a flow cell. We found that for DNA with dCas9, loop extrusion did not differ
significantly from bare DNA, and that dCas9 was incorporated in the loop. Loop
extrusion experiments with nucleosomes could not be performed due to the
instability of the reconstituted nucleosomes. The fact that dCas9 is incorpo-
rated into loops without marked alterations of the loop extrusion process has
implications for models of loop extrusion mechanisms.
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1 | Introduction
DNA encodes for the genetic instructions that form the basis of all known

life. In many species, the DNA is divided over multiple chromosomes, which
consist of a single DNA molecule of a few centimeters long, which are stored in
the nucleus, a subcellular compartment with a size of ten to twenty microme-
tres. Here, cells are faced with the unique problem of balancing tight packing,
to fit into the given space, with loose packing, to enable proteins to access the
DNA sequence. It is no wonder then that DNA compaction is intimately linked
with the regulation of gene expression.

The eukaryotic DNA is compacted at many different levels, already start-
ing with the double helix that forms the secondary structure of DNA (fig. 1.1A).
The DNA is further compacted by the formation of nucleosomes, which consists
of a 146 bp piece of double-stranded DNA wrapped 1.67 times around a 11 nm
protein core. The protein core consists of eight histones, two copies each of
H2A, H2B, H3 and H4. The nucleosomes are interspersed in the DNA at more or
less regular intervals, with the sequences between the histones being known as
linker DNA. The nucleosomes, together with the interspaced linker DNA, form a
structure known as the 10 nm fibre or beads-on-a-string.

The nucleosomes, in turn, wrap around the linker H1 histone, to form the
so-called 30 nm fibre, which is also called the solenoid after the presumed shape
of the structure. While this structure is observed in in vitro assays, it is debated
whether it represents a physiologically relevant structure[1].

The most staggering demonstration of DNA condensation, however, is the
compaction of the DNA into metaphase chromosomes, which are observed dur-
ing this phase of the cell cycle. Not only is the DNA compacted about 10000 fold,
but each chromosome contains two similar DNA molecules, the sister chro-
matids, that need to be equally divided between the two daughter cells. Two
different proteins play a key role in this process: condensin allows for the DNA
condensation observed during cell division, while cohesin is responsible for the
cohesion of the sister chromatids.

In interphase nuclei, chromosomes associate with the nuclear lamina to
form chromosome territories. Furthermore, chromosomes are classically clas-
sified into two forms of compaction, known as euchromatin and heterochro-
matin, where chromatin refers the DNA and the many proteins that associate
with it. Whereas euchromatin consists of lightly compacted DNA that is acces-
sible to the transcription machinery, heterochromatin consists of tightly com-
pacted DNA inaccessible for transcription.

Recent high-throughput sequencing technologies, however, have revised
this paradigm. Using the Hi-C chromosome conformation capture technique,
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2 Chapter 1. Introduction

it was discovered that chomatin is divided into multiple topologically associat-
ing domains (TADs)[2], which are areas in which the DNA interacts much more
frequently with each other than with the DNA outside the TAD. The TADs, in
turn, are made up of one or more chromatin loops[3]. These loops facilitate the
interactions between gene promoters and enhancers, while the boundaries of
the TADS appear to restrict the interactins between promoters and enhancers[4].

The boundaries between TADs are demarcated by the sequence-specific
DNA binding protein CCCTC-binding factor (CTCF), which are often found at
the stems of chromatin loops. Furthermore, the protein cohesin has received
renewed interest in the context of these loops, with studies showing that it is re-
sponsible for the formation of these loops. It is hypothesised that cohesin is able
to extude DNA into loops, forming the observed loops until it encounters CTCF.
Recently, it has been shown that cohesin can actively extrude DNA loops[5].

The condensin and cohesin proteins are both structural maintenance of
chromosomes (SMC) protein complexes, which in turn contain members of the
evolutionarily conserved[8] SMC protein family, which are involved in the or-
ganisation of chromatin.

While SMC proteins originated in bacteria, they are most numerous in eu-
karyotes, which have at least six different SMC proteins. These six proteins form
three functionally and structurally distinct protein complexes. The SMC1 and
SMC3 proteins combine to form the cohesin complex, which is involved in sis-
ter chromatid cohesion. A pair of SMC2 and SMC4 constitute the condensin
complex, whose classic function is chromosome condensation during mitosis.
In most eukaryotes, there are two variants of condensin, aptly named condensin
I and condensin II, though yeast lacks the latter variant. The two remaining SMC
proteins, SMC5 and SMC6, form the as of yet unnamed SMC5/SMC6-complex,
which is implicated to function in DNA repair.

All SMC protein complexes are composed of a conserved ring consisting of
two SMC proteins and a kleisin subunit, which is complemented by non-SMC
regulatory subunits (fig. 1.1B). The two SMC subunits consist of an aproximately
50 nm long coiled-coil domain, of which one end forms a hinge domain and the
other end forms a globular head domain. The hinge domain is important for the
dimerisation of the two SMC subunits, while the head domain exhibits ATPase
activity, enabling it to use the energy freed by ATP hydrolysis. Apart from this,
both heads form binding sites for the kleisin subunit, that completes the SMC
ring. Accessory proteins associate with the kleisin subunit, which are HEAT pro-
teins in the case of cohesin and condensin and tandem Winged-Helix Domain
proteins in the case of SMC5/6 and prokaryotic SMCs.

Since the discovery of the SMC ring, SMC protein complexes have been pro-
posed as the prime former of the loops observed in the compaction of DNA.
Various models for the mechanism of SMC action have been proposed, which
range from passive linking of DNA strands to active loop extrusion of DNA. Both
models rely on the finding that DNA can be topologically entrapped in the SMC
ring. In passive linking models, loops are formed by stochastic binding of SMC
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Figure 1.1: Condensin mediates DNA condensation. (A) DNA compaction occurs at many levels,
from the double helix, to nucleosomes, to chromatin, to chromosomes; (B) Condensin consists of
two SMC-proteins, which each have a hinge domain, coiled-coil domain ad ATPase head, a kleisin
subunit (Brn1) and two HEAT-repeat subunits (Ycs4 and Ycg1); (C) Condensin forms asymmet-
ric loops by anchoring to one strand and reeling in the DNA of the other strand; (D) Different
DNA-binding proteins, such as RNA polymerase and nucleosomes, might act as roadblocks for
condensin. (B) adapted from [6], (C) and (D) from [7].

complexes to the DNA, while in active loop extrusion models, DNA is reeled into
the SMC ring to processively increase the size of the DNA loop (fig. 1.1C).

Recently, it has been shown that condensin is able to actively form DNA
loops[7], thus supporting the active loop extrusion model of loop formation. Us-
ing single-molecule imaging of loop extrusion on double-tethered DNA, it was
found that in the presence of ATP, condensin forms loop by translocating over
the DNA with a maximum speed of 1500 bp/s, a step size of about 750 bp/ATP
and a stalling force of 1 pN.[7] The large step size suggests that translocation
does not occur linearly along the DNA, but stepwise based on an unknown mech-
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anism. Furthermore, yeast condensin was found to form asymmetric loops, sug-
gesting a mechanism where a part of the complex is anchored to the DNA. This is
further corroborated by the discovery of DNA binding site in the yeast condensin
complex between the kleisin subunit and the Ycg1 HEAT-repeat subunit[9]. Even
though many details of loop extrusion by condensin have been uncovered, the
exact mechanism of loop extrusion is still unknown.

While active DNA loop extrusion by condensin has been characterised on
naked DNA, this is far from the physiological situation where DNA is bound
to many proteins forming chromatin fibres. For example, the DNA is wrapped
around histones, while other proteins such as polymerases and transcription
factors bind to the DNA (fig. 1.1D). It is established that for cohesin, another
SMC protein, loop extrusion is directionally impeded by the protein CTCF[10],
implicating that DNA-binding proteins can function as roadblocks that alter the
normal loop extrusion mechanism. Various scenarios for roadblocks are imag-
inable, from unhindered passing to transient or complete stalling.

The question is whether other roadblocks, such as histones, polymerases
and transcription factors, affect condensin-mediated loop extrusion. The hu-
man or for that matter any eukaryotic chromosome is far too complex for accu-
rate single-molecule characterisation of condensin function in the presence of
roadblocks. Therefore, a bottom-up approach is employed, starting with a well-
characterised DNA strands and roadblocks and gradually increasing the com-
plexity of the system.

One focus of both experimental and modelling approaches of the roadblock
concept has been RNA polymerase. It has been found in yeast that condensin
associates at places where transcription occurs[11], and that bacterial SMCs
accumulate at sites where RNA polymerase accumulates[12]. Furthermore, ac-
cumulation of SMC proteins is higher when RNA polymerases and SMCs meet
head-to-head, suggesting transient stalling of SMCs, which is corroborated by a
predicted stalling time of approximately 2 seconds in case condensin encoun-
ters RNA polymerase with a transcript of >1 kbp[12]. In single-molecule experi-
ments, these findings have been replicated, with yeast condensin preferentially
binding near RNA polymerase as well as being able to traverse it[unpublished
data], though no quantification of stalling time has been performed.

Due to their relative simplicity and high biological relevance, other studies
have focussed on nucleosomes as a roadblock. It has been found that human
condensins are able to pass nucleosome-bound DNA[13]. In 80% of the cases,
human condensins passed the nucleosomes without stalling or stopping, and
without significantly affecting the translocation speed of condensin[13].

Interestingly, a third roadblock protein has been described, namely con-
densin itself. It has been found that a condensin complex is able to traverse an-
other condensin complex during the formation of a so-called Z-loop[14], which
occurs when a condensin starts loop extrusion within an already existing loop.

In this report, we focus on a well-characterised roadblock that has less bio-
logical relevance, the protein dCas9. Cas9 was first discovered as a component
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of the clustered regularly interspaced short palindromic repeats (CRISPR) adap-
tive immune system of the bacterium Streptococcus pyogenes[15]. In brief, the
CRISPR system can be used to target specific DNA sequences for degradation,
which is used to defend the cell from viral infections. The target sequence is
encoded by the CRISPR RNA (crRNA), which contains a 20 nucleotide guide seg-
ment complementary to the target sequence. In order for it to function properly,
the crRNA must hybridise with a trans-activating crRNA (tracrRNA)[16]. The
crRNA/tracrRNA hybrid associates with the protein Cas9 (CRISPR associated
protein 9), which is a DNA endonuclease that cleaves DNA specifically at the
target sequence encoded by the crRNA[17].

From the beginning, the potential of the CRISPR/Cas9 system in genetic
engineering has been recognised[18]. One major improvement is the making
of a chimeric single guide RNA (gRNA), which is a fusion of the crRNA and tracr-
RNA[19]. In this way, by changing the sequence of the guide segment in the
gRNA, the target sequence to which Cas9 will bind can be readily determined.
Another experimental improvement was the development of endonuclease de-
ficient Cas9 (dCas9) by introducing two point mutations (D10A and H840A)[19].
As a result, dCas9 can still bind to DNA in a sequence-specific manner, but is un-
able to cleave the DNA after binding to it. In summary, the dCas9/gRNA complex
can be used for sequence-specific high-affinity binding to DNA, with the target
sequence encoded by the gRNA.

In this report, we look at the loop extrusion activity of yeast condensin with
dCas9 and nucleosomes as a roadblock, using single-molecule imaging in a mi-
crofluidic chamber. While dCas9 could be reliably bound to the DNA, recon-
stitution of nucleosomes was less successful as they dissociated in about ten
minutes, before loop extrusion experiments could be performed. By perform-
ing loop extrusion experiments with condensin and dCas9 as a roadblock, it was
demonstrated that condensin is able to pass dCas9 and incorporate it into ac-
tively extruded loops.
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2 | Experimental methods
2.1 | DNA preparation
Biotinylated DNA is prepared from lambda phage DNA (λ-DNA; New England
Biolabs, N3011), which is a 48.5 kbp/16.5µm long DNA strand isolated from a
virus that infects Escherischia coli bacteria.

The ends of the λ-DNA consist of complementary sticky ends, called the
cos site, that are normally used to circularise the DNA. These single-stranded
ends are filled in a PCR reaction by large fragment (Klenow) DNA polymerase
I (New England Biolabs, M0210) with dATP, dGTP, dTTP and biotinylated dCTP
(Biotin-11-dCTP; Jena Bioscience, NU-809-BIOX). The biotin-labelled λ-DNA is
then purified by liquid chromatography. This yields λ-DNA molecules of which
the majority is biotinylated at both ends, which will be used to double tether
the DNA to the surface of the flow cell via biotin-streptavidin linkage. λ-DNA
molecules of which only one end or no ends are biotinylated are not used in
further analyses.

2.2 | DNA/dCas9 reconstitution
To prepare Alexa647-labelled dCas9, Spy dCas9 with an N-terminal SNAP-tag
(New England Biolabs, M0652T) is added to Alexa Fluor 647 with a SNAP-tag
substrate (New England Biolabs, S9136S) to form dCas9-Alexa647, using the man-
ufacturer’s protocol for labelling proteins in vitro. Alexa647-labelled dCas9 is
stored at −80 ◦C until further use.

For the gRNA, tracrRNA and crRNA are ordered at Integrated DNA Technolo-
gies, which correspond to a 20 bp sequence located about 40% along the length
of the λ-DNA molecule. By not being exactly in the middle, it is possible to as-
sign a direction to theλ-DNA by looking at the position of the dCas9. Before use,
the gRNA has to be formed from the tracrRNA and crRNA by a 3 hour slow ramp
PCR protocol.

To prepare the dCas9-Alexa647/gRNA, 120 nM dCas9-Alexa647 and 1.2µM
gRNA are incubated in 1× NEBuffer 3.1 (New England Biolabs, B7203S) for 30 min
at 37 ◦C in the dark. dCas9-Alexa647/gRNA is stored at −80 ◦C until further use.

The λ-DNA/dCas9-Alexa647/gRNA construct, called DNA/dCas9 in short, is
prepared by incubating 120 pM biotinylatedλ-DNA and 12 nM dCas9-Alexa647/
gRNA in 1× NEBuffer 3.1 (New England Biolabs, B7203S) for 30 min at 37 ◦C in
the dark. DNA/dCas9 is stored in an ice bath at 0 ◦C for at most two days.

7

https://international.neb.com/products/n3011-lambda-dna##Product%20Information
https://international.neb.com/products/m0210-dna-polymerase-i-large-klenow-fragment##Product%20Information
https://www.jenabioscience.com/probes-epigenetics/dna-cdna-labeling/hapten-labeling-of-dna-cdna/biotinylated-nucleotides/nu-809-biox-biotin-11-dctp
https://international.neb.com/products/m0652-engen-spy-dcas9-snap-tag
https://international.neb.com/products/s9136-snap-surface-alexa-fluor-647
https://www.idtdna.com/pages/products/custom-dna-rna/custom-rna-oligos
https://www.idtdna.com/pages/products/custom-dna-rna/custom-rna-oligos
https://international.neb.com/products/b7203-nebuffer-3-1
https://international.neb.com/products/b7203-nebuffer-3-1
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2.3 | DNA/nucleosome reconstitution
The nucleosomes were reconstituted using a salt dialysis method as described
elsewhere[13]. In short, 2 nM λ-DNA and recombinant histone octamers were
mixed at a DNA:octamer ratio of 1:200 in a high salt buffer (10 mM Tris-HCl pH
8.0, 1 mM EDTA, 5 mM β-mercaptoethanol, 2 M NaCl). In the histone octamer,
the H2A histones have been labelled with Alexa647, this way there is a theoreti-
cal maximum of two fluorophores per histone octamer. The sample was gradu-
ally dialysed in a Slide-A-Lyzer™ Dialysis Cassette (Thermo Scientific, 66383) to
low salt buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 5 mM β-mercaptoethanol)
overnight at 4 ◦C with a flow of 0.5 mL/min, after which the DNA/nucleosomes
were stored at 4 ◦C.

2.4 | Preparation of condensin
The pentameric condensin complex was isolated from budding yeast (Saccha-
romyces cerevisae), as described elsewhere[20]. Purified condensin was snap-
frozen and stored at −80 ◦C until use.

2.5 | Preparation of slides and cover slips
The flow cells are custom made for each experiment, using a 1in×3in×1mm
quartz slide (Finkenbeiner) and a 50mm×24mm×170µm borosilicate cover slip
(VWR International, 631-0147). Before use, the surface of the slides and cover
slips is cleaned and passivated, based on an earlier described protocol[21].

First, using a diamond-coated drill tip, holes are drilled on both sides of a
quartz slide. A holes is just larger than the end of a standard plastic 200µL
pipette tip. The holes are drilled 5.0±0.5 mm from one another, based on a
drawn template. One side contains ten holes, while the other side contains eight
holes. Another hole is drilled on the left side of the slide, to aid in the identifi-
cation of the top and bottom part of the slide. After drilling holes, the slides are
then put in a teflon holder, which is filled with acetone and sonicated for 15 min.
Next, they are rinsed with MilliQ and sonicated for 5 min, which is repeated at
least three times. The cover slips are incubated with 1 M KOH solution and son-
icated for 30 min, and then rinsed with MilliQ.

Next, both the slides and cover slips are piranha etched in a glass beaker by
incubating them in piranha solution (5 parts sulfuric acid and 1 part hydrogen
peroxide solution) for approximately 30 min. They are rinsed with MilliQ and
sonicated for approximately 20 min. They are then washed with methanol and
put in the teflon holder, which is sonicated for 10 min.

After cleaning the slides and cover slips, they are silanised by incubating
them for 30 min in silanisation solution (1% silane and 5% glacial acetic acid

https://www.thermofisher.com/order/catalog/product/66383##/66383
https://uk.vwr.com/store/product/564558/rectangular-cover-glasses
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in methanol). The slides are then rinsed three times with methanol, after which
they are dried with a nitrogen gun and incubated for 1 hour at 70 ◦C.

The surface of the slides and cover slips is passivated by overnight incuba-
tion in a dark and humid environment in the first PEGylation solution (80 mM
methoxypolyethylene glycol succinimidyl valerate (mPEG-sva) with a molecular
weight of 5000 kDa and 2 mM mPEG-sva functionalised with biotin (biotinPEG-
SVA) in DMSO). Due to PEGylation of the slides and cover slips, nonspecific
binding to the surface is minimised, while the biotinylated λ-DNA can be teth-
ered to the surface by biotin-streptavidin linkage. After incubation with mPEG-
SVA/biotinPEG-SVA, the slides and cover slips are rinsed with MilliQ, dried with
a nitrogen gun and stored separately in air tight containers at −20 ◦C until use.

Before making a flow cell, the quartz slide and cover slip are PEGylated a sec-
ond time. This was done by putting a droplet of 70µL of the second PEGylation
solution (100 mM NaHCO3, 8 mM mPEG-sva, and 0.6 mM biotinPEG-sva) on the
slide, and putting a cover slip on top. Next, a droplet of 50µL of PEG mixture is
put on top of the cover slip, after which another cover slip is put on top of the
cover slip. The slides are incubated for 1 hour in a dark and humid environment
at room temperature or overnight at 4 ◦C. After this, the slides are rinsed with
MilliQ and dried with a nitrogen gun.

The quartz slides are reused after each experiment, while the cover slips are
discarded. Before being reused, a fixed cleaning procedure is applied to the
slides. Firstly, they were stored in isopropanol for at least a week after they have
been used, to dissolve the epoxy and scotch tape. Then, the remaining compo-
nents are scraped off using a razor blade, and the slides are rinsed with tap water.
The slides are then rubbed with detergent to remove any other remaining com-
ponents and sonicated in a teflon holder with detergent for 30 min. After this,
they are sonicated in MilliQ for 10 min. If the slides are deemed clean after visual
inspection, they are treated as new slides, thus starting cleaning in acetone.

2.6 | Flow cell preparation
The flow channels are constructed by cutting double-sided scotch tape into
strips, which are then put on a PEGylated quartz slide. The size and configu-
ration of the strips depend on the type of flow cell. For a linear flow cell, the
scotch tape is cut into strips of approximately 2–3 mm wide, which are put in
the spaces between the holes on the slide (fig. 2.1). A linear flow cell thus has
eight flow channels. For a side-flow cell, some of the strips are also cut approx-
imately 5–6 mm wide, to cover one of the holes to make the side-flow channel
(fig. 2.1). A side-flow cell thus has five different chambers, each with a main and
a side-flow channel. The flow cell is finished by applying a PEGylated cover slip
on the top of the tape and sealing the sides with epoxy. The volume of a flow
channel is about 10–20µL.

Next, plastic tubes are applied on one side of the slide (the top part in fig.
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2.1), which are also sealed to the slide using epoxy. The tubes are made by cut-
ting the end of a plastic 200µL pipette tip and sealing a plastic tube to this end.
By putting a plastic 200µL pipette tip in the other hole of the flow channel, fluids
can be introduced into the channel, while they can exit the channel through the
tube, which is either connected to a syringe for manual fluid flow or connected
to a programmable syringe pump for regulated fluid flow. Flow cells are used at
most three days after they were made.

Figure 2.1: Layout of a linear flow cell and a side-flow cell. The flow direction in a channel is
shown with a solid arrow, the side flow direction with a dashed arrow.

2.7 | Single-Molecule Experiments
Before adding DNA to a flow channel, the surfaces of the channel have to be
treated. The flow channel is first rinsed with 200µL T20 buffer (40 mM Tris-HCl
pH 8.0, 20 mM NaCl and 0.2 mM EDTA) and then incubated with 100 nM strep-
tavidin in T20 buffer for 10 min. Unbound streptavidin is washed out with 100µL
T20 buffer. The surfaces are then blocked with 0.5%(v/v) bovine serum albumin
(BSA) in T20 buffer for 10 min. Lastly, unbound BSA is washed out with 100µL
T20 buffer.

Next, DNA, DNA/dCas9 or DNA/nucleosome is added to T20 buffer. The
exact concentration varies with each experiment, when the concentration is ad-
justed based on the previous observations to achieve the optimal concentra-
tion, which typically lies between 0.1–1.0 ng/L. To visualise the DNA, 250 nM
Sytox Orange (SxO; Invitrogen, S11368) is added to the DNA. SxO is an interca-
lating dye that fluoresces in a bright orange colour with an absorption maximum
of 547 nm. Furthermore, BSA or salmon sperm DNA (SSD) is added to prevent
sticking of proteins to the surface of the flow cell.

The DNA-containing solution is then washed into the flow channel with a
constant flow rate using a programmable syringe pump (ProSense, Multi-Phaser

https://www.thermofisher.com/order/catalog/product/S11368##/S11368
https://www.prosense.net/en/products/syringe-pumps/syringe-pumps/psne1600/
https://www.prosense.net/en/products/syringe-pumps/syringe-pumps/psne1600/
https://www.prosense.net/en/products/syringe-pumps/syringe-pumps/psne1600/
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PSNE1600). The relationship between the flow rate and DNA extension is de-
termined by measuring the length of single-tethered DNA under different flow
rate. This results in an optimal flow rate between 2–4µL/min, at which the DNA
is double tethered to the surface with an extension of 30%–60%. Full stretch of
the DNA molecule occurred at flow rates higher than 10µL/min. The flow is
stopped when the DNA density is just right, i.e. the majority of the surface is
covered with double tethered DNA molecules, while the individual DNA strands
are still isolated to allow single-molecule imaging.

Next, excess DNA is washed out with 100µL T20 buffer containing 125 nM
SxO. After this, the channel is incubated with imaging buffer (50 mM Tris-HCl
pH 7.5, 50 mM NaCl, 2.5 mM MgCl2 and 1 mM DTT), which is supplementend
with 125 nM SxO and an oxygen scavenging system (5%(w/v) D-dextrose, 2 mM
Trolox, 40µg/mL glucose oxidase and 17µg/mL catalase).

Lastly, the DNA, DNA/dCas9 or DNA/nucleosomes can be imaged or loop
extrusion experiments can be performed.

2.8 | Single-Molecule Microscopy
For single-molecule imaging of DNA, dCas9 and nucleosomes, a custom built
total internal reflection fluorescence (TIRF) microscope is used. In brief, the
TIRF microscope is built around an inverted microscope, in which the beams
from a 561 nm laser (Stradus 561-50, Vortran), for imaging of SxO-stained DNA,
and a 637 nm laser (Stradus 637-140, Vortran), for imaging of Alexa647-labelled
proteins, are focussed on a 60× or 100× oil-immersion objective lens. Every
experiment, laser power adapted to minimize light-induced DNA breaks and
photobleaching of dyes while still allowing imaging of the DNA and labelled pro-
teins.

The fluorescent signal from the slide is collected by the same objective lens,
after which the laser beams are blocked with a multi The left over laser beam is
blocked with a multi-notch filter (NF01-405/488/557/640, Semrock). The fluo-
rescent signal is imaged with a scientific CMOS camera (Prime BSI, Photomet-
rics) with an exposure time of 100 ms. Imaging of both SxO-stained DNA and
Alexa647-labelled dCas9 or nucleosomes is done with alternated laser excitation
(ALEX) of the 561 nm and 637 nm laser with the use of µManager software[22].

Laser beams can be described as monochromatic plane electromagnetic
waves. When applying the boundary conditions at the interface of two different
isotropic media to this plane wave, two equations emerge. The first describes
the relationship between the angle of incidence θi and the angle of reflection θr :

θi = θr , (2.1)

https://www.prosense.net/en/products/syringe-pumps/syringe-pumps/psne1600/
https://www.prosense.net/en/products/syringe-pumps/syringe-pumps/psne1600/
https://www.prosense.net/en/products/syringe-pumps/syringe-pumps/psne1600/
http://www.vortranlaser.com/images/stories/printables/Stradus%20561-50%20Datasheet%2010956.pdf
http://vortranlaser.com/images/stories/printables/Stradus%20637-140%20Datasheet%2010868.pdf
https://www.semrock.com/discontinued-legacy-products.aspx
https://www.photometrics.com/products/prime-family/primebsi
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while the second, also known as Snell’s law, describes the refraction of light
between two different interfaces:

n1 sinθ1 = n2 sinθ2 . (2.2)

Where n represents the refractive index and θ the angle to the normal of medium
1 and 2. From eq. (2.2), it follows light is refracted towards the surface when it
goes to a lower refractive index medium (n1 > n2).

There is one angle of incidence, known as the critical angle θc , at which there
is no reflection or refraction, when θ2 = 90° and θc = arcsin

(
n2

/
n1

)
. While light

is normally both transmitted and reflected, at angles equal to or greater than the
critical angle the light is totally internally reflected and there is no transmission.

Even when there is total internal reflection, there still is some penetration of
light into the other medium. When the y-direction is aligned with the plane of
incidence of the light and the z-axis is chosen perpendicular to the interface, one
can derive the existence of an evanescent electromagnetic wave propagating in
the x-direction and extending into the z-direction[23]. The intensity of this wave
dissipates exponentially into the z-direction, which is described by the following
equation:

I = I0e −z/d , (2.3)

where the penetration depth d is given by[23]:

d = λ0

4π
√

n2
1 sin2(θ1)−n2

2

. (2.4)

Here, λ0 is the wavelength of the incident light in vacuum. From eq. (2.4), it
follows that the penetration depth d has the same order of magnitude as λ0,
meaning that the light only reaches about half a micrometer into the sample.

The relatively low penetration of the evanescent wave that occurs with total
internal reflection is used in a TIRF microscope. Only fluorophores close to the
surface are excited, which typically are those bound to the proteins on the DNA,
while those of free-floating particles are not excited (fig. 2.2). As a result, there is
a high signalt-to-noise ratio which enables one to look at single molecules.

As an alternative to TIRF microscopy, highly inclined and laminated opti-
cal sheet (HILO) microscopy can be used[24]. In HILO microscopy, the incident
beam enters the interface at an angle slightly smaller than the critical angle, re-
sulting in a thin region of illumination just above the interface (fig. 2.2), of which
the thickness dz is given by[24]:

dz = R
/

tanθ2 , (2.5)

where R is the diameter of the illuminated area. Using HILO microscopy, it is
possible to overcome the limitation of TIRF microscopy that it is only able to
image objects on the surface, while still benefiting from the advantage that flu-
orophores are only excited in a selected region.
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Figure 2.2: TIRF works at supercritical angles, creating an evanescent wave which excites fluo-
rophores near the surface, while HILO works at subcritical angles, creating a thin layer of variable
height in which fluorophores are excited. Adapted from [25].

2.9 | Imaging of DNA with dCas9
DNA with dCas9 was imaged to quantify the localization of dCas9 on the DNA
and the amount of fluorophores for each punctum. For imaging of DNA with
dCas9, 5µL DNA/dCas9 was diluted in 200µL T20 buffer with 0.5µL 100µM SxO.
This solution was introduced into the flow channel while a constant flow was
applied of 10µL/min to ensure the DNA was stretched maximally. For the ex-
periments to only visualise DNA/dCas9, a linear flow cell was used.

2.10 | Imaging of DNA with nucleosomes
Reconstituted nucleosomes, labelled with Alexa647, were imaged in linear flow
channel to quantify the amount of histones per DNA molecule and the degree
of labelling. Before flowing the DNA/nucleosomes into the flow channel, ap-
proximately 0.25µL of DNA/nucleosomes was added to 200µL of T20 buffer with
250 nM SxO. To decrease aspecific binding of nucleosomes to the glass surface,
0.5 mg/mL of sonicated salmon sperm DNA (SSD; Invitrogen, 15632011) was
sometimes added to this solution. The DNA is then flowed into the channel
at a constant flow rate of 5µL/min. When the DNA reaches the optimal den-
sity on the surface of the slide, T20 buffer with 125 nM SxO is flowed to get rid
of unbound DNA. DNA and histones are then imaged with ALEX as described
before.

https://www.thermofisher.com/order/catalog/product/15632011##/15632011
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2.11 | Loop extrusion experiments
Loop extrusion experiments with condensin are performed on DNA with dCas9,
while DNA molecules to which no dCas9 is bound served as controls. A side-
flow cell is used during loop extrusion experiments to visualise loops with a
side-flow. 10µL DNA/dCas9 is diluted in 200µL T20 buffer with 0.5µL 100µM
SxO and 0.5%(v/v) BSA. Excess DNA is washed out with T20 buffer with 125 nM
SxO. When >50% of DNA molecules were labelled with dCas9, the experiment is
continued.

Between 1–4 nM of condensin and 5 mM ATP is added to T20 buffer, which
is the range at which the frequency of single DNA loops is maximised, while the
frequency of naked DNA and Z-loops was minimised[14]. This was flowed into
the flow-cell with a constant flow rate of 3µL/min. Real-time observation of
loop extrusion by condensin was recorded and at times, a side flow was applied
to visualise the DNA loop (fig. 2.3).

Figure 2.3: For loop extrusion experiments, DNA is first bound to a PEGylated slide via biotin-
streptavidin linkage (panel 1). Then, condensin and ATP are added to induce loop formation
(panel 2), after which a side flow can be applied to visualise the loop (panel 3). Adapted from [7].

2.12 | Image analysis and data processing
Images acquired during the experiments are analysed with scripts written in Fiji
(ImageJ)[26]. Measurements of fluorescence intensity over time are performed
with ImageJ. To obtain the normalised intensity, the average of three different
background intensities is substracted for each time frame. The trace is then
smoothened using a Gaussian filter with a sliding window of 2.5 s.

Loop extrusion is shown in a kymograph, which is created by drawing a line
through the DNA strand and plotting the average intensity over time. To calcu-
late the average intensity, the 5 pixels perpendicular to the line on each side were
averaged, to obtain an averaged DNA intensity profile of 1 pixel wide. This was
done for each frame, after which the intensity profiles were appended to show
the change in intensity distribution over time.

Loop extrusion is analysed using a custom-written script in Matlab (Math-
works, version R2017a), based on a script described earlier[7, 27]. In short, the
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intensity of the DNA molecules is summed over the 11 pixels across a line per-
pendicular to the DNA, which is then used to create an intensity kymograph.
From this kymograph, the DNA is divided into three regions, region I being the
DNA above the loop, region II the DNA in the loop and region III the DNA be-
low the loop. The size of each of these regions is determined by normalisation
with respect to the entire DNA intensity and multiplication by the length of the
DNA, i.e. 48.5 kbp. From this data, the loop extrusion speed in kbp/s can be
determined via differentiation.
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3 | Results
3.1 | Condensin is able to extrude loops
Loop extrusion by condensin on double tethered DNA was demonstrated in a
flow cell. The extruded loop is recognised by an increase in intensity (fig. 3.1A)
on the DNA. The emerging loop can be further visualised by applying a side flow,
when the loop is moved into the horizontal plane (fig. 3.1A).

Loop extrusion can be further demonstrated using a kymograph, in which
the average intensity of the DNA strand along the length of each time frame are
appended to show the change over time (fig. 3.1B). In the kymograph, the loop is
also visible as an increase in intensity in one spot, which will move over the DNA
as a result of the tension generated by loop extrusion. The only disadvantage of
the kymograph is that the intensity cannot be quantified when a side flow is
applied. The calculated intensity is therefore very low, due to the absence of
DNA, or differently distributed due to the disruption caused by the flow.

Another way to analyse loop extrusion is by looking at the differential distri-
bution of the DNA. Under the assumption that the total fluorescence of the DNA
correlates to the total DNA length, the size of the loop can be calculated. In or-
der to do this, the DNA is divided in three regions, which correspond to the DNA
above the loop (region I), inside the loop (region II) and below the loop (region
III) (fig. 3.1C). When the intensity of these regions is calculated from the kymo-
graph, the change in size over time can be plotted (fig. 3.1D). This shows that the
loop extrusion process is asymmetric, as only the DNA of the region below the
loop changes in size. Via differentiation of this data, the initial loop extrusion
speed was determined to be 1.3 kbp/s.

3.2 | One dCas9 punctum was localized at 40%along the double tethered DNA
On N = 36 highly stretchedλ-DNA strands to which dCas9 was bound (fig. 3.2A),
the amount of dCas9, the number of fluorophores and the localization of dCas9
was quantified. DNA strands that contained two or more dCas9 puncta (3/36)
were not used for further analyses.

On DNA strands with a single dCas9 punctum, the localization was found
to be 41±4% along the length of the DNA (fig. 3.2B,C). This corresponds to the
location expected with the sequence of the gRNA. Most (91%) of the measured
dCas9 puncta consisted of a single fluorophore (fig. 3.2D), as quantified by single-

17
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Figure 3.1: Loop extrusion by condensin on double-tethered DNA. (A) Snapshots showing loop
extrusion. The emerging loop becomes visible by an increase in intensity (arrow), and can be
further visualised by applying a side flow; (B) Kymograph of the loop extrusion event shows the
same increase in intensity, as well as movement along the length of the DNA; (C) Cartoon showing
the region above the loop (I), inside the loop (II) and below the loop (III); (D) Graph showing the
change in the size of the three regions over time.

step bleaching and measuring the intensity (fig. 3.2E). 9% of the dCas9 puncta
consisted of more than one fluorophore, but given the relatively low likelihood
of these events, dCas9 puncta quantification was not done in other experiments
unless multiple fluorophores were expected from the intensity or behaviour.

3.3 | Loop extrusion with dcas9 as roadblock ondouble tethered DNA
To investigate whether dCas9 acts like a roadblock for condensin, DNA loop ex-
trusion was observed in double-tethered λ-DNA with dCas9 (fig. 3.3B).

Here, we focus on one loop extrusion event with dCas9, while four more
events were quantified. In all of these cases, dCas9 was incorporated into the
loop, as visualised by applying a side flow (fig. 3.3A).

Loop extrusion initiation was seen as the increase in the intensity of the DNA
in one spot, which then travels along the DNA while forming the loop. When the
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Figure 3.2: dCas9 is localized at 40% along the length of the DNA. (A) Cartoon showing dCas9
on double-tethered DNA; (B) Snapshot showing two adjacent DNA strands with dCas9 (arrow),
the different orientation of both strands is clearly visible; (C) Measurement of dCas9 localization
shows it is located at about 40% of the DNA length; (D) Bar chart showing the fraction of flu-
orophores measured for each dCas9 punctum; (E) The intensity of a dCas9 punctum over time
shows single-step bleaching. The fluorescence is shown in blue, the smoothened data in black.

loop encounters dCas9, it seems to pass it without being affected and incorpo-
rates it into the loop (fig. 3.3C).

Looking at the change in the size of the loops over time, asymmetric loop
extrusion was observed, but there was no stopping and no stalling observed in
any of the loop extrusion events (fig. 3.4A–D). Quantification of loop extrusion
speed yielded a value of 1.2±0.4 kbp/s, though there was no correction for DNA
length.

Additionally, it was noted that loop extrusion frequently starts at sites near
the bound dCas9. In one field of view, 55% (11/20) of the observed loop ex-
trusion events was first visible within 15% of the DNA length from the dCas9
punctum.
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Figure 3.3: Loop extrusion event with dCas9 incorporated into the loop. (A) Kymograph showing
the intensity of the DNA and dCas9. The arrow indicates the (initial) dCas9 position. A snapshot
from the DNA whilst side flow is applied is shown to the right; (B) Cartoon of loop extrusion with
dCas9 on the DNA; (C) Quantification of loop size during the loop extrusion event. The grey shade
indicates when the dCas9 punctum and loop colocalize.

3.4 | 1–2 nucleosomeswere reconsituted on dou-ble tethered DNA, but were not stable
While it has been possible to reconstitute nucleosomes on λ-DNA (fig. 3.5A,B),
it has not yet been possible to observe them for a period long enough to perform
loop extrusion experiments. Within approximately ten minutes, almost all nu-
cleosomes had dissociated. Furthermore, each of the nucleosome samples con-
tained a lot of DNA with loops and knots, rendering them unusuable for loop
extrusion experiments.

In two independent experiments, a total of 15 DNA strands with nucleo-
somes were found. With a 1:400 DNA-to-nucleosome ratio during preparation,
each DNA strand contained approximately 1–2 nucleosomes (fig. 3.5C). Most
nucleosome puncta contained one or two fluorophores; 4% contained more
than two fluorophores (fig. 3.5D). Nucleosomes generally fluoresced shortly,
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Figure 3.4: Quantification of loop size over time for four different loop extrusion events. The grey
shade indicates when the dCas9 punctum and loop colocalize.

showing one or two single-step bleaching events (fig. 3.5E) within a minute of
imaging them.

For seven of the DNA with nucleosomes, sonicated salmon sperm DNA was
added when the DNA was introduced into the flow channel. While this did
not influence the amount of nucleosomes on the DNA or the amount of fluo-
rophores per nucleosome puncta, there was significant reduction of background
sticking.
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Figure 3.5: Nucleosomes reconstituted on double-tethered DNA. (A) Cartoon depicting two re-
constituted nucleosomes; (B) Snapshot showing a DNA strand with three nucleosomes (arrow);
(C) Bar chart showing the fraction of DNA with 1, 2 or >2 nucleosome puncta; (D) Bar chart show-
ing the fraction of nucleosome puncta with 1, 2 or >2 fluorophores; (E) The intensity of a nucle-
osome punctum over time shows two single-step bleaching events. The fluorescence is shown in
blue, the smoothened data in black;



4 | Discussion
Using a single-molecule approach, we have looked at whether dCas9 and

nucleosomes act as roadblocks during active DNA loop extrusion by condensin.
We have demonstrated that it is possible to reconstitute dCas9 onλ-DNA, which
is then incorporated into loops formed by condensin, without affecting the loop
extrusion speed. Nucleosomes could only be briefly reconstituted onto the
λ-DNA, making it impossible to perform loop extrusion experiments with nu-
cleosomes as a roadblock.

dCas9 proved to be a reliable roadblock model that binds with a high affinity
to DNA, as evidenced by it being stably bound for long periods of time (>15 min).
Furthermore, using dCas9, it is possible to determine the exact location where it
binds to the DNA by altering the complementary sequence in the gRNA, making
it a flexible model too. For example, in future experiments it could be possible
to use multiple different gRNAs to create multiple roadblocks on a single DNA
strand.

Loop extrusion did not seem to be affected by dCas9 on the DNA, since no
stopping or stalling has been observed. Neither did other possible events, such
as dissociation or reversion of direction occur. However, to further validate these
findings, proper quantification of numerous loop extrusion events needs to be
done. Interestingly, this is different from the stalling that is predicted for RNA
polymerase. The difference could be explained in two ways. First, RNA poly-
merase has a function within the cell and might therefore have evolved to inter-
act with condensin, whereas dCas9 is not normally present in eukaryotic cells.
Secondly, the difference in size might play a role, as RNA polymerase is 15 nm
large[28] and dCas9 about 9 nm. It is also possible that stalling did occur, but
within the 0.1 s resolution used in the observations. Another way to better study
the loop extrusion in the presence of a roadblock, performing loop extrusion
under constant side flow could show dCas9 being incorporated into the loop.

Apart from quantifying the probability of the interaction between condensin
and dCas9, such as continuing or stalling, it is also possible to quantify changes
in velocity or processivity. However, due to the different lengths of the DNA
strands and the small sample size, this was not performed in this research.

Knowing that objects as large as dCas9 can enter loops, the next question
is whether there is a size limit of roadblocks, after which loop extrusion is not
anymore possible. In order to test this, dCas9 could be used as a vehicle to carry
proteins or nanoparticles and bind to the DNA in a stable and sequence-specific
way.

Nucleosome reconstitution was attempted multiple times, though it only
succeeded once. During that time, the nucleosomes showed an estimated sta-

23
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bility of 10 minutes, after which the majority had dissociated from the DNA.
In this time period, it was not possible to perform loop extrusion experiments.
The other times nucleosome reconstitution was attempted, gel electrophoresis
assays prior to testing in the flow channel showed that nucleosomes had not
bound to the DNA, which was confirmed by imaging of the DNA in a flow chan-
nel. Even though there was not enough time to perform loop extrusion experi-
ments, it was possible to characterise the nucleosome-bound DNA.

Interestingly, one study[13] has reported nucleosome lifetimes on the DNA
of over 100 minutes, while using methods very similar to the ones in this study.
Slight alterations to the protocol might explain the observed difference in stabil-
ity. Firstly, nucleosome-bound DNA was flowed into the flow channel in salt-free
buffer, whereas we used regular T20 buffer to dissolve the nucleosomes. Since
nucleosomes are stored in a salt-free medium, the sudden change of salt con-
centration might induce dissociation of the histones. Secondly, while we used
SxO as a dye for the visualisation of DNA, in this study they used YOYO1, which
might have different intercalation properties that affect the way the histones are
bound to the DNA. Lastly, our assay uses an oxygen scavaging system, which is
absent in the study mentioned before. Though this is not expected to influence
the stability of the nucleosomes, it is still worthwhile to eliminate this factor.

While DNA loop extrusion experiments could not be performed after nucle-
osome reconstitution, it is still interesting to try loop extrusion with nucleosome-
bound DNA, given the high biological relevance of the model. Future exper-
iments could try rapid loop extrusion experiments in which a relatively high
concentration of condensin is rapidly flowed into a side-flow channel. When
nucleosomes appear in DNA loops, as visualised using a side flow, this will pro-
vide evidence that they are incorporated into loops.

Quantifying the way roadblocks affect loop extrusion by condensin can help
improve models of chromatin compaction, by providing more accurate data on,
for instance, stalling time and loop extrusion speed. This is especially relevant
for nucleosomes, as they are one of the main proteins that form chromatin, and
therefore characterisation of loop extrusion with nucleosomes could greatly im-
prove the existing models.

The roadblock concept is not only important for explaining loop extrusion
on the crowded DNA that constitutes chromatin fibres, but might also play a
role in unravelling the molecular mechanism underlying loop extrusion by con-
densin. Over the years, several models have been proposed to explain the loop
extrusion mechanism, but there is no decisive evidence favouring one of the
models[29]. The fact that dCas9 can be incorporated into loops is consistent
with models that involve scrunching or sequential walking.

In summary, we have looked at loop extrusion by yeast condensin on DNA
containing dCas9 or nucleosomes, using single-molecule imaging in a flow cell.
Using dCas9, it was demonstrated that loop extrusion is not affected by the pres-
ence of this roadblock, as dCas9 is incorporated into loops without causing stop-
ping, stalling or dissociation of condensin. Reconstitution of nucleosomes did
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not prove successful, as several attempts failed and nucleosomes disassociated
within approximately ten minutes from the DNA. Performing loop extrusion ex-
periments with nucleosome-bound DNA, however, could greatly impact our un-
derstanding of chromatin structure and DNA condensation.
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