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1
Preface

DNA in every living cell has to be organised in such a way that it fits inside the cell, but at
the same time stays accessible for cellular processes. To achieve this, cells use proteins
to organise the DNA. Members of the SMC (structural maintenance of chromosomes)
family are important players in this process, conserved from bacteria to humans. In this
introduction, we review the history of SMC proteins and their role in DNA organisation.
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1.1. DNA organisation
Cells need a way to store their genetic information. The polymer DNA (deoxyribonu-
cleic acid) fulfils this role, with all information encoded in its sequence. DNA has to be
stored properly, but it also needs to be replicated, expressed, and repaired. Every cell
in every organism deals with the challenge of organising its DNA to make this possible.
To fit inside a cell with a size in the micrometer range, the meters-long DNA has to be
compacted to a size that is several orders of magnitude smaller. In humans, for example,
each cell contains a genome of about 2 meters of DNA, that has to fit inside a cell that is
a few microns in size.

While in the compacted state, the DNA still needs to be accessible for cellular pro-
cesses such as transcription, translation, and DNA repair. To achieve this, the DNA is or-
ganised into chromosomes. Prokaryotes commonly have only one chromosome, organ-
ised in the nucleoid: an irregularly shaped region that is not confined by a membrane.
DNA segregation occurs in parallel with replication (for a review on bacterial chromo-
some organisation, see [1]). Eukaryotes have multiple, linear chromosomes that are or-
ganised in the cell nucleus. The nucleus is membrane-enclosed. Here, the processes of
segregation and replication are separated in time. Besides the global folding to fit inside
the cell nucleus, eukaryotic DNA needs a second level of compaction into mitotic chro-
mosomes. All organisms use similar strategies for organising their DNA: supercoiling [2],
and protein-assisted organisation [3].

DNA binding proteins or nucleoid/nuclear associated proteins (NAPs) are numer-
ous, diverse, and unevenly understood. General common factors are 1) association with
DNA, and 2) their ability to alter the trajectory of the DNA. They can do so by, for ex-
ample, forming DNA bridges (e.g., Fis, H-NS), wrapping DNA around them (e.g., nucle-
osomes), or bending the DNA (e.g., HU). SMC proteins are known to interact with DNA
and alter its shape, but we are still largely in the dark on their particular mechanism.

1.2. A short history of SMC proteins
Cohesin, condensin, Smc5/6, MukB, and BsSMC are nowadays known as members of
the family of Structural Maintenance of Chromosomes. Originally, however, the SMC
acronym stood for Stability of Mini-Chromosomes [4]. After discovering the involvement
of S. cerevisiae Smc1 in chromosome segregation [5] and Smc2 in chromosome com-
paction, it was proposed that the original SMC acronym should be redefined as Struc-
tural Maintenance of Chromosomes [6], which indeed became the convention. We now
know SMC proteins as large, ring-like complexes, consisting of a dimer of SMC proteins
that are connected at a hinge, and a kleisin subunit, that bridges the ATPase heads of the
SMC dimer. Until today, we are not aware of the existence of an organism that does not
express an SMC protein [7].

The dynamic behaviour of chromosomes in the cell cycle has been described long
ago, even before DNA was identified as the carrier of genetic information [8]. Sister chro-
matid cohesion (sister chromatids keeping together while microtubules exert pulling
forces) and chromosome condensation (DNA compaction into mitotic chromosomes)
were already observed as relevant processes by Walter Flemming, who drew pictures of
both phenomena in detail at the end of the 19th century (Figure 1.1a). A few years later,
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the names of the "phases" of mitosis were introduced. Now, we can visualise this pro-
cess with microscopy (Figure 1.1b). A century later, cohesin and condensin were found
essential players in this process, and in 1997, both complexes were named [9, 10].

Cohesin

Cohesion of sister-chromatids had long been recognised as an important event, and
scientists already suspected that a protein factor was responsible for resisting micro-
tubule forces, and subsequently destructing cohesion. Throughout the nineties, differ-
ent pieces of the puzzle came together, and cohesin was identified.

The SMC1 gene was already described as encoding a head-rod-tail type of protein
in the early nineties [5]. In a 1997 paper, Smc1, Smc3 and the kleisin Scc1 were iden-
tified as proteins that ensure chromosome cohesion [10]. Soon thereafter, it was found
that cohesin indeed ensures proper attachment of microtubules [12], and cleavage of the
Scc1 unit by separase was the event that triggered separation of sister chromatids [13, 14]
(Figure 1.2). Besides this anaphase pathway, it was shown that most cohesin complexes
are released from the DNA in prophase [15]. Proof that cohesin forms a ring came a few
years later [16, 17], followed by studies showing that cohesin topological embraces DNA
[18, 19]. Recently, topological loading was also shown in vitro [20, 21].

A major open question is: how does cohesin load onto the DNA? We know that cleav-
age of Scc1 by separase releases cohesin from DNA in at the onset of anaphase, but how
does it release from DNA in the prophase pathway? In vivo cross-linking studies indi-
cated that loading of cohesin onto DNA involves opening of the hinge domain [22], while
the prophase DNA exit gate was proposed to be between Scc1 and the Smc3 coiled coil
[23]. This dissociation pathway is regulated by the protein Wapl [24]. However, in vitro
loading studies indicate that both loading and release involves ATP hydrolysis and open-
ing of the Scc1-Smc3 interface [20].

Cohesin’s role in gene expression was first discovered in yeast, where it was found at
the boundaries of silenced chromatin [25]. The discovery that cohesin mediates tran-
scription through association with CTCF binding sites, together with the invention of
chromosome-capture techniques, opened up a new area of research [26, 27].

If cohesin is not functioning correctly, this can result in a range of diseases and de-
fects. A number of developmental disorders originate from genetic mutations in co-
hesin. These disorders are termed cohesinopathies, and typically result in a range of
developmental effects like mental retardation, growth defects, and deformed limbs [28].
Cohesion needs to resist in female oocytes for decades, from birth till maturity, and loss
of this cohesion can result in aneuploidy [29]. Similarly, most cancer cells have an ab-
normal number of chromosomes. It is therefore not surprising that cohesin subunits
and regulators are mutated in about 7% of all cancers [30].

Condensin

In 1994, Hirano and colleagues identified the Xenopus proteins XCAP-C and XCAP-E as
necessary for chromosome condensation in vitro [31] (Figure 1.3). During submission of
their manuscript, they learned that XCAP-C and XCAP-E were the Xenopus homologues
of condensin [32]. It was almost a decade later that it was discovered that vertebrates
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Figure 1.1: Visualisation of mitosis. a. Walter Flemming’s drawings of mitosis from the year 1882. He doc-
umented the processes of compaction into mitotic chromosomes (A to E) as well as the alignment and sepa-
ration of sister chromatids (F to J). Image adapted from [8]. b. Microscopy images of a cell in mitosis. Once
the nuclear envelope breaks down, the DNA (stained in blue) goes from a blob that fills the entire nucleus to
neatly packed chromosomes. The sister chromatids stay cohesed while the microtubules (in green) are pulling
on them, until separation in anaphase. From [11].
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Figure 1.2: Models for sister chromatid cohesion and release. a. In 1999, it was already known that sister-
chromatid separation was triggered by cleavage of the Scc1 cohesin subunit, but the geometry of the full co-
hesin complex was unknown. Image adapted from [13]. b. In 2002, it was discovered that cohesin formed a
ring. Image adapted from [16]

Figure 1.3: Condensin structure as pictured in 1994. XCAP-E and XCAP-E were later identified as Smc2 and
Smc4. The DA box and NTP binding domain together form the Walker A/Walker B ATPase heads. From [31].

cells possess two condensin complexes (condensin I and condensin II) that have the
same SMC-dimer but different non-SMC subunits [33].

A few years after cohesin, condensin was shown to bind DNA topologically, too [34,
35]. The role of ATP hydrolysis is still enigmatic, but it has been shown that condensin
can associate with DNA in the absence of ATP [36, 37]. In addition, it was shown that con-
densin’s HEAT repeats bind DNA directly [38]. How the condensin loads onto the DNA is
still unknown. Crosslinking of the subunit interfaces (like for cohesin) is an experiment
that still has to be done.

Other SMC complexes

Interestingly, although identified in 2000, the Smc5/6 complex does not yet have a name
that associates with its function. It is also the least well understood [39]. Like cohesin
and condensin, Smc5/6 links DNA by forming a ring consisting of an SMC-dimer and a
kleisin subunit [40]. The complex was originally identified as involved in DNA repair, but
Smc5/6’s function might be more diverse [41]. Interestingly, it is the only SMC complex
that contains subunits with catalytic activity besides the ATPase heads [42].

This thesis focusses on eukaryotic SMC proteins. Historically, the eukaryotic proteins
were the first to be classified as parts of the SMC family, but homology to prokaryotic pro-
teins was found around the same time [43]. The Bacillus homologue was found in 1996
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[44], and identified a few years later as indeed a member of the SMC family [45]. Mean-
while, MukB was found to be required for chromosome partioning in E. coli in 1991 [46].
ATPase activity and binding to DNA was soon found in a follow-up paper [47], where
electron micrographs showed the characteristic hinge/coiled-coil/head structure. Inter-
estingly, it wasn’t until an important imaging study from 1998 that MukB was considered
a member the SMC family [48].

1.3. In this thesis
Decades of research have shown that SMC proteins are essential for all forms of life. How
they use their remarkable ring-like structure and ATPase activity is still fascinating the
field. Many questions remain unanswered. What is the general conformation of the SMC
complexes? What is the role of ATP binding and hydrolysis? What mechanism do SMC
proteins use to organise DNA? How does all of this differ between different complexes
and species?

Currently, the mechanism of SMC proteins is an essential, yet still poorly understood
process in cell biology. A review from 1995 already contained the same statement that we
still use today: "Mechanistic studies of SMC function should help unravel the mysteries
of chromosome dynamics." [49]. In this thesis, we approach this open question from a
single-molecule perspective.

In Part I of this thesis, a general introduction is given and the history of SMC proteins
is reviewed. More specifically, we look at the insights obtained with biophysical methods
in chapter 2.

Part II of this thesis focuses on the structure and mechanism of the condensin com-
plex. In chapter 3, the topology of condensin’s Smc2-Smc4 dimers is probed with high-
speed atomic force microscopy. We show that the coiled coils are flexible, and that the
SMC dimers can adopt various conformations. In chapter 4, we use DNA curtains to
demonstrate that condensin is a mechanochemical motor that translocates along the
DNA. The translocation proceeds with a velocity of ~60 basepairs per second, and is
only observed in the presence of hydrolysable ATP. Chapter 5 describes our results from
a magnetic tweezers assay where we monitor condensin mediated compaction in real-
time. We show that compaction proceeds with distinct steps of ~200nm. Our results indi-
cate that condensation requires two distinct steps: electrostatic interaction of condensin
with DNA, followed by ATP-hydrolysis-driven topological interaction and compaction.

Part III of this thesis works towards force spectroscopy on the cohesin complex. Chap-
ter 6 describes a new method for attachment of biomolecules in magnetic tweezers:
copper-free click chemistry. Development of this technique was necessary for the ex-
periments conducted in chapter 7, where we attempt to probe the rupture force of a
single cohesin complex with force spectroscopy. We describe our methods for designing
the experiment, show preliminary data, and end with recommendations and outlook for
pursuing this project.
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Biophysical approaches to clarify

the mechanism of SMC proteins

Structural Maintenance of Chromosome (SMC) complexes are vital regulators of chro-
mosome architecture, and essential in all domains of life from bacteria to humans. For
decades, the field has been debating how these SMC protein complexes are able to mech-
anistically use their intricate ring-like structure to structurally organize DNA. Single-
molecule biophysical techniques might be key to resolve the molecular mechanism of
SMC proteins. This review provides an overview of insights obtained so far with such
biophysical methods.

J.M. Eeftens and C. Dekker, submitted (2017)
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Genomes of different organisms vary greatly in size, from a million to hundred billion
base pairs, but all share the challenge that they need to be squeezed into a micron-size
cell that is many orders of magnitude smaller than the length of the DNA. The spatial
organization of the genome within cells is an intriguing scientific question of strong cur-
rent interest. DNA needs to be strongly compacted, but at the same time organized in
such a way that it is still accessible for processes such as transcription and repair. Struc-
tural Maintenance of Chromosome (SMC) protein complexes are the key players in the
spatiotemporal organization and maintenance of DNA from bacteria to humans. They
are essential for many chromosomal processes such as compaction, chromosome seg-
regation, DNA repair, and gene regulation [1–3].

SMC protein complexes have a unique structural organization, which is character-
ized by a ring shape consisting of three proteins along its circumference: two SMC pro-
teins complemented by a kleisin subunit (Figure 2.1a). The main part of the SMC sub-
units involves a ~50nm long antiparallel coiled coil, connecting a hinge domain on one
end with ATPase heads on the other end. The SMC heads are ABC transporter ATPases,
characterized by WalkerA and WalkerB motifs. All SMC rings associate with different
subunits and co- factors to form functional complexes (Fig.2.1bc) [4].

The ring-like structure is very well conserved, and thus of vital importance for the
function of SMC proteins. Prokaryotes only have a single type of SMC complex. The well-
characterized BsSMC in Bacillus subtilis, for example, contains a homodimer of SMC
proteins and the kleisin protein ScpA, whereas sub-families of γ-proteobacteria (e.g. E.
coli) have an SMC complex called MukBEF (Fig. 2.1b). The structure of MukBEF slightly
deviates from the other SMC complexes, as the MukF kleisin domain forms dimers, thus
allowing the formation of multimers of SMC complexes [5]. Deletion or mutation of
Smc or MukBEF leads to severe chromosomal defects, including disruption of nucleoid
structure and failure to segregate sister chromatids [6–9].

In eukaryotes, the SMC complex has evolved to three types of protein complexes that
are all essential, but that have different, partially overlapping functions: cohesin, con-
densin, and Smc5/6 (Fig. 2.1c). Cohesin is responsible for faithful chromosome segrega-
tion during cell division, as it holds sister chromatids together while they align under the
tension of the mitotic spindle (Fig. 2.2a) [10]. Most of the cohesin is removed from the
chromosome arms in prophase, but some stays bound at centromeres until the onset of
anaphase, when its kleisin Scc1 is cleaved by separase to release the cohesion [10, 11].
In addition, cohesin plays an important role in gene expression (Fig. 2.2b, recently re-
viewed in Ref.[12]). Condensin is the main factor in mitotic chromosome assembly (Fig.
2.2a). Most eukaryotes have two condensin complexes, Condensin I and Condensin II,
that work together to ensure proper DNA compaction and segregation[13]. Like cohesin,
condensin also has non-mitotic chromosome functions, such as gene regulation, dosage
compensation, DNA damage response, and DNA repair [1, 14, 15]. Finally, the Smc5/6
complex is the least well-understood SMC complex. It is needed for double-strand break
repair, while while it also has a role in chromosome segregation [16–19].

2.1. SMC proteins in chromosome organization
The spatial organization of the genome is a topic of intense current study [20]. Genome
mapping studies have provided ample evidence for topological domains and loop for-
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Figure 2.1: Architecture of SMC complexes a. General architecture of SMC complexes. SMC complexes consist
of two SMC proteins that mutually connect at the hinge. In prokaryotes, this is a homodimer, whereas eukary-
ote complexes contain a heterodimer. The other ends of the SMC proteins, the ?heads?, exhibit ATPase activity.
A kleisin subunit completes the ring. b. Overview of prokaryotic SMC complexes. c. Overview of eukaryotic
SMC complexes. The names for the human proteins are listed.
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mation. How exactly such loops are established and stabilized is still unclear, but SMC
proteins are the main candidates for directing these processes. A topological embrace of
DNA, where the SMC complex encompasses one or more DNA molecules, is thought to
be the basis for the function of the ring-shaped SMC complexes, and this unique prin-
ciple has been the starting point for many studies on the molecular mechanism [21–24].
Chromosome-conformation-capture methods (more generally, Hi-C methods) have re-
cently provided great insights in understanding the three-dimensional organization of
chromosomes, and the role of SMC proteins therein [25–27]. The mechanism of loop
formation by SMC proteins has also been extensively investigated with computer simu-
lations.

The classic, most simple model for chromosome organization by SMC complexes is
that random DNA-DNA crosslinks are formed which can be established by trapping DNA
inside the SMC ring [28, 29]. Using condensin, DNA compaction could be achieved by
grabbing two DNA strands and connecting them together inside the condensin ring (Fig.
2.2c). Linking could be realized by a single SMC ring, or by two mutually interacting SMC
rings. The same principle can be applied to cohesin in the context of loop formation and
sister- chromatid cohesion. A stochastic non-specific linking does not explain how chro-
mosomes arrange into elongated loop structures, instead of an entangled random-blob
spatial arrangement and mutually cross-linked sister chromatids. To test if crosslink-
ing suffices to compact DNA into chromosomes, a computer-simulation study modeled
chromosome compaction as stochastic pairwise bonding between condensin molecules
that connect distant DNA sites [30]. This pairwise interaction model condensed the DNA
accurately and matched the Hi-C data, indicating that this simple model can go a long
way to explain basic features of DNA compaction.

Recently, an alternative model, the so-called loop-extrusion model, gained a lot of
attention (Fig. 2.2d) [31–33]. In this model, an SMC protein binds DNA, initiates for-
mation of a loop, and translocates DNA through its ring to form an extending DNA loop
[34, 35]. Such a principle could be employed by condensin to compact DNA into mitotic
chromosomes, or by cohesin to establish loop formation in TADs. For example, cohesin
might halt and anchor the loop when it encounters two CTCF sites. Alipour and Marko
first simulated a 1D model with condensin as a loop-extruding enzyme machine that
employs two DNA- binding sites per protein [31]. The assumption was that each bind-
ing site moves along the DNA, away from the other binding site, in an ATP-hydrolysis-
dependent manner. This drives the extrusion of a loop. The authors found that un-
der certain association and dissociation conditions, two possible outcomes could result:
either formation of loops of variable size with gaps in between, or a stack of proteins an-
choring a single loop. This model was recently applied on a larger scale in two indepen-
dent studies [26, 34]. While these modeled general "extrusion factors", it was speculated
that these factors in fact could be cohesin molecules. Sanborn et al assumed that each
SMC extruder would stop extruding upon recognition of a CTCF motif of the correct di-
rectionality [26]. This led to formation of stable loops in a manner that was consistent
with the experimental Hi-C data that were reported in the same paper. A second study
by Fudenberg et al. came to the same conclusion [34]. Yet another large-scale study
took parameters from experimental studies to model DNA compaction with condensin
as the loop-extruding factor [36]. Depending on parameters, these simulations showed
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Figure 2.2: Main mechanisms of SMC complexes. a. Schematic depicting some of the main biological func-
tions of cohesin and condensin. Condensin compacts the DNA into mitotic chromosomes, while cohesin holds
sister chromatids together at metaphase. b. Cohesin acts as a boundary element for topological associating
domains that are encoded in CTCF-binding sites. c. The random crosslinking model. An SMC complex links
DNA together by trapping two DNA strands inside its ring. This looping can be achieved by a single SMC com-
plex or by two interacting SMC complexes. d. The loop extrusion model. DNA gets trapped inside one or two
SMC complexes upon which a DNA loop further extrudes.
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either loops separated by gaps, or tightly stacked loop-arrays (the latter consistent with
Hi-C data). The authors showed that one condensin per 10-30kb could lead to loop sizes
consistent with Hi-C data. Loop extrusion by condensin was also shown to be able to
compact chromatin into the dense structure characteristic for sister chromatids [37].

Although the random-crosslinking and loop-extrusion are exemplary for the two ma-
jor classes of models, many more variations have been proposed throughout the years,
including clustering-, translocation-, and supercoiling-based models [38–42]. Many ques-
tions remain to be answered for unraveling the mechanism of the SMC protein com-
plexes such as proposed in these various models. At a mechanistic level, we are still in
the dark on how exactly SMC complexes interact with DNA. For example: what confor-
mational changes occur within SMC complexes? What is the role of ATP binding and
hydrolysis? What is the dynamics of loading and unloading? Is loop extrusion really the
all-explaining mechanism? Where are SMC complexes loaded, what drives their proces-
sivity, and how do they know when to stop? How does cohesin recognize CTCF orien-
tation? And if all these questions can be addressed: is this mechanism the same for all
SMC proteins? How do cohesin, condensin, and Smc5/6 differ? How are these eukaryotic
SMC proteins different compared to their prokaryotic counterparts? To what extent is
the molecular mechanism different between organisms? Despite numerous cell-biology
and biochemical studies in the past decades, many questions thus remain and there is a
need for new approaches. As the nature of the most important questions is mechanistic,
we feel that single-molecule biophysical techniques are particularly fit to address these
issues [43].

Excitingly, in the last five years, a lot of progress has been made on purification of sev-
eral SMC complexes, enabling researchers to do more in vitro type of work [44]. While
virtually impossible to deduce from bulk experiments, the mechanical properties of pro-
teins can be probed with various biophysical techniques at the level of individual molecules.
The mechanical properties of SMC complexes are of particular interest from a biophysi-
cal perspective. SMC rings must withstand external forces in the cell throughout various
stages of the cell cycle, such as segregation, and thus must be strong and stable in their
association with DNA [45]. Forces can be applied and probed with methods such as
magnetic tweezers (Fig. 2.3c), optical tweezers, and atomic force microscopes. The two
most common techniques used to visualize SMC complexes at the single-molecule scale
are transmission electron microscopy (TEM, Fig. 2.3a) and atomic force microscopy
(AFM, Fig. 2.3b). Visualization of protein-DNA interactions is also possible with op-
tical techniques such as DNA flow stretching (Fig. 2.3d) [46] and DNA curtains (Fig.
2.3e)[47]: techniques that rely on visualizing a stretched DNA molecule with fluores-
cence microscopy. With Fluorescent Resonance Energy Transfer (FRET), the interaction
between two molecules, or two sites within the same molecule, can be investigated (Fig.
2.3f) [48]. Some of the possibilities and limitations of these techniques are summarised
in Table 1. Below, we review results obtained with these single-molecule techniques on
SMC protein complexes.
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Table 1
Possibilities and limitations of single-molecule techniques.

Technique Possibilities Limitations
TEM Near atomic level imaging, i.e., very high

resolution
Surface technique, imaging in vacuum,
static snapshots, potential artefacts in
sample preparation and contrast en-
hancement

AFM High resolution (nm-scale) imaging of
molecules in air or in liquid, no need for
labeling

Surface technique, static snapshots

High-speed AFM Observing dynamics with nm-scale reso-
lution in liquid. Acquisition of videos at a
rate of up to ~20 images per second

Surface technique

Magnetic tweezers Controlled application of force and
torque, accurate measurement of DNA
end-to-end distance

No visualisation of proteins acting on
DNA

DNA flow-stretching Visualisation of fluorescently labeled
proteins on stretched, immobilised DNA

Limited optical resolution

DNA curtains Visualisation of many DNA molecules in
parallel, i.e., high throughout

Limited optical resolution

FRET Sensitive measurements of local dynam-
ics of spots within proteins by monitoring
the proximity of two fluorescently labeled
sites

Incorporation of fluorescent tags at posi-
tion of interest can be challenging, lim-
ited size range (up to ~10nm)

2.2. Single-molecule imaging of SMC complexes
Their large, multi-subunit architecture make SMC complexes difficult to purify, and struc-
tural information is hard to obtain [49]. Throughout the years, parts of SMC subunits
have been crystalized, though crystal structures of full SMC complexes are not available
(for a recent review on crystallography, see Ref.[49]). Accordingly, most of the informa-
tion that we have on global SMC architecture is from real-space imaging techniques such
as atomic force microscopy and electron microscopy.

TEM can yield high quality images using low-wavelength electrons (Fig. 2.3a). An
electron source emits electrons that are focused into a thin beam that hits the sample
(stained with for example heavy metals for increased contrast), where some electrons are
scattered, while most travel through, creating a "shadow image" of the sample. Potential
artifacts can occur in the sample preparation by transferring proteins from solution to
air to vacuum, a challenge which recently has largely been overcome by cryo-EM [50]
(which, to our knowledge, has not been applied to SMC complexes yet).

In AFM, a sharp tip at the end of a cantilever scans the surface of the sample of in-
terest, oscillating near its resonance frequency (Fig. 2.3b). The oscillation of the tip is
changed as the tip interacts with the sample, and the deflection is detected by a photo
diode. This information is then translated into a topological image with nanometer
resolution. Conventional AFM can be used to take high-resolution static snapshots of
molecules on a surface. Due to recent technical advances, it is now also possible to ob-
serve the motion of single molecules in real-time with high- speed AFM, that can acquire
images at a video rate of 20 images per second [51, 52]. In AFM, there is no need for la-
beling or staining the sample, but a fundamental limitation of both EM and AFM is that
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Figure 2.3: Schematics of common single-molecule techniques a. Transmission electron microscopy (TEM).
b. Atomic Force microscopy (AFM). c. Magnetic tweezers. d. DNA flow-stretching. e. DNA curtains. f.
Fluorescent resonance energy transfer.
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proteins need to be bound to a surface for visualization. We note that some caution is
needed when interpreting images from most EM and AFM reports, as these techniques
dry the molecules, which possibly can kinetically trap them into a non physiological con-
formation.

Despite these potential caveats, imaging techniques have provided a number of valu-
able insights. 1) the structure of SMC subunits, 2) the shape and dynamics of full SMC
complexes, and 3) their interaction with DNA. Specifically, researchers have tried to clas-
sify the shape of the SMC dimers and complexes using the letter system depicted in Fig-
ure 2.4a. This is of interest because the shape may relate directly to the SMC function:
interaction between the heads will close the loop, interaction between heads and hinge
may indicate an intermediate for loading, stiff rods could indicate that the SMC dimers
are clamped onto DNA, etc. So far, the imaging efforts have yielded widely scattered
results for different species of SMC complexes and varying conditions.

The first images of SMC proteins appeared in the early nineties, when bacterial MukB
dimers were visualized with low-angle rotary-shadowing EM [53]. This was the first pub-
lication that reported the globular structures (heads and hinge) separated by coiled-coil
segments, establishing a key step in determining the structure of SMC proteins. Several
years later, higher- resolution EM imaging of MukB and BsSmc dimers revealed another
crucial characteristic of SMC proteins: the antiparallel arrangement of the coiled coils,
that brings the C- and N-terminals together at the head [54]. EM studies also showed
that MukE and MukF bind to the MukB heads [55]. MukB dimers and BsSMC dimers
were mostly observed in I-shaped and V-shaped conformations [53–58], and occasion-
ally in Y- or O-shapes (Fig. 2.4b) [59]. Similar I- and V-shaped conformations were later
found for the full BsSmc-ScpAB complex [60, 61].

One of the unanswered questions for SMC proteins is: do they mutually interact and
cooperate? Interestingly, MukBEF complexes were shown form either fiber-form mul-
timers or rosette shapes [55]. Similar rosette structures were also observed in liquid
AFM for BsSMC [56], while multimers were observed with dry AFM [59]. After incu-
bation with plasmid DNA, MukB complexes were shown to form large networks that
appeared to consist of many catenated plasmids [62]. SMC clusters, however, appear
to be much less prominent for eukaryotic SMCs. A live-cell imaging study used PALM
(Photo Activated Localization Microscopy) super-resolution microscopy to probe the ar-
chitecture of MukBEF complexes in vivo [63]. Despite their different molecular weights,
all subunits displayed the same diffusion coefficient indicating that they were moving
as a whole. Single-molecule fluorescent-particle tracking estimated a stoichiometry of
4:4:2 molecules for MukB:E:F, and functional units that consisted of 8-10 such MukBEF
complexes.

Importantly, the first EM studies on eukaryotic SMC complexes confirmed that co-
hesin and condensin share the same head-coiled-coil-hinge structure [64]. Another im-
portant finding was that the anti-parallel coiled coils of cohesin Smc1/Smc3 dimers are
intramolecular, thus folding back on themselves, and not two SMC proteins that are mu-
tually coiled together along their entire length [65]. By imaging individual Smc1 or Smc3
proteins, it was shown that each of them forms an elongated structure with a globular
structure on both sides of the coiled-coil, revealing that cohesin thus consists of one
Smc1 arm and one Smc3 arm that mutually connect at the hinge.
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Figure 2.4: Images of SMC complexes. a. Classification of shape observations with a letter system. b. Images of
various complexes, showing differences and similarities between species and techniques. Best-quality images
are selected. MukB and BsSMC: EM images adapted from [54]. Smc1/3: EM images from [65], dry AFM images
from [66]. Smc2/4 dimers: stills from high-speed AFM movies obtained from [67]. The letter in each panel
indicates the letter-shape identified, as tabulated in panel a.
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Cohesin and condensin (both dimers and holocomplexes) were imaged for a variety
of species. Budding yeast Smc1/Smc3 dimers in the presence of ATP were reported to
be in both V- and O-shapes (Fig. 2.4b), but mutants deficient in ATP binding showed
less head engagement, suggesting that ATP binding influences the interaction between
the cohesin heads [66, 68]. An AFM study in liquid reported I-shaped cohesin dimers,
and the authors suggested that both coiled coils were in fact mutually intertwined in this
I-shape [69]. Interestingly, deacetylated cohesin showed a higher occurrence of V- and Y-
shaped Smc1/Smc3 dimers, suggesting that modifications such as acetylation influence
the orientation, possibly also for condensin [64]. The majority of full cohesin complexes
(human and yeast) was found to be in a V-, O- or Y-shape (Fig, 2.4b) [65, 68, 70]. In some
cases, kinks in the coiled coils were observed. Several groups have attempted to visu-
alize the interaction of condensin with DNA. With electron spectroscopic imaging [41],
Xenopus condensin was visualized to interact with plasmid DNA in an ATP-hydrolysis
dependent matter. Remarkably, the DNA appeared to be wrapped around the heads,
which occurred only in the presence of ATP [71]. This led to the proposal of a model in
which condensin, creates supercoils by wrapping DNA around the ATPase heads [41].

It is likely that different conformations exist for the same SMC complex, depend-
ing on the function and stage in the cell cycle, and that these conformational changes
are dynamic. Condensin Smc2/Smc4 dimers imaged with high-speed AFM in liquid at
physiological conditions indeed showed complexes that switched between various con-
formations over time [67]. The dimers were observed to switch between V-, O-, B- and
P-shape, while I- shaped condensin dimers were not detected. While the existence of the
head- hinge interaction has been predicted, this is the only report on B- and P- shapes
so far [72, 73]. Furthermore, this study revealed that the coiled-coils are flexible, with a
persistence length of only ~4nm [67]. This indicates that condensin has the structural
flexibility to change conformation and engage in chromatin embrace. Cohesin was also
imaged with high-speed AFM, showing that the coiled coils were flexible and that the
molecules change their configuration within imaging time, but no quantification was
given [69].

Out of all SMC complexes, the architecture and function of Smc5/6 is the least well
studied. Remarkably, to our knowledge, there has not been any imaging or single-molecule
study of the Smc5/6 complex. Visualization of this complex and its arrangement of sub-
units would greatly aid our understanding of its structure, but the bottleneck will be the
purification of a clean and complete complex [17, 23].

In conclusion, the abundance of imaging studies has not resulted in the determi-
nation of a uniform conformation of SMC complexes, as the results are found to vary
between groups, species, imaging techniques, and sample preparation methods. In fact,
these studies have shown that these flexible complexes can adopt many different con-
formations.

2.3. Force spectroscopy with magnetic tweezers
The reorganization of DNA by SMC proteins can be studied in real time using single-
molecule tweezers. Magnetic tweezers are exceptionally suitable to apply a force clamp
on a molecule, monitor changes in DNA length upon protein binding, as well as to study
DNA supercoiling induced by SMC complexes [74]. In magnetic tweezers, a DNA molecule
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Figure 2.5: SMC-mediated DNA compaction in magnetic tweezers. a. Basic principle of the magnetic tweez-
ers assay to monitor DNA compaction: A DNA molecule is stretched between a magnetic bead and a sur-
face. Upon addition of condensin, the DNA is compacted and the end-to- end distance of the DNA decreases.
Adapted from [75]. b. DNA compaction by the S cerevisiae condensin complex, in the presence of ATP. Different
shades of gray represent different DNA molecules in the same experiment. Adapted from [75]. c. Schematic
representation of the time sequence in the magnetic-tweezers DNA-bridging experiment. DNA bridges were
introduced by rotating beads that have two attached DNA molecules, in the presence of MukB. Subsequently,
the bead was untwisted to zero rotations to attempt to remove bridges. d. DNA extension (red) decreases as
the magnets make one turn (blue), and recovers to the initial extension in the absence of protein (double ar-
row). In the presence of MukB, a delay in this recovery is observed (arrows, tl i f e) which was attributed to a
MukB-induced bridge that was released after some time tl i f e.

is tethered between a surface and a magnetic bead (Fig. 2.3c). An external magnet is
used to manipulate the bead, and thus the molecule. Rotation or vertical movement
of the magnets can, respectively, apply torque and force to the molecule. Note that in
this technique, the read-out is the z-position of the bead, which can be very precise,
allowing a very accurate measurement of the DNA end-to-end length. A limitation of
conventional magnetic tweezer techniques is that the proteins acting on DNA cannot be
visualized.

Magnetic tweezers have been used to monitor the end-to-end distance of a DNA
molecule as it gets shortened by compacting SMCs (Fig. 2.5a). A pioneering study with
condensin holocomplex extracted from mitotic Xenopus leavis cells showed compaction
and decompaction in large steps (±70nm) upon addition of ATP. Compaction was not
observed in the absence of ATP, and only very weak compaction was seen when con-
densin from interphase cells was used [76]. Although no compaction was observed in
the absence of ATP, condensin did interact with DNA in an ATP-independent fashion.
Applying forces >10pN reversed compaction. Similar results were found in a recent mag-
netic tweezers study on the S. cerevisiae complex (Fig. 2.5b)[75] that showed compaction
in large steps (~200nm), and revealed how the rate of compaction depends on protein
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concentration, ATP concentration, and applied force. Compaction was found to be re-
versible with high salt, but condensin remained bound, indicating topological loading.
Interestingly, although previously reported in biochemical studies [39–41], both mag-
netic tweezers studies on eukaryotic condensin failed to detect a putative supercoiling
activity for condensin.

The E.coli MukB dimer similarly showed compaction of DNA against low forces in a
stepwise manner, with steps of ~70nm [77]. Addition of the subunits MukE and MukF
decreased the rate of compaction. The authors argued that MukB formed clusters that
could resist forces up to 10pN. ATP had no effect on compaction rate but shortened the
time before initiation of compaction. Two DNA molecules were attached to one mag-
netic bead, probing the ability of MukB to form a bridge between two DNA molecules
(Fig. 2.5c,d) [78]. Interestingly, the probability that an SMC complex would form a bridge
was increased in the presence of ATP, and decreased for an ATPase mutant.

Surprisingly, budding yeast’s Smc1/3 dimer (i.e. not the full complex but merely the
cohesin dimer) was reported to compact DNA in an stepwise manner (130nm steps) as
well [70]. This compaction was not dependent on ATP and compaction still occurred
when a headless variant (i.e. without the ATPase heads) was used, but not when the
hinge was replaced. Note that protein aggregation can also lead to a reduced end-to-end
distance of a DNA molecule in magnetic tweezers, calling for caution in interpretation
results.

We note that all the step sizes reported so far in these SMC-induced DNA conden-
sation studies are strikingly large (70-200 nm), much larger than for common DNA-
translocating motor proteins such as helicases, translocases or polymerases which typ-
ically move in 1-bp increments [79–82]. In fact, these large steps are similar to or even
larger than the size of the SMC complexes themselves, which measure maximum 70nm
along their longest axis [64]. A similar size suggests conformational changes at the scale
of the full SMC complex itself, while even larger steps are puzzling, yet consistently found
in different studies. Such very large steps may involve the concerted action of multiple
SMC complexes, or bursts of fast sequential steps of a single SMC complex - clearly a
direction of further future research.

2.4. Fluorescent imaging techniques
The interaction between SMC complexes and DNA can be visualized with fluorescent
imaging techniques. Typically, the DNA and the protein of interest are fluorescently la-
beled. In a flow-stretching experiment, a linear DNA molecule is stretched out along a
PEGylated glass slide, and SMC complexes may bind to spots on the DNA (Fig. 2.3d).
With the DNA curtain technique, DNA is attached to freely diffusing lipids that, upon
applying a flow, diffuse towards micro-fabricated barriers, where "curtains" are formed
(Fig. 2.3e). An advantage of DNA curtains is that many DNA molecules can be visualized
in parallel, making it easier to build statistics in these single-molecule experiments. The
drawbacks of both techniques are the limited optical resolution (typically >300nm), and
the fact that conformational changes (such as compaction) in the DNA are difficult to
observe when the DNA is fixated at both ends.

Using single-molecule imaging on flow stretched DNA, fluorescently labeled individ-
ual BsSMC complexes were shown to have two types of behavior when bound to DNA:
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Figure 2.6: SMC motion on flow-stretched DNA. a. Individual BsSMC complexes slide on DNA, switching
between static binding at one spot and random one-dimensional diffusion along the DNA. Adapted from [42].
b. At high concentrations, BsSmc complexes cluster and compact DNA. Kymograph shows the quantum-dot-
labeled end of a DNA molecule (see inset) that is compacted. Adapted from [42]. c. Obstacles (in this case
nucleosomes) restrict the mobility of cohesin. Cohesin is seen to transiently pause at the nucleosome, but it
is able to diffuse past it. Adapted from [83]. d. Kymograph showing motor action of condensin as complexes
bind and slide along DNA in an ATP-dependent linear motion over very long length scales (>10 µm). Adapted
from [84].

static binding and one-dimensional Brownian diffusion (Fig. 2.6a) [42]. At higher con-
centrations, clusters of BsSMC were able to compact the DNA against the flow on a single
tethered curtain (Fig. 2.6b). The presence of ATP had only a marginal influence on the
compaction rate, while the presence of non-SMC subunits ScpA and ScpB reduced clus-
tering on DNA. Interestingly, a headless mutant also showed local bending of the DNA.
The authors suggested that the ATPase domains are required for cooperative clustering,
while single BsSMC dimers might bend the DNA, thereby locally compacting the DNA.

Two studies on cohesin showed a similar diffusive behavior for motion along the
DNA. A DNA curtain study on S.pombe cohesin found a diffusion constant of 3.8±0.2µm2/s
at 500mM salt [83], which is similar to that found for human cohesin on flow-stretched
DNA (1.7±0.1µm2/s) [85]. These values correspond well to an in vivo estimate for the dif-
fusion of cohesin (3.0±0.2µm2/s) [86]. Both studies found that ATP or a cohesin loading
complex were not necessary for cohesin loading and diffusion. Cohesin remained asso-
ciated with DNA at high salt concentrations, consistent with biochemical experiments
and highly suggestive of a topological-embrace model [87].

Both studies also aimed to probe cohesin’s ability to diffuse past obstacles of various
sizes. DNA-bound obstacles with a size up to ~10nm could be passed without problems,
but complexes >20nm could not be overcome. Cohesin was found to occasionally pause
upon encountering a nucleosome, but it could diffuse over it (Fig. 2.6c). Interestingly,
the majority of cohesin failed to pass the transcriptional regulator CTCF, which serves
as a boundary element in vivo [85]. Both the bacterial DNA translocase FtsK and the
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T7 RNAP could push the cohesin ring along the DNA. Although the eukaryotic cohesin
would not encounter these bacterial complexes in vivo, it does indicate that cohesin can
in principle be displaced by polymerases.

A third study probed the dynamics of Xenopus cohesin on flow-stretched DNA [88].
In contrast to the results reviewed above, these authors claim that cohesin diffusion is
dependent on ATP as well as on the cohesin-loading complex Scc2-Scc4. The movement
they observed was consistent with random diffusion rather than active linear transloca-
tion. The presence or Wapl-Pds5 (required for cohesin removal in prophase) was found
to reduce cohesin’s diffusional motion, an effect that was antagonised by acytelation of
cohesin.

Recently, a DNA curtain study showed that the S. cerevisiae condensin complex is
a mechanochemical molecular motor that translocates on DNA (Fig. 2.6d) [84]. The
translocation was ATP dependent, persisted for very long distances (>10kb), and showed
an average velocity of ~60 basepairs per second. Strikingly, condensin was also able to
co-translocate a second DNA molecule along the DNA curtains. These findings show
that condensin has a DNA-translocating motor domain, which is an essential ingredient
for DNA compaction in a mechanism such as loop extrusion. Although loop extrusion is
mostly mentioned in the context of cohesin, eukaryotic condensin is so far the only SMC
protein for which motor activity is reported.

Single-molecule FRET techniques were also used to study the dynamics of SMC com-
plexes. The spatial proximity of two fluorescently labeled sites (with separated excitation
and emission spectra) can be determined with FRET. This principle relies on the energy
transfer by excitation of one fluorophore (donor) to the nearby second fluorophore (ac-
ceptor). The efficiency of this transfer is strongly dependent on to the distance between
the donor and acceptor, making this technique a very sensitive tool to study inter- and
intramolecular interactions, for distances of up to ~10 nm. Incorporation of the suitable
fluorescent tags into the proteins of interest at the position of choice can, however, be
challenging.

The association of cohesin’s head domains was probed with FRET in live cells of bud-
ding yeast [89]. A high FRET value was found constitutively throughout the cell cycle,
indicating that the ATPase heads are in close proximity of each other at most times. No
interactions between the hinge and the heads were detected, indicating that if this in-
teraction exists in vivo, it is very transient. No associations between among different
cohesin complexes could be detected in this in vivo assay. The proximity of the coiled-
coils of both MukB and BsSMC was also probed in vitro with FRET [57]. A truncated form
of BsSMC showed a high FRET efficiency, whereas a MukB fragment showed low FRET,
consistent with an I-shape and V-shape respectively.

2.5. Perspective
The molecular mechanism of SMC complexes, and their function in directing the chro-
mosomal architecture, is one of the hottest topics in cell biology today. Many open ques-
tions remain, and biophysical techniques appear to be key to answering them. Even
though crystallography will continue to yield more (partial) protein structures, the flexi-
ble and open conformations of the full complexes intrinsically will escape notice. Single-
molecule AFM or EM imaging, which circumvents this limitation, has already provided
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new insights in the structure of SMC proteins, and we can expect many more results
from emerging improved imaging techniques such as high-speed AFM and cryo- EM in
the upcoming years. Looking at dynamics with high-speed AFM and FRET will be key to
resolve the large conformational changes that supposedly are associated with the func-
tion of SMCs.

In vitro single-molecule experiments can provide detailed information on the molec-
ular structure and mechanism, but it remains important to consider how their results
can be extrapolated to the in vivo environment of the cell. In vitro studies with partial
complexes in the absence of ATP are tricky to interpret, as partial and ATPase-deficient
complexes are not often viable in vivo. In vivo, SMC complexes are regulated by many
co-factors and modifications, depending on the stage in the cell cycle. As the field is
progressing in understanding these factors and preparing purified proteins of increas-
ing quality and added co-factors, they will become available for single-molecule exper-
iments [88]. Alternatively, one can perform single-molecule experiments on proteins
directly from cell extracts, which may retain their modifications and co-factors. In vitro
single-molecule experiments can also move up in complexity by studying minimal forms
of chromatin instead of naked DNA, which seems well possible since reconstitution of
chromosomes requires a surprisingly low amount of factors [90].

It will be of interest to consider the differences between prokaryotic and eukaryotic
SMC complexes, as they might employ different mechanisms. For example, the prokary-
otic BsSMC was reported to need recruitment factors to become active [91, 92]. Such fac-
tors were not reported for eukaryotic complexes, and indeed, all in vitro single-molecule
studies on eukaryotic condensin reported so far showed compaction activity in the ab-
sence of a loading factor. This apparent difference between eukaryotic and prokaryotic
condensin is unexpected, because from an evolutionary perspective one would expect
the eukaryotic SMC to exhibit a higher complexity with additional co-factors.

The differences and similarities of the various eukaryotic SMC complexes have so
far largely been unresolved. For example, motor activity has only been identified for
eukaryotic condensin, and not for bacterial SMC or for cohesin. It will be interesting
to see if this is an intrinsic difference or related to purification details or functional co-
factors. A very recent study combining Hi- C and computer simulations surprisingly
found that cohesin, and not condensin, was responsible for chromosome compaction
in budding yeast [93]. It may be the case that cohesin and condensin share very similar
mechanisms. Or on the contrary, it may be that the same homologous complex, say
condensin, functions differently in different organisms. This remains to be resolved in
the forthcoming years.

Looking forward, as the field advances in protein purification and in vitro loading
and more biologists are getting acquainted with biophysical tools, we can expect many
more single-molecule studies on SMC proteins in the upcoming years. Critically evaluat-
ing differences between species and different SMC complexes with classical assays such
as magnetic tweezers and DNA flow stretching is of interest. Such experiments should
also be conducted in crowded environments, involving different co-factors known to in-
teract with SMC proteins, as this better mimics in vivo conditions.

Almost all experiments discussed in this review probe a single quantity, for exam-
ple the DNA extension with magnetic tweezers. Progress can also be expected from hy-
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brid techniques that combine multiple single-molecule methods, for example magnetic
tweezers that are combined with fluorescence imaging. Such a combination would bring
the ability to monitor changes in DNA length or linking number while simultaneously
following the action of fluorescently labeled SMC proteins. Similarly, the combination
of FRET measurements on flow-stretched DNA could provide information on the local
conformational changes within molecules while they perform their function on DNA.

Studying SMC proteins is essential for understanding the organization of the genome
in all organisms. New developments in imaging and single-molecule techniques can be
expected to significantly advance our understanding in the forthcoming years.
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3
Condensin Smc2-Smc4 dimers

are flexible and dynamic

Structural Maintenance of Chromosomes (SMC) protein complexes, including cohesin
and condensin, play key roles in the regulation of higher-order chromosome organiza-
tion. Even though SMC proteins are thought to mechanistically determine the func-
tion of the complexes, their native conformations and dynamics have remained unclear.
Here, we probe the topology of Smc2-Smc4 dimers of the S. cerevisiae condensin com-
plex with high-speed Atomic Force Microscopy (AFM) in liquid. We show that the Smc2-
Smc4 coiled coils are highly flexible polymers with a persistence length of only ~4 nm.
Moreover, we demonstrate that the SMC dimers can adopt various architectures that in-
terconvert dynamically over time, and we uncover that the SMC head domains not only
engage with each other but also with the hinge domain situated at the other end of the
~45 nm long coiled coil. Our findings reveal structural properties that shed new insights
into the molecular mechanics of condensin complexes.

This chapter has been published as: J.M. Eeftens*, A.J. Katan*, M. Kschonsak, M. Hassler, L. de Wilde, E.M.
Dief, C.H. Haering, C. Dekker (2016) Condensin Smc2-Smc4 dimers are flexible and dynamic. Cell Reports,
14(8) 1813-1818
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3.1. Introduction
Cohesin and condensin protein complexes play central roles in many aspects of chro-
mosome biology, including the segregation of sister chromatids during cell divisions,
compaction of chromosomes, and regulation of gene expression during interphase (re-
viewed in [1, 2]. Although functionally different, cohesin and condensin have similar ar-
chitectures: both complexes are composed of two different SMC subunits and a subunit
of the kleisin protein family. Together, these three proteins form a ring-like structure that
is conserved from bacteria to eukaryotes. The protein chain of each SMC protein folds
back onto itself to form a ~45 nm long antiparallel coiled coil, which connects a globular
"hinge" domain at one end to an ATPase "head" domain, created by the association of
N- and C-terminal protein sequences, at the other end (Figure 3.1A). Two SMC proteins
form a heterodimer by the association of their hinge domains: Smc1-Smc3 in the case
of cohesin and Smc2-Smc4 in the case of condensin [3]. In addition, the head domains
of the two SMC subunits can associate in the presence of ATP. The functional roles of
ATP binding-mediated dimerization and hydrolysis-dependent dissociation of the two
head domains have remained largely unclear. Both cohesin and condensin have been
suggested to bind to chromosomes by encircling chromatin fibers topologically within
their SMC-kleisin rings [4, 5].

The conformation and dynamics of SMC dimers are of great importance, since they
are thought to mechanistically determine the biological function of all SMC protein com-
plexes. Accordingly, there have been numerous efforts to gain insight into the configura-
tion of the SMC dimers. Electron microscopy (EM) images of cohesin complexes suggest
that the Smc1-Smc3 coiled coils emerge from the hinge domain in an open conforma-
tion, resulting in V- or O-shaped arrangements with the two coils separated along most of
their lengths [3, 6, 7]. V-shaped conformations were also observed for condensin’s Smc2-
Smc4. However, in a large fraction of molecules the Smc2-Smc4 coiled coils seemed to
align, resulting in rod- or I-shaped rather than V-shaped conformations [3, 8]. Support
to the notion that condensin’s SMC coiled coils tightly associate with each other came
from a recent crystal structure of the Smc2-Smc4 hinge domains and parts of the adja-
cent coiled coils, as well as from chemical cross-linking experiments [9, 10]. Small Angle
X-ray Scattering (SAXS) experiments implied that also the SMC subunits of cohesin and
prokaryotic SMC complexes form I-shaped molecules in solution [10]. These contradict-
ing results indicate that it is still unclear which configurations SMC dimers adopt in vivo,
and under which circumstances conformational changes might occur. The major dis-
advantages of all methods that have so far been used to study the configuration of SMC
molecules are that they either probed the protein structure in highly artificial environ-
ments (e.g. dried in vacuum or packed into a crystal lattice) or in a kinetically trapped
state (e.g. by cross-linking).

Atomic Force Microscopy (AFM) has proven to be a powerful tool to visualize biomolecules
and to study their mechanical properties at nanometer resolution without the need for
labeling. Importantly, it can also be carried out in aqueous solution under physiological
conditions. Recent technical advances have made it possible to observe single molecules
in action with high-speed AFM, reaching frame rates of up to 20 frames per second and
thereby allowing imaging in real-time [11, 12]. Here, we use high-speed AFM in liquid,
in combination with supporting data from EM and dry AFM, to probe the structural ar-
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rangement and dynamics of condensin’s Smc2-Smc4 dimers under physiological condi-
tions. We show that the coiled coils are remarkably flexible, allowing the molecules to
adopt various conformations that change over time. We furthermore find that, even in
the absence of ATP or DNA, the heads of the Smc2 and Smc4 subunits dynamically en-
gage with each other and with the Smc2-Smc4 hinge. Our findings show that condensin
SMC dimers are able to adopt various conformations, which suggests that condensin
complexes have the structural flexibility required to engage and link the chromatin fibers
of eukaryotic genomes.

3.2. Results
Smc2-Smc4 dimers display a variety of conformations
While this paper focuses on the results from liquid AFM, we first, as a point of reference
and for comparison to reported data, used rotary shadowing EM to image Smc2-Smc4
dimers purified from budding yeast Saccharomyces cerevisiae (Figure 3.1B). Surprisingly,
in only about one third of the Smc2-Smc4 dimers, the coiled coils were closely juxta-
posed over part or all of their lengths, resulting in the I- or Y-shaped conformations that
were predicted from previous studies [3, 8, 10]. The majority of molecules displayed in-
stead clearly separated coiled coils, resulting in either V-shaped or O-shaped conforma-
tions (Figure S3.1A). In parallel to rotary shadowing EM, we also imaged the molecules
by dry AFM (Figure 3.1C). Consistent with the EM data, the vast majority of molecules
identified in the AFM images had separated coiled coils and appeared as V- or O-shaped
dimers (Figure S3.1B). Notably, we never observed the coiled coils as juxtaposed stiff rods
with dry AFM.

Since earlier EM and AFM studies investigated Smc2-Smc4 dimers of vertebrate and
fission yeast condensin complexes, it is conceivable that the S. cerevisiae Smc2-Smc4
dimer represents an unusual exception to the previously reported rod-shaped architec-
ture. We therefore purified and imaged another Smc2-Smc4 dimer, this time from the
thermophilic yeast species Chaetomium thermophilum (Figure S3.1C). Similar to what
we had observed for the S. cerevisiae Smc2-Smc4 dimer, we again found that the ma-
jority of the molecules were either in the V- or O-shaped conformations. We therefore
conclude that the Smc2-Smc4 dimers of two yeast species, which diverged several hun-
dred million years ago, can adopt a number of different conformations, with the majority
in O- or V-shapes.

Since EM and dry AFM can only gather snapshots of protein conformations, we used
high-speed AFM in liquid to create movies of S. cerevisiae Smc2-Smc4 dimers with a
frame rate of 10 frames/second. We classified the conformations of the dimers in over
1,700 frames taken with high-speed AFM (Figure 3.1D). The V-shaped conformation ac-
counts for a quarter of the cases (Figure 3.1D, first row), while the most abundant config-
uration is the O-shaped conformation (Figure 3.1D, second row). Unexpectedly, liquid
AFM imaging uncovered two additional conformations, which involve interactions be-
tween the head and hinge domains. In a conformation that we refer to as ’butterfly’
(B-shaped), both ATPase heads engage with the hinge and the intervening coils form
two short loops that extrude from this head-hinge complex (Figure 3.1D, third row). In
a conformation that we refer to as P-shaped conformation, only one of the heads en-
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Figure 3.1: S. cerevisiae Smc2-Smc4 dimers adopt a variety of conformations. A. Cartoon of the eukaryotic
condensin complex. Smc2 and Smc4 heterodimerize via their hingedomains. The kleisin subunit associates
with the Smc2 and Smc4 ATPase head domains to create a ring-like structure and recruits two additional sub-
units (shown in grey, not studied here). B. Example image of Smc2-Smc4 dimers imaged by rotary shadowing
EM. C. Example image of Smc2-Smc4 dimers imaged by dry AFM. D. Example images of different conforma-
tional classes of Smc2-Smc4 dimers from high-speed liquid AFM movies. The frequency of each conforma-
tional class (as fraction of 1795 total frames from 18 movies) is indicated. V-shaped: SMCs are only connected
at the hinge while the heads are not engaged, O-shaped: additionally, the heads are engaged with each other,
B-shaped (’butterfly’): both heads are engaging with the hinge, P-shaped: one of the heads is engaged with the
hinge.

gages with the hinge and the other head is moving freely (Figure 3.1D, fourth row). We
conclude that, in addition to the conformations also found with dry imaging techniques,
high-speed AFM in liquid uncovered that Smc2-Smc4 dimers can adopt two additional
conformations that had escaped prior notice.

Smc2-Smc4 dimers undergo frequent conformational changes
Analysis of an individual Smc2-Smc4 dimer recorded in real-time revealed that the dimer
did not remain in one static configuration during the course of the experiment (Figure
3.2). At the start of the movie, the molecule was O-shaped (first frame in Figure 3.2A),
then the heads approached the hinge to form a ’butterfly’ structure (second frame in
Figure 3.2A). The molecule switched between O- and B-shaped conformations multiple
times before converting to a V-shaped ’open’ conformation towards the end of the movie
(last four frames in Figure 3.2A). Remarkably, all Smc2-Smc4 dimers that we studied un-
derwent conformational changes during the imaging time (Figure S3.2).

Head-head and head-hinge engagements are dynamic
To more carefully analyze the dynamics by which the Smc2-Smc4 ATPase heads engage
with each other and with the hinge, we determined the distances between the centers
of the two heads and the distances between the centers of each head to the center of
the hinge. The distance between the heads (Figure 3.3A, top histogram) showed a clear
peak, which can be fit by a Gaussian profile at 2.5 ± 1.3 nm (error denotes standard de-
viation). This peak corresponds to all conformations with associated head domains, i.e.
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Figure 3.2: Smc2-Smc4 dimers change conformations dynamically. A. Snapshots of an Smc2-Smc4 dimer
followed over time with high-speed AFM at a rate of 10 frames per second. Snapshots are taken at various time
points in the movie (shown in seconds). B. Annotation of conformational classes for each frame of Movie S1.
O- shaped conformations are indicated in orange, B-shaped conformations in blue, V-shaped conformations
in red. White gaps indicate that the conformation could not be confidently classified for a particular frame.
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all O- and B-shaped conformations, which group on the left side of the red line in the
scatter plot (Figure 3.3A, main panel). The head-head distance distribution also con-
tained a second population at much larger distances of 20-60 nm (right of the red line),
which corresponds to V- and P-shaped conformations. The distances between head and
hinge domains (Figure 3.3A, right histogram) showed a large peak at 2.4 ± 1.9 nm. This
peak corresponds to conformations in which at least one of the two heads engages with
the hinge, i.e. all B- and P-shaped conformations in the group below the blue line in
the scatter plot. The second broad peak at 23.8 ± 9.1 nm signals the large head-hinge
distance in open V- and P-shaped conformations.

To quantify the degree of openness of the Smc2-Smc4 dimers, we measured the angle
between the two coiled coils at the hinge. For all conformations combined (Figure 3.3B,
black histogram), we find that the frequency of occurrence increases approximately lin-
early up to ~70 degrees and then levels off for higher angles. Low angles are strikingly ab-
sent, which reflects the fact that we never observed a conformation in which the coiled
coils are clamped together into a rod. Furthermore, the angle distribution depends on
the conformation of the dimer. In the O-shaped conformation, the frequency of occur-
rence has a broad asymmetric peak with a maximum near 70 degrees. In all other con-
formations, we observed almost exclusively large-angle conformations.

For comparison, we also measured the hinge angles of S. cerevisiae Smc2-Smc4 dimers
in electron micrographs (Figure S3.3A). We again observed a wide distribution of an-
gles between the two coils, with a peak at around 40 degrees and a lower occurrence of
smaller angles. The quantitative difference between peak values measured by EM and
liquid AFM implies that vacuum drying SMC dimers on mica surfaces, an unavoidable
protocol for EM, may impact the coiled coil arrangement. To exclude the possibility that
the attachment of the head domains to the surface artificially biases the coiled coils into
an open conformation during preparation for EM, we also measured the hinge angles of
’head-less’ C. thermophilum Smc2-Smc4 dimers in electron micrographs (Figures S3.3B
and D) and compared them to the angles measured for full-length C. thermophilum
Smc2-Smc4 dimers (Figures S3.1C and S3.3C). In both cases, we again observed a wide
distribution of angles with a peak around 40 degrees. These measurements confirm that
the coiled coils emanate from the Smc2-Smc4 hinge domains in an open conformation,
rather than in a juxtaposed closed conformation, independent of the presence of the
ATPase head domains or species origin.

The SMC coiled coils are highly flexible
A corollary of the finding that Smc2-Smc4 dimers can adopt a large number of confor-
mations is that the coiled coil structure of the SMC proteins must be very flexible and
thereby allow the free movement of the head domains in relation to the hinge domain.
In fact, the flexibility of the coils can be directly observed in the time-lapse recordings
of the SMC dimers in liquid (Figure 3.2A). Even when the molecule remains in the same
conformational class, the coiled coils are highly mobile. For example, in the last three
panels of the time lapse shown in Figure 3.2A, the Smc2-Smc4 dimer remains in the V-
shaped conformation, but the coiled coils change their position between every frame
(taken at 0.1 seconds intervals). The coils are even able to sharply bend into the B- and
P-shaped conformations to enable head-hinge interactions (Figure 3.1D, third and forth
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Figure 3.3: Structural analysis of Smc2-Smc4 conformations. A. Scatter plot of head-head distances versus
head-hinge distances for each subunit of an Smc2-Smc4 dimer imaged by high-speed liquid AFM (total 1795
frames of 18 independent molecules). Each dot represents a measurement of one SMC subunit. Frequencies
of data points for head-head distances or head-hinge distances are plotted as histograms at the top and right
side of the plot, respectively. Data points left of the vertical red line and below the horizontal blue line: B-
shaped conformations, points left of the red and above the blue line: O-shaped conformations, points right
of the red and above the blue line: V-shaped conformations and the head-hinge disengaged arm of P-shaped
conformations, points right of the red line and below the blue line: the head-hinge engaged arm of P-shaped
conformations. B. Histogram plot of the angles between the Smc2-Smc4 coiled coils, measured at the hinge.
The black histogram shows the frequency of occurrence for all conformations. Histograms for individual con-
formational classes are shown in red (V-shaped), orange (O-shaped), green (P-shaped) or blue (B-shaped).
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WLC with 
Lp=3.8nm

Figure 3.4: The Smc2-Smc4 coiled coils can be characterized by a worm-like-chain model with a persistence
length of about 4nm. The measured end-to-end length histogram (head-hinge distance) of open configura-
tions (grey bars) has a broad peak around 25 nm. This shape is well reproduced by the end-to-end distribution
of 105 simulated worm-like-chain polymers with a persistence length of 3.8 nm (black line).

rows), a motion that could not be achieved if the coiled coils were stiff.
We quantified this flexible behavior of the coiled coils by comparison to theoreti-

cal models developed for flexible polymers. The worm-like-chain (WLC) model is often
used to describe the behavior of homogeneous semi-flexible polymers such as DNA or
proteins [13–15]. In the WLC model, the stiffness of a polymer is expressed as the per-
sistence length Lp . It can be estimated from AFM images through the mean squared
end-to-end distance of the coiled coil (i.e. head-hinge distance, [16]. We took only V-
shaped conformations into account (to exclude the effect of the head-hinge and head-
head interactions) and fitted WLC model predictions to the histogram of end-to-end
lengths of the coiled coils (Figure S3.4A). Because there was no closed form available
to describe this distribution analytically and approximations were only published for
a limited set of persistence lengths [17], we generated the distributions through Monte-
Carlo simulations. These simulations reproduced the histogram of head-hinge distances
for V-shaped conformations quite well. We found that our data is best described by a
WLCmodel with an Lp of 3.8 ± 0.2 nm and a contourlength of 46 ± 2 nm (Figure 3.4).
As a visual control, we used the same simulation algorithm and parameters to gener-
ate example shapes of dimers. The simulations strikingly resemble our observations in
high-speed AFM (Figure S3.4B), hereby confirming our method. We conclude that the
coiled coils of Smc2-Smc4 dimers can be described as flexible polymers with a persis-
tence length of only about 4 nm.

3.3. Discussion
Using high-speed AFM under liquid conditions, we have examined the structure and
dynamics of condensin’s Smc2-Smc4 dimers in real-time and under physiological con-
ditions. Contrary to the suggestion from a crystal structure of the Smc2-Smc4 hinge
domain, cross-linking experiments [10], and from images of Smc2-Smc4 dimers taken
after drying them on a solid surface (Figure S3.1; [3, 8], we never observed rod-shaped
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molecules with their coiled coils juxtaposed under liquid conditions. We conclude that
the coiled coils are not stiff rods, but are instead highly flexible.

Coiled coils serve a broad range of functions in many different proteins. It is hence
useful to put our finding of the highly flexible nature of the Smc2-Smc4 coiled coils (Lp 4
nm) into perspective. While a single alpha helix is very flexible (Lp 1 nm; [18], coiled coils
are in general significantly more stiff. Theoretically, the persistence length of a coiled
coil formed by two alpha helixes has been predicted to be as high as 200 nm [19]. In
reality, the global stiffness of a coiled coil structure depends on its sequence and on local
interruptions by non-coiled sequences. Measured values of Lp of coiled coil proteins
range from 25 nm for myosin II [20] to up to 100 nm for tropomyosin [21–23]. All hitherto
reported Lp values are larger than the value that we deduced for the Smc2-Smc4 dimers,
emphasizing the remarkably flexible nature of these condensin subunits.

We find that Smc2-Smc4 dimers characteristically display an open structure. The
discrepancy to previously reported structures can be due to several factors. Firstly, to
accurately assess the behavior of the coiled coils, it is important to take the full-length
SMC proteins into account, since the engagement of the heads with each other and the
hinge has an influence on the behavior of the coils. Our results indeed indicate that the
heads have a certain attractive force towards each other and to the hinge. Measurements
on truncated proteins that lack the heads or parts of the coiled coil could therefore yield
skewed results. Secondly, sample preparation conditions for EM and dry AFM can result
in experimental artifacts, such that certain conformations are missed. Measuring in liq-
uid at near-physiological conditions is closer to the in vivo situation. Thirdly, our liquid
AFM data shows that the configuration of the SMC dimers is dynamic over time. Con-
sequently, results from bulk crosslinking experiments should be treated with caution, as
transient interactions can be kinetically trapped with this method. Moreover, the open
conformations would be missed and cross-linking interactions might occur between ad-
jacent molecules.

We find that the ATPase heads of the Smc2-Smc4 dimers engage and disengage with
each other in a dynamic manner. Excitingly, we find that the heads also interact dynam-
ically with the hinge, resulting in a hitherto undiscovered structure. The dip in the head-
hinge distance probability density at 7 nm (Figure 3.3A, right panel) suggests that this
interaction takes place despite a considerable entropic penalty. In the P-shaped form,
only one head interacts with the hinge, which indicates that the two ATPase heads in-
teract with the hinge independently of each other. It has previously been suggested that
the head and hinge domains of cohesin?s Smc1-Smc3 dimer might need to associate to
enable an ATP hydrolysis-driven disengagement of the hinge for DNA entry into the co-
hesin ring, a feat that can only be achieved by the folding of the intervening coiled coils
[24, 25]. If DNA enters condensin rings in an analogous manner to what has been pro-
posed for cohesin, then the newly identified ’butterfly’ structure reveals a conformation
that is important in condensin?s DNA loading mechanism.

Here, we demonstrated that high-speed AFM in liquid is able to provide a quantita-
tive analysis of the dynamics of SMC dimers under physiological conditions. We showed
that even in the absence of ATP or DNA, Smc2-Smc4 dimers adopt highly dynamic and
flexible conformations. The biophysical properties of the SMC coiled coils revealed by
our study provide the fundamental basis for the mechanics of DNA entrapment by the
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SMC protein machinery and set the stage for further in-depth biochemical and struc-
tural studies of condensin and cohesin.

3.4. Experimental procedures
Purification of Smc2-Smc4 dimers
S. cerevisiae Smc2 fused to a C-terminal His6 epitope tag and Smc4 fused to a C-terminal
StrepII tag were co-expressed from an episomal plasmid under the control of the galactose-
inducible GAL1 or GAL10 promoters in protease-deficient budding yeast cells (strain
C2598) and purified via Ni-NTA, StrepTactin and gel filtration steps as described [26].

EM and rotary shadowing
Smc2-Smc4 protein preparations were dialyzed for 45 min against 200 mM NH4HCO3,
30% glycerol, 2 mM DTT (pH 7.6). 3 µl of 0.1 mg/ml dialyzed Smc2-Smc4 dimers were
sprayed onto freshly cleaved mica, immediately dried in vacuum and rotary shadowed
with Pt-C at an angle of 7°C. Images were recorded in a Morgagni FEI microscope at
56,000x magnification.

Dry AFM
SMC dimers were diluted to a concentration of 7.1 µg/ml in 200 mM NaCl, 10 mM TRIS-
HCl pH 7.0, 30 mM MgCl2, 5 mM DTT and 10% glycerol. Samples were incubated on
mica for 10 seconds before rinsing with MilliQ water and drying with a nitrogen gun.
Imaging was performed on a Bruker Multimode AFM, using BudgetSensors SHR150 ul-
trasharp probes.

High-speed AFM in liquid
Purified Smc2-Smc4 dimers at a concentration of 2.2 mg/ml were 20x diluted with imag-
ing buffer (20 mM TRIS-HCl pH 7.0, 200 mM NaCl, 10 mM MgCl2, 5 mM DTT, 10%
glycerol) and immediately snap-frozen in aliquots and stored at ?80°C. Prior to imaging,
samples were thawed, diluted another 40x with imaging buffer and a droplet of protein
solution was applied to freshly cleaved mica. After 10 seconds, the surface was rinsed
with imaging buffer and placed - without drying - into the imaging bath of the AFM
(HS-AFM 1.0, RIBM, Tsukuba, Japan). Procedures for imaging were largely according to
those described in published protocols [27]. Nanoworld USC-f1.2-k0.15 and USC-f1.5-k-
0.6 cantilevers were used. AFM movies of selected areas with single molecules, typically
70x80 nm in size, were acquired at frame rates of 2-10 Hz. The tip forces are controlled
through a system that stabilizes the oscillation via a feedback mechanism on the second
harmonic amplitude [28, 29].

Image analysis
A user-guided semi-automatic image analysis was performed. Because of the large data
volume, only every fifth frame of the AFM movies was analyzed. This resulted in a total
of more than 1,700 data points.
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Stiffness analysis and Monte Carlo simulations
We simulated two-dimensional worm-like chains by dividing each chain into N seg-
ments of length Ls =0.2nm, and assigning angles αbetween the segments that are drawn
from a normal distribution with a variance Lp /Ls . This definition of the persistence
length Lp follows the analysis of Rivetti et al. [16]. From the angles between segments, x
and y coordinates are calculated for the entire chain. For each value of the persistence
length and contour length, 106 chains are simulated (See Figure S3.4B for examples), and
histograms are calculated of the end-to-end distances. Using the sum of the least squares
between the Monte Carlo results and the experimental data as a goodness-of-fit estima-
tor, the values of Lp and Lc are iterated to obtain the best fits and confidence intervals.
The errors of the fits are one standard deviation confidence intervals, obtained through
the graphical Monte Carlo method [30]. We note that this procedure significantly ex-
tends beyond the traditional approach first described by Rivetti et al., which yields an
estimate for the persistence length using only the mean square end-to-end distance. In
our case, that approach yields a value of 4.6 nm. The difference can be ascribed to the
fact that data for end-to-end distances near zero are missing from the distribution due
to the head-hinge interactions. Finally, it should be noted that in our experimental data,
the centers of the heads and hinges are taken as markers for the ends of the coiled coils,
i.e., we do not take the finite size of the hinge and head domains into account, nor the
(unknown) position of the attachment points.
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3.5. Supplementary Information
Supplemental Figures
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Figure S3.1: Smc2-Smc4 dimer conformations in EM and dry AFM. A. Examples of different conformation
classes of S. cerevisiae Smc2-Smc4 dimers observed by rotary shadowing EM. Frequencies of occurrence are
listed on the right as a fraction of 500 molecules classified. Molecules were categorized as O-shaped if a space
of at least the width of a coiled coil was visible between the SMC coiled coils. B. Examples of different confor-
mations of S. cerevisiae Smc2-Smc4 dimers observed by dry AFM. Frequencies of occurrence are listed on the
right as a fraction of 400 molecules classified. C. Examples of different conformations of Ch. thermophilum
Smc2-Smc4 dimers observed by rotary shadowing EM. Frequencies of occurrence are listed on the right as a
fraction of 400 molecules classified.
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Figure S3.2: Conformational changes of different Smc2-Smc4 dimers followed by high- speed AFM. Con-
formations of individual frames of eight movies of different Smc2-Smc4 molecules were classified. V-shaped
in red, O-shaped in orange, P-shaped in green, B-shaped in blue. White gaps indicate that the conformation
could not be confidently classified for a particular frame.
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Figure S3.3: Coiled coil angle measured in electron micrographs. A. Histogram frequency plot of coiled-coil
angles measured at the hinge of full-length S. cerevisiae Smc2-Smc4 dimers (displayed as fraction of a total
430 individual molecules). B. Example image of ?head-less Ch. thermophilum Smc2-Smc4 dimers imaged
by rotary shadowing EM. C. Histogram frequency plot of the coiled coil angles at the hinge of head-less Ch.
Thermophilum Smc2-Smc4 dimers (displayed as fraction of a total 385 individual molecules). D. Histogram
frequency plot of the coiled coil angles at the hinge Ch. Thermophilum Smc2-Smc4 dimers (displayed as frac-
tion of a total 613 individual molecules).
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Figure S3.4: A worm-like chain model to describe the behavior of Smc2-Smc4 dimers. A. We simulated
worm-like chains with varying persistence length and a set contour length of 46 nm. A persistence length
of 3.8 nm fits our data measured for S. cerevisiae Smc2-Smc4 dimers in the V-shaped (grey histogram) best, as
judged from minimizing for the least squared residues. B. We used the found persistence length of 3.8 nm to
simulate the behavior of the coiled-coils. The results of these simulations resemble our AFM images.
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Table S1
Persistence lengths of coiled coils and other biological polymers, ranged from stiff to
flexible.

Polymer Persistence length Reference
Coiled coil (theoretical) 200nm Yogurtcu et al., 2010[19]
Tropomyosin coiled coil 40-100nm Li et al., 2010, 2012; Loong et al., 2012[21–23]
Vimentin coiled coil 63nm Ackbarow and Buehler, 2007[31]
Double stranded RNA 62nm Abels et al., 2005[32]
Double stranded DNA 50nm Bustamante et al., 1994[13]
Rad50 coiled coil 35nm de Jager et al., 2001[33]
Myosin II coiled coil 25nm Schwaiger et al., 2002[20]
Smc2-Smc4 coiled coil 4nm this manuscript
Protein alpha helix 1nm Papadopoulos et al., 2006[18]
Single strand DNA 0.8nm Smith et al., 1996[34]
Unstructured amino acid chain 0.4nm Carrion-Vazquez et al., 1999[35]

Supplemental experimental procedures
Force control in AFM imaging and the possible influence of the scanning motion on
SMC dynamics

We operate the AFM in intermittent contact (’tapping’ ) mode. The tapping amplitude A
during imaging is approximately 4 nm, and the ’amplitude ratio’ (imaging amplitude di-
vided by free amplitude) is typically 85-95%. The imaging feedback keeps the amplitude
A constant, but because the drive efficiency of the tapping piezo is subject to temporal
fluctuations, the amplitude ratio can fluctuate substantially outside the user’s control.
To have more control over the applied forces, A2, the second harmonic of the cantilever’s
sinusoidal motion is monitored using a Signal Recovery model 7280 lock-in amplifier
and kept constant by a homebuilt feedback unit, that modulates the drive amplitude.
In the range of imaging parameters that we use, A2 is monotonic in the strength of the
tip-sample interaction, and therefore it is a good proxy for the imaging force. However,
the exact relation between A2 and force depends on several unknown parameters and is
therefore not quantifiable.
The bandwidth of the AFM imaging system depends on the force that is applied to the
sample. At the lowest imaging forces, the image quality is poor and only the location, but
not the conformation of the dimers can be seen. Evaluation of these images indicates
that the mobility of the dimers is not reduced under these imaging conditions compared
to the higher forces used to obtain quantitative results, suggesting that the tip influence
on these results is minimal. To obtain images that are sharp enough to distinguish all
four configurations from each other while maintaining an image speed of 2 frames/s, we
find that an A2 value of 20 pm or more is required. Values of 50-70 pm are sufficient to
obtain high-quality images up to 10 frames/s, and hence we did not go beyond this. No-
tably, within the range of forces that yields movies of sufficient quality, we find no effect
of the imaging on the dynamics of the SMC dimers. In addition, we see no correlation
between the head positions and the fast scanning direction. We therefore conclude that
there is no indication that the AFM scanning induces changes to the molecular config-
uration of the SMC dimers or the dynamic behavior of the heads through energy input
from the tip.
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Purification of full-length Chaetomium thermophilum Smc2-Smc4 dimers

C. thermophilum Smc2 fused to a C-terminal StrepII tag and Smc4 (residues 1-1,542)
fused to a C-terminal His8 tag were co-expressed in Sf21 cells cultured in Sf-900 III SFM
serum-free medium (Invitrogen) from a single baculovirus. About 0.5-0.8x108 Sf21 cells
were lysed by sonication in lysis buffer (50mM TRIS-HCl pH 7.5, 300mM NaCl, 20mM
imidazole, 5mM β-mercaptoethanol) supplemented with 1x Complete EDTA-free pro-
tease inhibitor cocktail (Roche) at 4°C. The lysate was cleared by centrifugation at 45,000xg
for 50min at 4°C and incubated with NiNTA Sepharose (GE Healthcare) for 2h at 4°C.
The resin was washed with ~100 column volumes (CV) lysis buffer before elution with
4 CV elution buffer (50mM TRIS-HCl pH 7.5, 300mM NaCl, 320mM imidazole, 5mM β-
mercaptoethanol). Eluted protein fractions were combined and dialyzed over night at
4°C in dialysis buffer (25mM TRIS-HCl pH 7.5, 300mM NaCl, 1mM DTT), diluted with
10 volumes of low-salt buffer (25mM TRIS-HCl pH 7.5, 100mM NaCl, 1mM DTT), and
loaded onto a 6ml-RESOURCE Q anion-exchange column (GE Healthcare). The resin
was washed with 5 CV low-salt buffer and eluted in a 60ml linear gradient to high-salt
buffer (25mM TRIS-HCl pH 7.5, 1 M NaCl, 1mM DTT). Peak fractions were collected and
concentrated by ultrafiltration with a 100,000 MWCO cut-off Vivaspin concentrator (Sar-
torius).

Purification of head-less Chaetomium Thermophilum Smc2-Smc4 dimers

N-terminally His6-tagged Smc2 (residues 224-982) and Smc4 (residues 509-1,258) from
C. thermophilum were co-expressed in E. coli strain BL21(DE3)Rosetta2 pLysS (Novagen)
grown in 2xTY medium and induced with 200µM IPTG at 18°C for 16h. Cell pellets
were resuspended in lysis buffer (50mM TRIS-HCl pH 7.5, 500mM NaCl, 25 mM imi-
dazole, 5mM β-mercaptoethanol) supplemented with 1x Complete EDTA-free protease
inhibitors and lysed using a sonicator (Branson). Cell debris were pelleted for 1h at
40,000xg and the supernatant was incubated with NiNTA Sepharose (GE Healthcare)
pre-equilibrated in lysis buffer. The resin was extensively washed with lysis buffer and
eluted with 250mM imidazole. Eluted protein was dialyzed to 50mM TRIS-HCl pH 7.5,
100mM NaCl, 1mm DTT and then loaded onto a RESOURCE Q anion-exchange column
equilibrated in the same buffer. Proteins were eluted with a linear gradient to 1M NaCl.
The single peak fraction was concentrated and passed over a Superdex S200 26/60 gel
filtration column (GE Healthcare) in 25mM TRIS pH 7.5, 200mM NaCl, 1mM DTT, where
the proteins eluted in a single peak. Peak fractions were concentrated using a Vivaspin
concentrator, flash frozen in liquid nitrogen, and stored at -80°C.
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4
The condensin complex is a

mechanochemical motor that
translocates along DNA

Condensin plays crucial roles in chromosome organization and compaction, but the
mechanistic basis for its functions remains obscure. Here, we use single-molecule imag-
ing to demonstrate that Saccharomyces cerevisiae condensin is a molecular motor capa-
ble of ATP hydrolysis-dependent translocation along double-stranded DNA. Condensin’s
translocation activity is rapid and highly processive, with individual complexes traveling
an average distance of ≥10 kilobases at a velocity of ~ 60 base pairs per second. Our re-
sults suggest that condensin may take steps comparable in length to its ~50-nanometer
coiled-coil subunits, suggestive of a translocation mechanism that is distinct from any
reported DNA motor protein. The finding that condensin is a mechanochemical motor
has important implications for understanding the mechanisms of chromosome organi-
zation and condensation.

This chapter has been published as: T. Terakawa*, S. Bisht*, J.M. Eeftens*, C. Dekker, C.H. Haering, E. Greene,
Science (2017)
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Structural maintenance of chromosomes (SMC) complexes are the major organizers
of chromosomes in all living organisms [1, 2]. These protein complexes play essential
roles in sister chromatid cohesion, chromosome condensation and segregation, DNA
replication, DNA damage repair, and gene expression. A distinguishing feature of SMC
complexes is their large ring-like architecture, the circumference of which is made up of
two SMC protein coiled-coil proteins and a single kleisin subunit (Fig.4.1A) [1–4]. The
~50-nm long antiparallel coiled-coils are connected at one end by a stable dimeriza-
tion interface, referred to as the hinge domain, and at the other end by globular ATP-
binding cassette (ABC) family ATPase domains [5]. The ATPase domains are bound by
a protein of the kleisin family, along with additional accessory subunits, which vary for
different types of SMC complexes (Fig. 4.1A). The relationship between SMC structures
and their functions in chromosome organization is not completely understood [6], but
many models envision that the coiled-coil domains allow the complexes to topologically
embrace DNA [1–4]. Given the general resemblance to myosin and kinesin, some early
models postulated that SMC proteins might be mechanochemical motors [7–10].

SMC complexes are thought to regulate genome architecture by physically linking
distal chromosomal loci, but how these bridging interactions might be formed remains
unknown [1, 2, 11]. An early model suggested that many three-dimensional (3D) fea-
tures of eukaryotic chromosomes might be explained by DNA loop extrusion (Fig. 4.1B)
[12, 13], and recent polymer dynamics simulations have shown that loop extrusion can
recapitulate the formation of topologically associating domains (TADs), chromatin com-
paction, and sister chromatid segregation [14–18]. This loop extrusion model assumes a
central role for SMC complexes in actively creating the DNA loops [11, 12]. Similarly, it
has been proposed that prokaryotic SMC proteins may structure bacterial chromosomes
through an active loop extrusion mechanism [19–21]. Yet, the loop extrusion model re-
mains hypothetical, in large part because the motor activity that is necessary for driving
loop extrusion could not be identified [11]. Indeed, the absence of an identifiable motor
activity in SMC complexes instead has lent support to alternative models in which DNA
loops are not actively extruded, but instead are captured and stabilized by stochastic
pairwise SMC binding interactions to bridge distal loci [22].

To help distinguish between possible mechanisms of SMC protein-mediated chro-
mosomal organization, we examined the DNA-binding properties of condensin [23]. We
overexpressed the five subunits of the condensin complex in budding yeast and puri-
fied the complex to homogeneity (Fig. 4.1C and fig. S4.1). Electron microscopy images
confirmed that the complexes were monodisperse (Fig. 4.1D). As previously described
for electron micrographs of immunopurified Xenopus laevis or human condensin [24],
we observed electron density that presumably corresponds to the two HEAT-repeat sub-
units in close vicinity of the Smc2-Smc4 ATPase head domains. We confirmed that the
S. cerevisiae condensin holocomplex binds double-stranded (ds) DNA and hydrolyzes
ATP in vitro (Fig. 4.1E and F). Addition of dsDNA stimulated the condensin ATPase ac-
tivity ~3-fold, which is consistent with previous measurements with X. laevis condensin
I complexes [25], and revealed KM and kcat values of 0.4 ± 0.07 mM and 2.0 ± 0.1 s−1,
respectively, for ATP hydrolysis in the presence of linear dsDNA (Fig. 4.1G). Further-
more, condensin could promote extensive ATP hydrolysis-dependent DNA compaction
of single-tethered DNA curtains, which was reversible by increasing the salt concentra-
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Figure 4.1: Biochemistry of budding yeast condensin holocomplexes. A. Schematic of the S. cerevisiae con-
densin complex. The Brn1 kleisin subunits connects the ATPase head domains of the Smc2-Smc4 heterodimer
and recruits the HEAT-repeat subunits Ycs4 and Ycg1. The cartoon highlights the position of the HA3-tag used
for labeling. B. Conceptual schematic of loop extrusion for models with either two (top panel) of one (bot-
tom panel) DNA strand(s) passing through the centre of the SMC ring. C. Wild-type and ATPase-deficient
Smc2(Q147L)-Smc4(Q302L) condensin complexes analyzed by SDS PAGE and Coomassie staining. D. Elec-
tron micrographs of wild-type condensin holocomplexes rotary shadowed with Pt/C. Scale bar: 100 nm. E.
Electrophoretic mobility shift assays with 6-FAM labelled 45-bp dsDNA substrate (100 nM) and the indicated
protein concentrations. F. ATP hydrolysis by wild-type and ATPase mutant condensin complexes (0.5 µM)
upon addition of increasing concentrations of a 6.4-kb linear DNA at saturated ATP concentrations (5 mM).
The plot shows mean ± S.D. of n = 3 (wild-type) or 2 (ATPase mutant) independent experiments. G. Michaelis-
Menten kinetics for the rate of ATP hydrolysis by wild-type condensin complexes (0.5 µM) at increasing ATP
concentrations in the presence of 240 nM 6.4-kb linear DNA. The plot shows mean ± S.D. of N = 3 independent
experiments. The fit corresponds to a Km of 0.4 ± 0.07 mM for ATP and kcat of 2.0 ± 0.1 s−1 per molecule of
condensin (mean ± standard error).
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tion to 0.5M NaCl (Fig. S4.2A-C). An ATPase-deficient version of condensin with muta-
tions in the γ-phosphate switch loops (Q-loops) of Smc2 and Smc4 still bound DNA (Fig.
4.1E), but exhibited no ATP hydrolysis activity (Fig. 4.1F) or DNA compaction activity
(Fig. S4.2D).

We then used total internal reflection fluorescence microscopy (TIRFM) to visual-
ize binding of single fluorescently-tagged condensin holocomplexes to double-tethered
DNA substrates [26]. Initial experiments using single-tethered DNA curtains demon-
strated that condensin could promote extensive ATP hydrolysis-dependent DNA com-
paction, which was reversible by increasing the salt concentration to 0.5 M NaCl (Fig.
S4.2). We next asked whether we could directly visualize the binding of single fluorescently-
tagged condensin holocomplexes to double-tethered DNA substrates. We fluorescently
labeled condensin with quantum dots (Qdots) conjugated to antibodies against the HA3-
tag fused to the Brn1 kleisin subunit (Fig. 4.1A). Electrophoretic mobility shift assays
confirmed that condensin was quantitatively labeled (Fig. S4.3A). Importantly, bind-
ing to the Qdots inhibited neither condensin’s ATP hydrolysis activity nor its ability to
alter DNA topology (Fig. S4.3B and C). We prepared double-tethered curtains by at-
taching the DNA substrates (~48.5-kb λ-DNA) to a supported lipid bilayer through a
biotin-streptavidin linkage, and aligned one end of the DNA molecules at nanofabri-
cated chromium (Cr) barriers and anchored the other end of the DNA to Cr pedestals
located 12 µm downstream (Fig. 4.2A) [26].

Using double-tethered curtains, we were able to detect binding of condensin com-
plexes to individual DNA molecules (Fig. 4.2B). Kymographs revealed that, remarkably,
~85% of all bound condensin complexes (N = 671) underwent linear motion along the
DNA (Fig. 4.2C). The up/down direction of movement was random, but once a complex
started translocation, it generally proceeded unilaterally without a reversal of direction
(reversals were observed occasionally, in 6% of the traces). Condensin has not been pre-
viously shown to act as a molecular motor, but the observed movement is fully consis-
tent with expectations for an ATP- dependent DNA-translocating motor protein. Unlike
the wild-type condensin, the ATPase-deficient Q-loop mutant of condensin only exhib-
ited motion consistent with random 1-dimensional (1D) diffusion (Fig. 4.2D). Wild-type
condensin in the presence of the non-hydrolyzable ATP analog ATPγS also displayed
only 1D-diffusion (Fig. S4.4A). Analysis of the initial binding positions for wild-type
condensin revealed a preferential binding to A/T-rich regions (Pearson’s r = 0.66, P =
5x10−6; Fig. 4.2E), similar to values reported for Schizosaccharomyces pombe cohesin
[27]. In contrast, the condensin dissociation positions were not correlated with A/T
content (Pearson’s r = -0.05, P = 0.77), nor were there any other preferred regions for
dissociation within the DNA, with the exception of the Cr barriers and pedestals (Fig.
4.2F). These findings are consistent with a model where condensin loads at A/T-rich
sequences and then translocates away. Interestingly, previous single-molecule experi-
ments demonstrated rapid 1D diffusion of cohesin on DNA, but found no evidence for
ATP-dependent translocation, suggesting that there may be differences between how the
two SMC complexes process DNA [27, 28].

We used particle tracking to quantitatively analyze the movement of condensin on
DNA (Fig. 4.3A and B, and fig. S4.4B). Wild-type condensin did not travel in a preferred
direction: 52% (N=255/491) of the complexes went one direction, and 48% went the op-
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Figure 4.2: DNA curtain assay for condensin DNA-binding activity. A. Schematic of the double- tethered DNA
curtain assay. B. Still images showing Qdot-tagged condensin (magenta) bound to YoYo1-stained DNA (green).
C. Kymograph showing examples of Qdot-tagged condensin translocating on a single DNA molecule (unla-
beled); the initial condensin binding sites, dissociation positions, and collisions with the barriers/pedestals
are highlighted with color-coded arrowheads. D. Kymograph showing Qdot-tagged ATPase-deficient mutant
Smc2(Q147L)- Smc4(Q302L) condensin undergoing 1D diffusion on DNA (unlabeled). E. Initial binding sites
and F. dissociation site distributions of condensin superimposed on the AT content of the λ-DNA substrate. All
reactions contained 4 mM ATP. Error bars in (E) and (F) represent standard deviations calculated by boot strap
analysis.
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posite direction (N=236/491). The condensin ATPase mutant did not exhibit any evi-
dence of unidirectional translocation. Linear MSD plots were characteristic of random
diffusive motion [29], yielding diffusion coefficients (D1,obs ) of (1.7± 1.4)x10−3 and (0.8±
1.0)x10−3 µm2/s (mean± S.D.) for ATPase-deficient condensin and wild-type condensin
plus ATPγS, respectively.

We used the tracking data to determine the velocity and processivity for wild-type
condensin. A plot of the velocity distributions for data collected in the presence of satu-
rated concentrations of ATP (4 mM; Fig. 4.1G) was well described by a log-normal distri-
bution, revealing a mean apparent translocation velocity of 63 ± 36 bp/s (16 ± 9 nm/s,
N=491) (mean±S.D.) (Fig. 4.3E). Interestingly, upon initial binding, condensin paused
for a brief period (τ =13.3 ± 1.5 s) before beginning to move along the DNA, which sug-
gests the existence of a rate-limiting step prior to becoming active for translocation (Fig.
4.2C and fig. S4.5). Each translocating condensin complex remained bound to the DNA
for an average total time of 4.7 ± 0.2 min and traveled on average 10.3 ± 0.4 kb (2.6 ± 0.1
µm) before dissociating (Figs. 4.3F and fig. S4.6A). This value provides merely a lower
limit of the processivity of condensin, because a significant fraction (42%) of the com-
plexes traveled all the way to the ends of the 48.5-kb DNA, where they collided with the
Cr barriers or pedestals (see, for example, Fig. 4.2C). There was no correlation between
translocation velocity and processivity at a given ATP concentration (Pearson’s r = 0.035,
P = 0.43 at 4 mM ATP) (Fig. S4.6B). However, velocity and processivity both varied with
revealed increasing slopes, which is only consistent with directed motion [29]. In con-
trast, MSD plots were linear for the ATPase-deficient condensin mutant and for wild-type
condensin in the presence of ATP concentrations. Michaelis-Menten analysis revealed
a vmax of 62 ± 2 bp/s and a Kcat of 0.2 ± 0.04 mM ATP (Fig. S4.7A and B). The initial
pause time (τ) also varied with ATP concentration, from a mean value of 3.9 ± 0.8 min
at 50 µM ATP to 13.3 ± 1.5 s at 4 mM ATP, suggesting that this delay reflects a transition
from a translocation-inactive to translocation- active state that is dependent upon ATP
binding, ATP hydrolysis, or both (Fig. S4.7C).

Our finding that condensin is an ATP hydrolysis-dependent molecular motor lends
support to models invoking SMC protein-mediated loop extrusion as a means for 3D
genome organization. An important prediction of the loop extrusion model is that con-
densin must simultaneously interact with two distal regions of the same chromosome,
and at least one (or possibly both) of the interaction sites must translocate away from the
other site, allowing for movement of the two contact points relative to one another (Fig.
4.4A) [12, 14–17]. Such "cis" loop geometry is inaccessible in our double-tethered assays
because the DNA is held in an extended configuration (Fig. 4.2B), which likely decou-
ples loop extrusion from translocation. However, a cis loop configuration can be mim-
icked experimentally by providing a second DNA molecule in trans (Fig. 4.4B). To test
the possible relationship between the observed linear translocation of condensin along
the double- tethered DNA and the loop extrusion model, we asked whether condensin
could move a second DNA substrate provided in trans relative to the tethered DNA. In-
deed, fluorescently labeled (not extended) λ-DNA molecules added in trans to wild-type
condensin moved at an apparent velocity of 76 ± 19 bp/s (19 ± 5 nm/s, N=102) (Fig. 4.4C
and D) while traveling an average distance of 11 ± 0.9 kb (2.7 ± 0.2µm, N=102) (Fig. 4.4E)
- numbers that match well with the condensin motor properties measured above. These
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Figure 4.3: Condensin is an ATP-dependent mechanochemical molecular motor. A. Examples of tracked
translocation trajectories for Qdot-tagged wild-type condensin and B. the ATPase- deficient Smc2(Q147L)-
Smc4(Q302L) condensin mutant. Mean squared displacement (MSD) plots for C. wild-type condensin and D.
the ATPase deficient mutant obtained from the tracked trajectories; the inset in D is a magnification of the main
curves. E. Velocity distributions for condensin translocation activity; the dashed line is a log-normal fit to the
translocation rate data. F. Processivity measurements of condensin motor activity. The dashed line highlights
the translocation distance corresponding to dissociation of one half of the bound condensin complexes. Error
bars represent standard deviations calculated by boot strap analysis.
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experiments strongly indicate that translocating condensin complexes were able to in-
teract simultaneously with the tethered DNA and a second DNA. Also, condensin could
translocate while bound to both DNA substrates, since one piece of DNA was observed
to move with respect to the other piece of DNA. Thus, we conclude that condensin is ca-
pable of moving two DNA substrates relative to one another, fulfilling a key expectation
of the loop extrusion model.

Heretofore, a common argument against SMC proteins acting as molecular motors
was their low rates of ATP hydrolysis when compared to other known nucleic acid mo-
tor proteins, which implied that they would not move fast enough to function as efficient
motors on biologically relevant time scales. However, this discrepancy can be readily rec-
onciled if condensin were able to take large steps, which is conceptually possible given
its large 50-nm size. The available data in fact suggests a large step size: Comparison of
the single complex translocation rate (~60 bp/s, or ~14.9 nm/s) to the bulk rate of ATP
hydrolysis (kcat = 2.0 s−1 in the presence of linear DNA) suggest that condensin may take
steps on the order of ~30 bp per molecule of ATP hydrolyzed. Even larger steps are in-
ferred if each step is coupled to the hydrolysis of more than one molecule of ATP. These
estimates assume that all of the proteins are ATPase active (one would deduce a smaller
step size if a fraction of the protein were inactive), and also assume perfect coupling be-
tween ATP hydrolysis and translocation (while a more inefficient coupling would neces-
sitate even larger step sizes). The idea that condensin takes very large steps is also con-
sistent with the step sizes reported from magnetic tweezers experiments of DNA com-
paction induced by X. leavis condensin (80 ± 40 nm, [30] or S. cerevisiae condensin [31].
Such large step sizes would seem to rule out models for condensin movement similar to
common DNA motor proteins such as helicases, translocases or polymerases, which are
typically found to move in 1-bp increments [32–35]. Higher-resolution measurements
may prove informative for further defining the fundamental step size for translocating
condensin.

To explain our novel results, we searched for possible models for condensin motor
activity that (i) can explain the relationship between a slow ATP hydrolysis rate rela-
tive to the rate of translocation; (ii) can accommodate a very large step size; and (iii)
are consistent with the physical dimensions of the SMC complex. Based on these cri-
teria, we can think of two theoretical possibilities, both of which use the SMC coiled-
coils as the means of motility. Condensin might translocate along DNA through reit-
erative extension and retraction of the long Smc2-Smc4 coiled-coil domains, allowing
for movement through a "scrunching" mechanism involving rod- to butterfly-like struc-
tural transitions (Fig. 4.4F); or condensin may perhaps use a myosin- or kinesin-like
"walking" mechanism (Fig. 4.4G). The maximum single step size for each model is de-
fined by the physical dimensions of the SMC coiled-coils, corresponding to ≤50 nm and
≤100 nm for the scrunching and walking mechanisms, respectively (Fig. 4.4F and G).
Both models are consistent with the range of condensin architectures observed by elec-
tron microscopy and atomic force microscopy [24, 36]. Movements might be powered by
similar ATPase- dependent transitions between different structural states as reported for
prokaryotic SMC complexes [21, 37, 38], though it remains to be determined how confor-
mational changes could be translated into the directed movement depicted in our mod-
els. Further refinement of the translocation mechanism will depend upon fully defining
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Figure 4.4: Coupling condensin motor activity to DNA loop extrusion. A. Minimal mechanistic framework
necessary for coupling ATP-dependent translocation to the extrusion of a cis DNA loop. In this generic model,
a motor domain (green) must move away from a second DNA- binding domain (blue), and this secondary do-
main can either remain stationary (as depicted) or it may also act as a motor domain and move in the opposite
direction (not depicted). B. Detection of cis loop extrusion is not possible when the DNA is held in a fixed
configuration as in the double-tethered curtains that allows for direct detection of condensin motor activity
in the absence of condensation (top panel). The middle and bottom panels show a schematic of an assay to
mimic cis DNA loop extrusion by providing a second λ-DNA substrate in trans. C. Examples of kymographs
showing translocation of a second l-DNA substrate (stained with YoYo1) provided in trans in the presence of
unlabeled condensin. The presence of the trans DNA substrate is revealed as regions of locally high YoYo1 sig-
nal intensity, as highlighted by arrowheads. The regions of higher signal intensity are not detected when the
trans DNA is omitted from the reaction. D. Velocity distribution histogram and E. survival probability plot for
condensin bound to the trans DNA substrate. The dashed line in (E) highlights the translocation distance cor-
responding to dissociation of one half of the bound condesin complexes. Error bars represent standard devia-
tions calculated by boot strap analysis. Cartoons of generalized models for condensin motor activity through
a F. "scrunching" or G. "walking" mechanisms, both of which can be based upon ATP hydrolysis-dependent
changes in the geometry of the SMC coiled-coil domains. Models are discussed in the text.
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the structural transitions that take place during the ATP hydrolysis cycle and establish-
ing a better understanding of whether and if so, how different domains in the condensin
complex engage DNA.

Recent Hi-C studies have revealed that condensin-dependent DNA juxtaposition oc-
curs at an apparent rate of ~900bp/s in B. subtilis [19]. This rate is ~15-times faster than
the rates we observed for single S. cerevisiae condensin complexes. However, the ap-
parent rate of in vivo DNA juxtaposition may reflect the cumulative action of multiple
condensin complexes acting in concert. Assuming there are ~30 condensins per repli-
cation origin, and that mechanism of DNA juxtaposition allows for a linear relationship
between the number of condensin complexes present and the rate of DNA juxtaposi-
tion, then each B. subtilis condensin might be expected to translocate DNA at a rate of
~30 bp/s. But, these comparisons should be made with extreme caution, as it is currently
quite unclear if the biophysical properties of the molecular machinery of the prokaryotic
system are similar to the eukaryotic counterpart, and recent single molecule analysis of
the B. subtilis SMC complex on flow-stretched DNA did not report evidence for DNA
translocation [39].

The finding that S. cerevisiae condensin is a mechanochemical motor capable of
translocating along DNA has important implications for understanding fundamental
mechanisms of chromosome organization across all domains of life. We propose that the
ATP hydrolysis-dependent motor activity of condensin may be intimately linked to its
role in promoting chromosome condensation, suggesting that condensin, and perhaps
other SMC proteins, may provide the driving forces necessary to support 3D chromo-
some organization and compaction through a loop extrusion mechanism. Our findings
raise the question of whether other types of SMC complexes also exhibit intrinsic motor
activity, and what molecular or regulatory features distinguish SMC motor proteins from
those SMC complexes that seemingly lack motor activity.
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4.1. Supplementary Information
Materials and Methods
Condensin holocomplex overexpression and purification
The five subunits of the condensin complex were co-overexpressed in Saccharomyces
cerevisiae from galactose-inducible promoters on 2µ high-copy plasmids (URA3 leu2-d
pGAL7-SMC4(wild-type or Q302L)-StrepII3 pGAL10-SMC2(wild-type or Q147L) pGAL1-
BRN1-HA3-His12 and TRP1 leu2-d pGAL10-YCS4 pGAL1-YCG1; yeast strains C4491 and
C4724) as described [40], with the following modifications. Cultures were grown at 30◦C
in -URA-TRP dropout media containing 2% raffinose to OD600 of 1. Expression was in-
duced with 2% galactose for 8 hours. Since expression of the Q-loop mutant complex af-
fected the growth rate of the cultures, cells were initially grown at 30◦C URA TRP dropout
media containing glucose to OD600 of 1, transferred to media containing 2% raffinose
for one hour and then induced by addition of galactose to 2%.

Cells were harvested by centrifugation, re-suspended in buffer A (50 mM TRIS-HCl
pH 7.5, 200 mM NaCl, 5% (v/v) glycerol, 5 mM β-mercaptoethanol, and 20 mM im-
idazole) containing 1x cOmplete EDTA-free protease-inhibitor mix (Roche) and lysed
in a FreezerMill (Spex). The lysate was cleared by two rounds of 20 min centrifuga-
tion at 45,000 xg at 4◦C and loaded onto a 5 ml HisTrap column (GE Healthcare) pre-
equilibrated with buffer A. The resin was washed with five column volumes buffer A con-
taining 500 mM NaCl; buffer A containing 1 mM ATP, 10 mM KCl and 1 mM MgCl2; and
then buffer A containing 40 mM imidazole to remove non- specifically bound proteins.
Protein was eluted in buffer A containing 200 mM imidazole and transferred to buffer B
(50 mM TRIS-HCl pH 7.5, 200 mM NaCl, 5% (v/v) glycerol, 1 mM DTT) using a desalt-
ing column. After addition of EDTA to 1 mM, PMSF to 0.2 mM and Tween20 to 0.01%,
the protein was incubated overnight with 2 ml (bed volume) of pre-equilibrated Strep-
Tactin high-capacity Superflow resin (IBA).

The Strep-Tactin resin was packed into a column and washed with 15 resin volumes
buffer B by gravity flow. Protein was eluted with buffer B containing 5 mM desthiobi-
otin. The eluate was concentrated by ultrafiltration and loaded onto a Superose 6 size
exclusion chromatography column (GE Healthcare) pre-equilibrated in buffer B con-
taining 1 mM MgCl2. Peak fractions were pooled and concentrated to 4 µM by ultra-
filtration. Purified proteins were analyzed by SDS PAGE (NuPAGE 4-12% Bis-Tris protein
gels, ThermoFisher Scientific) and protein bands were identified by in-gel digestion and
mass spectrometric analysis.

Nick ligation assays
Nick ligation assays were performed as described earlier [41] with the following modifi-
cations. A 6.4-kb plasmid containing a single BbvCI nicking site was used as a substrate
and relaxed by incubation with Nb.BbvCI (NEB). The nicking enzyme was heat- inacti-
vated once the reaction was complete (as confirmed by agarose gel electrophoresis). For
assessing supercoiling, reactions were set up in a volume of 20µl containing 1 nM nicked
plasmid DNA and varying amounts of condensin (7.8-500 nM) in 50 mM TRIS-HCl pH
7.5, 100mM NaCl, 2.5% (v/v) glycerol, 10 mM MgCl2, 1 mM ATP, and 10 mM DTT. Reac-
tions were incubated at room temperature for 30 min before addition of 0.2 µl T4 ligase
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(5 Weiss U/µl, ThermoFisher Scientific) and fresh 1 mM ATP, followed by an additional
30 min incubation at room temperature to allow the ligation reaction to complete. Re-
actions were quenched by the addition of 60 µl stop buffer (50 mM TRIS-HCl pH 7.5, 10
mM EDTA, 1% SDS, 100 µg/ml proteinase K) and incubation at 37◦C for 30 min. DNA
was purified by phenol-chloroform extraction and ethanol precipitation. The DNA pel-
let was re-suspended in TE buffer and topoisomers were resolved at 4 V/cm for 9 h on
a 0.7% TAE agarose gel containing 0.2 µg/ml chloroquine. The gel running buffer was
also supplemented with chloroquine at the same concentration. Gels were stained with
ethidium bromide and scanned on a Typhoon (GE Healthcare).

Pt/C rotary shadowing electron microscopy
Samples for platinum/carbon (Pt/C) shadowing were prepared following the glycerol
spray method [42]. Condensin samples were diluted to a concentration of 0.05 µM in
freshly prepared 200 mM NH4HCO3 pH 7.5, 30% (v/v) glycerol and 1 mM DTT, imme-
diately sprayed onto freshly cleaved mica and dried under vacuum. Pt/C was shadowed
at an angle of 7◦ followed by deposition of a stabilizing layer of carbon. The Pt/C layers
were then floated off and placed onto 100 mesh copper grids. The grids were dried and
imaged on a Morgagni TEM (FEI).

Electrophoretic mobility assay
6-carboxyfluorescein (6-FAM) labelled 45 bp dsDNA was prepared by annealing two com-
plementary HPLC-purified DNA oligonucleotides (IDT, 5’-6- FAM-CCA GCT CCA ATT
CGC CCT ATA GTG AGT CGT ATT ACA ATT CAC TGG-3’; 5’- CCA GTG AAT TGT AAT ACG
ACT CAC TAT AGG GCG AAT TGG AGC TGG-3’) in annealing buffer (10 mM TRIS-HCl
pH 7.5, 50 mM NaCl, 1 mM EDTA) at a concentration of 10 µM in a temperature gradient
of 0.1◦C/s from 95◦C to 4◦C. 10 µl reactions were prepared with 100 nM 6-FAM-dsDNA
and protein concentrations ranging from 50 to 800 nM in reaction buffer (40 mM TRIS-
HCl pH 7.5, 125 mM NaCl, 5 mM MgCl2, 10% glycerol, and 1 mM DTT). After 10 min
incubation at room temperature (~25◦C), free DNA and DNA-protein complexes were
resolved by electrophoresis for 10 h at 2 V/cm on 0.8% (w/v) TAE-agarose gels at 4◦C.
6-FAM labelled DNA was detected on a Typhoon FLA 9500 scanner (GE Healthcare) with
excitation at 473 nm and detection using a 510-nm long pass filter.

Native gel electrophoresis
Protein samples (100 nM) were incubated with 1x and 2x molar ratio of anti-HA Qdots
for 10 min at room temperature and the loaded onto a composite agarose- acrylamide
gel (0.5% agarose and 2% acrylamide) [43]. Electrophoresis was performed in TBE buffer
at 30V for 10 h at 4◦C. The gels were analyzed by silver staining.

ATP hydrolysis assays
ATPase reactions were set up in a volume of 5 µl containing 0.1 µM or 0.5 µM condensin
and the indicated concentrations of DNA in 40 mM TRIS-HCl pH 7.5, 125 mM NaCl, 5
mM MgCl2, 0.5 mg/ml BSA and 1 mM DTT. 6.4-kb plasmid DNA had been linearized by
NheI restriction digest and purified by phenol-chloroform extraction and ethanol pre-
cipitation. Reactions were initiated by the addition of ATP at the indicated concentra-
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tions (containing 6.7 nM[α-32P]ATP) and incubated at room temperature. At consecu-
tive time intervals, 1 µl of the reaction mix was spotted onto PEI cellulose F TLC plates
(Merck). TLC plates were developed in 0.5 M LiCl, and 1 M formic acid, exposed to imag-
ing plates and analyzed on a Typhoon FLA 9500 scanner (GE Healthcare). ATP hydrolysis
rates were calculated from the change of ATP/ADP ratios between time points in the lin-
ear range of the reaction. Non-linear regression analysis (GraphPad Prism 7.0) was used
to estimate the Michaelis-Menten parameters.

Single molecule assays
Double-tethered DNA curtains were prepared as described previously [26, 27]. Unless
otherwise stated, all single molecule measurements were performed in condensin buffer
(40 mM TRIS-HCl pH 7.5, 125 mM NaCl, 10 mM MgCl2, 1 mM DTT, 0.5 mg/mL BSA,
and 4 mM ATP) and all assays were conducted at room temperature (~25◦C). Quantum
dots were labeled with anti-HA antibodies as per the manufacturer’s instructions using
a SiteClickTM Qdot 705 Antibody Labeling Kit (ThermoFisher, Cat No. S10454). Purified
condensin (1 µl of 1 µM stock) was labeled by mixing with 2 µl anti-HA quantum dots
(1 µM) in 7 µl of condensin buffer and incubated on ice for 10 minutes. The labeling
reactions were diluted to 100 µl with condensin buffer and then injected into the sample
chambers at a flow rate 0.1 ml/min. Flow was then terminated, and the samples were in-
cubated for an additional 20 minutes. Samples were visualized with a custom modified
inverted Nikon microscope equipped with a Nikon 60x CFI Plan Apo VC water immer-
sion objective, as described [26, 27]. Image acquisition was initiated immediately before
injecting condensin and continued throughout the 20-minute incubation. All images
were acquired with an iXon EMCCD camera (Andor) at a 1 Hz frame acquisition rate.
In the absence of nucleotide co-factor, condensin adhered non-specifically to the sur-
faces of the sample chambers, so all single molecule measurements contained either
ATP or ATPγS, as specified. Note that although we observed single quantum dot tagged
condensin complexes in the double-tethered DNA curtain assays, we do not yet know
to oligomeric state(s) of these complexes. Future work will be necessary to determine
whether the observed complexes represent single condensin molecules, or condensin
oligomers.

Particle tracking
The positions (z(t)) of each condensin complex were tracked using an in-house Python
script. In this script, the intensity profile along DNA was fit with a one- dimensional
Gaussian function, taking the mean of the Gaussian fits as the position (z(t)) in sub-
pixel resolution [44]. The total length of the l-DNA substrate used in these experiments
is 48,502 base pairs, or 16.49 µm. The DNA is extended to a mean length of ~12 µm in
the double- tethered DNA curtains, corresponding to ~72% mean extension, and spans
a distance of 48 pixels at 60x magnification. Were indicated, the measured length pix-
els was converted to base pairs by assuming that each pixel contains 1,010 base pairs of
DNA, corresponding to a conversion factor of 4.04 base pairs per nanometer. All particle
tracking data are measured in nanometers, and then converted to base pairs for com-
parison, and both sets of distances are reported. The mean square displacement (MSD)
of each trajectory was calculated as MSD (∆t) = (z(t + t∆t) - z(t)).
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Translocation of each condensin complex showed a characteristic linear relationship
between time and position (Fig. 4.3A). Thus, data points were fitted with a linear func-
tion to calculate slope, which corresponds to the translocation velocity. The resulting
translocation velocity data were plotted as histograms, as shown in Fig. 4.3E and Fig.
4.4D, which were well described by log-normal distributions. The functional form of the
fits is:

f (x) = A∗exp[− 1
2 ( ln(x)−µ

σ )2]p
2πσx

where A is amplitude, eµ+
σ2
2 is mean, and e2µ+σ2

(eσ
2 − 1) is variance. Also, we calcu-

lated the reduced chi square values represented by:

χ2 = 1
v

∑
i

ni−n2
expected ,i

ni

where ni is the number of data in the i-th bin form the experiments, nexpected ,i is that
from the fitting function. v is represented by:

v = nal l −p −1

where nal l is the number of all the observations, and p is the number of parameters
in the fitting function (p=3 in the current work). The goodness of fit for the log-normal
distributions was determined by calculating χ 2 values, which were 0.09 and 0.20 for Fig.
4.3E and Fig. 4.4D, respectively.

The translocation start (ts ) and end (te ) times were manually obtained by visual in-
spection of the data, where the starting time was taken after the brief ~13 s pausing time
at the start of the linear trace. A small fraction (6%) of the condensin trajectories dis-
played a sudden change in direction, and in these instances the translocation end time
(te ) was specified as the time when the molecules changed direction. The distance of
translocation was defined as |z(te -z(ts )|, and these values were used to calculate the sur-
vival probability plot (i.e. processivity) presented in Fig. 4.3F. The reported processivity
values reflect the translocation distance at which one half of the condensin complexes
dissociate from the DNA based upon the survival probability plots.

Single molecule trans loop assays
Assays were conducted using double-tethered DNA curtains, as described above. A 100
µL reaction mix was prepared in condensin buffer containing 1 nM condensin, 18 pM
free l-DNA (untagged), and 20 nM YoYo1 (ThermoFisher, Cat. No. Y3601). This reac-
tion mix was then injected at a flow rate of 0.1 ml min−1 into a sample chamber that
already contained double-tethered λ-DNA molecules. Note that the tethered λ-DNA
was labeled at one end with biotin and at the other end with digoxigenin, as previously
described [26, 27], whereas the free λ-DNA was not labeled. Buffer flow was then ter-
minated, and the reactions were incubated for an additional 20 minutes at room tem-
perature while capturing 100-millisecond images at 0.2 Hz frame acquisition rate. The
laser was shuttered between each 100- millisecond exposure to minimize YoYo1-induced
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photo-damage. The resulting data were analyzed by particle tracking as describe above.
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Supplementary figures

Figure S4.1: Purification of budding yeast condensin holocomplexes. A. Size exclusion chromatograms of
wild-type and ATPase-deficient Smc2(Q147L)-Smc4(Q302L) condensin complexes. B. Analysis of peak frac-
tions (grey bar) of the wild-type condensin purification by SDS PAGE and Coomassie staining.
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Figure S4.2: Condensin can reversibly compact single-tethered DNA curtains. A. Schematic of the single-
tethered DNA curtain assay used to test for DNA compaction by unlabeled condensin. B. Still images showing
the YoYo1-stained DNA before addition of wild-type condensin, after a 20-minute incubation with 10 nM con-
densin and 4 mM ATP, and still images after chasing the reactions with 500 mM NaCl. Note that the integrated
signal intensity of the extended and compacted DNA molecules should not be compared to one another due
to the change in the location of the DNA with respect to the penetration depth of the evanescent field. C. Still
images showing the YoYo1-stained DNA before addition of wild-type condensin, after a 20-minute incubation
with 10 nM condensin (in the absence of buffer flow) and 4 mM ATPγS. D. Still images showing the YoYo1-
stained DNA before addition of ATPase deficient condensin, after a 20-minute incubation (in the absence of
buffer flow) with 10 nM ATPase deficient condensin mutant and 4 mM ATPγS.
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Figure S4.3: Condensin labeling with quantum dots. A. Native composite agarose-acrylamide gel elec-
trophoresis of wild-type condensin complexes upon addition of Qdots coupled to antibodies directed against
the HA3 epitope tag at the C terminus of the Brn1 kleisin condensin subunit. B. Effect of increasing ratios of
anti-HA Qdot on the ATPase hydrolysis rate by wild-type condensin complexes (0.1 µM) in the presence of
6.4-kb linear DNA (240 nM) at saturated ATP concentrations (5 mM). C. Nick ligation assay of a 6.4-kb circu-
lar DNA (1 nM) with wild-type condensin complexes alone and in the presence of an equimolar amount of
anti-HA Qdot.
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Figure S4.4: Condensin exhibits no motor activity in reactions with ATPγS. A Kymograph showing condensin
bound to DNA in the presence of 4 mM ATPγS. B. Examples of particle tracking data, and C. MSD plots for data
collected with wild-type condensin in reactions with 4 mM ATPγS.
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Figure S4.5: Condensin pauses prior to initiating translocation. A. Kymograph highlighting the initial pause
τpause prior to the initiation of translocation (also see Fig. 2C).B. Histogram showing the distribution of initial
pause times prior to initiating translocation for reactions containing 4 mM ATP.
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Figure S4.6: Condensin’s DNA-binding properties. A. Distribution of binding lifetimes for translocating con-
densin complexes. B. Scatter plot showing that there is no apparent correlation between condensin transloca-
tion velocity and processivity. All data shown in this figure reflect results from experiments conducted in the
presence of 4 mM ATP.
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Figure S4.7: ATP concentration dependence of condensin translocation characteristics. A. Condensin
translocation velocity versus ATP concentration for data collected at room temperature (~25ř C. The data are fit
to the Michaelis-Menten equation to extract the kinetic parameters KM and vm ax B. Condensin processivity at
different ATP concentrations, as indicated. C. Initial condensin pause times τp ause prior to initiating translo-
cation at different ATP concentrations. For each graph, error bars represent standard deviations calculated by
boot strap analysis.
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5
Real-time detection of

condensin-driven DNA
compaction reveals a multistep

binding mechanism

Condensin, a conserved member of the SMC protein family of ring-shaped multi- sub-
unit protein complexes, is essential for structuring and compacting chromosomes. De-
spite its key role, its molecular mechanism has remained largely unknown. Here, we
employ single-molecule magnetic tweezers to measure, in real-time, the compaction
of individual DNA molecules by the budding yeast condensin complex. We show that
compaction can proceed in large steps, driving DNA molecules into a fully condensed
state against forces of up to 2pN. Compaction can be reversed by applying high forces
or adding buffer of high ionic strength. While condensin can stably bind DNA in the
absence of ATP, ATP hydrolysis by the SMC subunits is required for rendering the asso-
ciation salt-insensitive and for the subsequent compaction process. Our results indicate
that the condensin reaction cycle involves two distinct steps, where condensin first binds
DNA through electrostatic interactions before using ATP hydrolysis to encircle the DNA
topologically within its ring structure, which initiates DNA compaction. The finding that
both binding modes are essential for its DNA compaction activity has important impli-
cations for understanding the mechanism of chromosome compaction.

J.M. Eeftens, S. Bisht, J. Kerssemakers, M. Kschonsak, M. Kschonsak, C.H. Haering, C. Dekker, submitted (2017)
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5.1. Introduction
The Structural Maintenance of Chromosome (SMC) complexes cohesin and condensin
play central roles in many aspects of chromosome biology, including the successful seg-
regation of mitotic chromosomes, chromatin compaction, and regulation of gene ex-
pression (reviewed in refs [1–3]). SMC protein complexes are characterized by their
unique ring-like structure (Fig. 5.1a). The architecture of condensin is formed by a het-
erodimer of Smc2 and Smc4 subunits, which each fold back onto themselves to form
~45-nm long flexible coiled coils [4], with an ATPase "head" domain at one end and a
globular "hinge" hetero-dimerization domain at the other end [5]. The role of ATP bind-
ing and hydrolysis by the head domains has remained largely unclear. The head domains
of the Smc2 and Smc4 subunits are connected by a protein of the kleisin family, complet-
ing the ring-like structure (Fig. 5.1a). The condensin kleisin subunit furthermore recruits
two additional subunits that consist mainly of HEAT-repeat motifs. Most metazoan cells
express two condensin complexes, condensin I and II, which contain different non-SMC
subunits and make distinct contributions to the formation of mitotic chromosomes [6].
The budding yeast Saccharomyces cerevisiae, however, has only a single condensin com-
plex, which contains the kleisin subunit Brn1 and the HEAT-repeat subunits Ycg1 and
Ycs4 (Fig. 5.1a).

How condensin complexes associate with chromosomes has remained incompletely
understood. Biochemical experiments have provided evidence that condensin, similar
to cohesin, embraces DNA topologically within the ring formed by the Smc2, Smc4 and
kleisin subunits [7]. In addition, the HEAT-repeat subunits were found to contribute to
condensin’s loading onto chromosomes and the formation of properly structured chro-
mosomes [8, 9]. In contrast, ATP hydrolysis by the Smc2-Smc4 ATPase heads does not
seem to be absolutely required for the association of condensin with chromosomes in
vivo [10] and condensin binds DNA in vitro even in the absence of ATP [11]. DNA, how-
ever, can stimulate ATP hydrolysis by the Smc2-Smc4 ATPase heads [8, 12]. These find-
ings have led to the speculation that condensin might initially bind to the DNA dou-
ble helix by a direct interaction with its HEAT-repeat and kleisin subunits and that this
binding might subsequently trigger an ATP hydrolysis- dependent transport of DNA into
the condensin ring [7]. Such a hypothesis has not yet been confirmed, however. The
condensin-DNA interaction is presumably the key to the mechanism by which con-
densin drives DNA compaction, a subject of keen interest that is intensely debated (re-
viewed in refs [13, 14]). Models for the condensin-driven compaction of DNA include
random crosslinking, condensin multimerization, and/or DNA loop extrusion[15–20].
The loop extrusion model has recently gained support, but a consensus has not yet been
reached [21]. Finally, condensin has also been suggested to alter the supercoiled state of
DNA to promote DNA compaction [12, 22–24].

One caveat of most biochemical experiments is that they can only probe the final
geometry of the DNA, but cannot address the interaction of condensin molecules with
DNA during the compaction cycle. To truly resolve the compaction mechanism, an un-
derstanding of the binding properties of individual condensin complexes to DNA will be
essential. Single-molecule techniques are especially suitable for investigating the me-
chanical properties, structure, and molecular mechanism of SMC proteins. For exam-
ple, single-molecule imaging methods proved to be crucial for revealing the sliding and
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motor action of individual SMC complexes on DNA [25–28]. Likewise, magnetic tweez-
ers experiments have been successfully used to describe the compaction of DNA by the
Escherichia coli SMC protein MukB [29] and by condensin I complexes immunoprecip-
itated from mitotic Xenopus laevis egg extracts [11].

To obtain insights into the DNA compaction mechanism of condensin complexes, we
here employ magnetic tweezers to study DNA compaction induced by the S. cerevisiae
condensin holocomplex at the single-molecule level. Magnetic tweezers are exquisitely
fit to study the end-to-end length and supercoiling state of DNA at the single-molecule
level. We show real-time compaction of DNA molecules upon addition of condensin and
ATP. The compaction rate depends on the applied force and the availability of protein
and hydrolysable ATP. Through rigorous systematic testing of experimental conditions,
we provide evidence that condensin makes a direct electrostatic interaction with DNA
that is ATP-independent. We further show that ATP hydrolysis is then required to to ren-
der the association with DNA into a salt-resistant, most likely topological binding mode,
where the DNA is fully encircled by the condensin ring. Our findings are inconsistent
with a "pseudo-topological" binding mode, in which a DNA molecule is sharply bent
and pushed through the condensin ring without the need to open the SMC-kleisin ring.
Our results show that condensin uses its two DNA-binding modes to successfully com-
pact the DNA, thus setting clear boundary conditions that must be considered in any
DNA organization model. We present a critical discussion of the implications of our re-
sults on the various models for the mechanics of condensin-mediated DNA compaction
and conclude that our findings are compatible with a loop-extrusion model.

5.2. Results
Condensin compacts DNA molecules against low physical forces
To measure the real-time compaction of individual linear DNA molecules by the S. cere-
visiae condensin holocomplex in a magnetic tweezers set-up, we tethered individual
DNA molecules between a magnetic bead and a glass surface in a buffer condition that
reflects physiological salt concentrations (Fig. 5.1b). We then used a pair of magnets to
apply force and thereby stretch the tethered DNA molecules. We routinely performed a
pre-measurement to determine the end-to-end length of the bare DNA at the force ap-
plied (Fig. 5.1c, left of the black vertical line at time point zero). We then simultaneously
added condensin (8.6nM) and ATP (1mM) to the flow cell (time point zero, Fig. 5.1c).
Following a short lag time, the end-to-end length of the DNA started to decrease until,
in the vast majority of cases, the bead had moved all the way to the surface. We thus
observe condensin-driven DNA compaction in real-time at the single-molecule level.

As different DNA tethers in the same experiment typically displayed a sizeable vari-
ation between individual compaction traces (Fig. 5.1d), we quantitatively characterized
the compaction traces using two clearly defined parameters. First, we measured the lag
time, i.e. the time it took for compaction to initiate after adding condensin at time zero
(Fig. 5.1c). Second, starting from the decrease in the end-to-end length of the DNA,
we measured the compaction rate in nanometers per second (Fig.5.1c). To avoid a bias
at either end of the curve, we extracted the average compaction rate from the decrease
between the 90% and 10% levels of the initial end-to-end length. Different DNA teth-
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Figure 5.1: Condensin compacts DNA in the presence of ATP. a. Cartoon of the yeast condensin complex.
Smc2 and Smc4 dimerize via their hinge domains. The kleisin Brn1 associates with the head domains to create
a ring-like structure. HEAT-repeat subunits Ycs4 and Ycg1 bind to Brn1. b. Schematic representation of the
compaction experiment. A DNA molecule is tethered between a glass slide and a magnetic bead. When con-
densin and ATP are added, the end-to-end length of the DNA decreases. c. Characterization of the compaction
process with two parameters. The lag time is defined as the time it takes for the compaction to initiate. The
compaction rate is set by the compaction speed between 90% and 10% of the original end-to-end length. d.
Examples of compaction traces. Each color represents a different individual DNA tether measured in the same
experiment. Condensin (8.6nM) and ATP (1mM) are added at time point zero. e. The average compaction rate
decreases as force increases. At forces higher than 2pN, condensin does not compact DNA. At 2pN, 2 out of
9 tethers did not condense. At 1.75pN, 2 out of 8 tethers did not condense. Error bars represent SEM. For all
these experiments, condensin concentration was 8.6nM and ATP concentration was 1mM ATP. An exponential
curve (line) is added as a guide to the eye. f. The lag time increases as force increases. An exponential curve
(line) is added as a guide to the eye. g. The average compaction rate increases linearly as protein concentra-
tion increases. Asterisk indicates that not all DNA tethers showed compaction at that protein concentration.
At 2.86nM, 5 out of 15 tethers in the experiment did not compact. h. The lag time decreases as protein con-
centration increases. An exponential curve (line) is added as guide to the eye.
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Figure 5.2: Compaction depends on ATP hydrolysis. a. Average compaction rate increases according to a
Michaelis-Menten relation with ATP concentration. For this protein concentration, the rate saturates at ATP
concentrations higher than 2mM. b. Lag time decreases as ATP concentration increases. Line is added as guide
to the eye. c. Average compaction rate for the standard experiment (0.75pN, 8.6nM protein, 1mM ATP) and
the sequential addition experiment (first 8.6nM protein/no ATP, wash with buffer, and only then add 1mM
ATP). Rate is similar for standard and sequential addition. The ATPase mutant and wild-type in the presence
of ATPγS do not show compaction. d. The lag time for the standard experiment and the sequential addition
experiment. The lag time decreases for sequential addition.

ers in the same experiment typically displayed a sizeable variation between individual
compaction traces (Fig. 5.1d).

While keeping protein and ATP concentrations constant, we first determined com-
paction rates at different applied forces. We found that condensin was able to compact
DNA against applied forces of up to 2pN, albeit with rates that strongly decreased with
increasing force (Fig. 5.1e). This is surprising, since many biological motor proteins can
work against forces much higher than 2pN. On average, the rate was in the same range
as measured for the Xenopus complex previously [11] and remained constant over the
course of the experiment for each tether, only slowing down slightly towards the end
(Supplementary Fig. S5.1). Concurrent with the decrease in compaction rate, lag times
increased with increasing force (Fig. 5.1f). We conclude that compaction is slower and
takes longer to initiate when condensin complexes are acting against a higher applied
force.

The compaction rate increased approximately linearly with the concentration of the
budding yeast condensin complex (Fig. 5.1g). Higher amounts of protein were able
to condense DNA much faster, at rates of up to 200nm/sec. Similarly, the lag times
decreased at higher protein concentrations (Fig. 5.1h). These findings suggest that,
at higher concentrations, multiple condensin complexes might work in parallel on the
same DNA molecule, resulting in faster compaction.

DNA compaction requires DNA binding and subsequent ATP hydrolysis
by condensin
We found that the compaction rate increased with increasing ATP concentrations and
saturated at concentrations above a few mM (Fig. 5.2a). A Michaelis-Menten fit to the
data resulted in a maximum compaction rate vmax of 85 ± 28nm/s (95% confidence in-
terval) and a KM of 1.4 ± 1.5mM. Lag times were much longer at lower ATP concentra-
tions (Fig. 5.2b).

We test whether S. cerevisiae condensin could, like the Xenopus condensin I com-
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plex [23], bind DNA in the absence of ATP, we incubated condensin with DNA substrates
for 20 minutes in the absence of ATP and, as expected, observed no DNA compaction
during this time period (Supplementary Fig. S5.2a). We then washed the flow cell with
buffer without ATP to remove all unbound condensin, before flowing in buffer contain-
ing 1mM ATP but no additional protein (hereafter called "sequential addition"). After
ATP addition, we observed robust compaction (Supplementary Fig. S5.2a, N=11) with
a rate that was similar to the rate measured when adding protein and ATP simultane-
ously (Fig. 5.2c). These experiments indicate that condensin binds in the absence of
ATP, remains attached during washing steps, and can start DNA compaction when ATP
is subsequently added [11]. Interestingly, the lag time was shorter for the sequential ad-
dition, although the difference is not statistically different (Fig. 5.2d). A shorter lag time
could suggest that part of the delay that we had observed after protein addition in the
standard reaction setup is due to the time it takes for condensin to bind to the DNA.

To verify that the compaction that we observed was due to the interaction of the
condensin complex with DNA in a manner that reflects the physiological properties of
condensin function in vivo, we tested a tetrameric condensin complex that lacked the
Ycg1 HEAT-repeat subunit. Together with the kleisin subunit Brn1, Ycg1 creates a DNA
binding groove in the condensin complex that is essential for the loading of condensin
onto chromosomes [8, 30]. Indeed, this tetrameric version of condensin showed no DNA
compaction activity whatsoever (Fig S5.3A). To specifically test the requirement for the
Ycg1?Brn1 DNA-binding groove, we repeated the experiment with a version of the con-
densin holocomplex that contains charge-reversal mutations in the DNA-binding groove
[30]. Consistent with the result for the tetrameric complex, this complex was also unable
to induce DNA compaction in our assay (Fig S5.3B).

To further test whether compaction is due to ATP binding and hydrolysis by the Smc2
and Smc4 subunits of the condensin complex, we purified a version of the condensin
complex with point mutations in the Q-loop motifs of the Smc2 and Smc4 ATPase sites
(Smc2Q147L-Smc4Q302L). As expected, the mutant complex was unable to induce DNA
compaction in our assay (Fig 2C and S5.3C). We then replaced ATP by the only slowly
hydrolyzable analog ATPγS to distinguish whether the reaction depends on ATP hydrol-
ysis or merely on ATP binding to condensin. Also in this experiment, we observed no
DNA compaction (Fig 2C and S5.3D), which demonstrates that compaction requires ATP
hydrolysis. Finally, we tested whether ATP hydrolysis is required only to initiate com-
paction or continuously during the active compaction process by exchanging ATP by
ATPγS once the DNA had been compacted half-way. In this experiment, compaction
did not proceed any further (Fig S5.3E). We conclude that both, ATP binding and ATP
hydrolysis, are essential for the DNA compaction activity that we observe.

Condensin remains bound to DNA after force-induced de-compaction
We next tested whether the condensin-DNA interaction could be disrupted by applying
a high force once the compaction reaction had taken place. First, we quantified the end-
to-end extension of the bare DNA at 10pN and 0.75pN forces (Fig. 5.3a). After adding
condensin and ATP we observed compaction, as before (Fig. 5.3b). As soon as the DNA
molecule had been compacted to about half of its original length, we abruptly increased
the force to 10pN (Fig. 5.3c). Upon this sudden force increase, the end-to-end length
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did not immediately recover to the fully extended level, in contrast to the response of
a bare DNA molecule. Instead, it took a few seconds (here 5sec) until the DNA had
extended all the way to the end-to-end length we had measured for the bare DNA at
10pN (Fig. 5.3a). When we subsequently lowered the force to 0.75pN, the DNA started to
compact again from the same level it had started at the beginning of the experiment (Fig.
5.3d). We conclude that condensin-dependent DNA compaction can be fully reversed by
stretching the DNA with high forces, consistent with a previous report for the Xenopus
condensin I complex [11]. This, however, does not hinder subsequent compaction at low
force.

In the same experiment, we repeated the 10pN pulling step, and this time it took
even longer (~25 sec) until the DNA recovered the full end-to-end length (Fig. 5.3e).
While keeping the force at 10pN, we then washed the flow cell with buffer without ATP
or protein to remove all nucleotide and unbound condensin. When we then lowered the
force to 0.75pN, the DNA did not compact (Fig. 5.3f). Strikingly, however, as soon as we
added ATP (but no additional protein), we again observed compaction (Fig. 5.3g). This
result demonstrates that, first, condensin can stay bound to DNA even when stretching
the DNA at high forces and washing with physiological buffers and, second, that con-
densin that had remained bound to DNA requires ATP to initiate a new round of DNA
compaction. We confirmed the findings such as those outlined in Figure 5.3a-g in many
independent experiments (N=28).

Condensin uses two distinct modes to bind DNA
Condensin might mediate DNA compaction through direct electrostatic interactions with
the DNA helix, through topologically encircling DNA within its ring structure, through
pseudo-topologically entrapping DNA by inserting a DNA loop into its ring, or through
a combination of these modes (see Discussion). Whereas electrostatic interactions are
sensitive to high salt concentrations, bulk biochemistry experiments have shown that
condensin’s topological interaction is resistant to salt concentrations of 500-1000mM
NaCl [7]. We therefore assayed whether compaction remained stable after washing with
buffer containing 500mM NaCl after compaction had been achieved by condensin and
ATP. We found that DNA compaction was fully reversed by the high salt conditions (Fig.
5.3h, t=450sec, N=7). This indicates that electrostatic interactions with DNA are required
for maintaining the condensin- mediated compaction state of DNA. Strikingly, when we
subsequently lowered salt concentrations to physiological levels (125mM NaCl) in the
presence of ATP (but without adding more protein), we again observed compaction (Fig.
5.3i, t=1050sec). This demonstrates that condensin, once it had been loaded onto DNA
by use of ATP, remained associated with the DNA during the high salt wash and was ca-
pable of again compacting DNA in an ATP-dependent reaction once salt concentrations
had been lowered.

We next tested whether ATP was required to allow condensin to bind DNA in a salt-
resistant manner. We first incubated condensin with DNA in physiological buffer condi-
tions without ATP (as in the sequential addition experiment). As expected, we observed
no compaction in the absence of nucleotide (Fig. 5.3j, t=0-1300sec). We then washed
with high salt buffer (500mM NaCl) before lowering salt concentrations again to 125mM
and adding ATP (Fig. 5.3k). In contrast to the previous experiment where condensin had
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Figure 5.3: De-compaction by switching to high force or high salt. a. Pre-measurements of the DNA tether
length before addition of condensin. The average end-to-length was recorded at 10pN (left) and 0.75pN (right).
This trace is an example taken from N=28 independent experiments. Although different tethers showed dif-
ferent rates of compaction and de-compaction, the qualitative result was identical for all. b. With the force
at 0.75pN, condensin (8.6nM) and ATP (1mM) were added and the DNA was compacted. c. After about 50%
compaction, the force was suddenly increased to 10pN. The grey area indicates where the time that the mag-
net was moving and the black vertical line indicates the point the magnet arrived at the 10pN position. DNA
end-to-end length increased, reversing compaction and eventually recovering the full end-to-end length. d)
The force was subsequently lowered to 0.75pN again. Condensin and ATP were still present and the DNA con-
densed again. e. The force was increased to 10pN again. The DNA end-to-end length again increased and
eventually recovered to the premeasured full length of bare DNA at 10 pN. Next, the flow cell was washed with
buffer without any ATP or protein. f. The force was then lowered to 0.75pN, and the DNA was observed to
not compact in the absence of ATP. Next, the flow cell was washed with buffer with 1mM ATP but no protein.
g. After thus adding ATP but no extra protein, the DNA was able to condense again, indicating that the pro-
tein remained bound after pulling and washing. h. The green trace shows a different experiment. At time=0s,
8.6nM condensin and 1mM ATP were added as normal. After compaction, the flow cell was washed with high
salt (500mM), and the compacted structure was extended again. i. At time=900s, the flow cell was washed with
physiological salt and 1mM ATP but no additional protein, and the DNA compacted again. j. The purple trace
shows a different experiment. At time=0s, 8.6nM condensin but no ATP was added, and no compaction was
observed. k. The flow cell was then washed with high salt (500mM), and no change in end-to- end length was
detected. l. The flow cell was washed with physiological salt and 1mM ATP was added. No compaction was
observed.

been allowed to bind DNA in the presence of ATP before the high salt wash (Fig. 5.3l,
N=9). Similarly, when we incubated condensin with DNA in the presence of ATPγS in-
stead of ATP, we did not observe compaction we did not observe any compaction once
we lowered the salt conditions and added ATP (Fig. S5.3B, N=14). These experiments
demonstrate that ATP hydrolysis is required to convert condensin from a salt-sensitive
to a salt-resistant binding mode, which is indicative of topological binding.

We finally examined whether continued ATP hydrolysis was necessary to maintain
DNA in the compacted form, since it had been reported that continuous ATP hydrolysis
is necessary to maintain the structure of mitotic chromosomes [9]. When we interrupted
ongoing DNA compaction by flushing with buffer without ATP, compaction did neither
continue nor reverse. Instead, the DNA end-to-end length remained stable (Supplemen-
tary Fig. S5.3C, N=9). When we added ATP again, compaction proceeded. These data
demonstrate that the presence of ATP is required to initiate and continue compaction,
but is neither necessary for maintaining condensin’s association with DNA nor essential
for preserving already compacted DNA structures.

Condensin compacts DNA in a stepwise manner
Many compaction traces showed sudden distinct decreases in the DNA end-to-end length,
which we will refer to as "steps". We used a very conservative user-bias-independent
step-finding algorithm to extract the size of these compaction steps (see Methods and
Appendix for details). In brief, this algorithm objectively evaluates if a trace displays
steps without prior knowledge of step size or location, based on chi-squared minimiza-
tion. Figure 5.4A shows a typical example of a DNA compaction trace with fitted steps.
We used this hands-off algorithm to analyze all traces we had collected and to determine
step sizes.
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Figure 5.4: Condensin compacts DNA in a stepwise manner. a. Compaction occurs with discrete steps. Black
trace depicts the raw data; red is the fitted step trace. b. Histogram of detected step sizes (dark grey) and
corrected distribution (light grey, see Appendix for details about the correction of the step size distribution).
Inset shows the same histograms displayed to higher counts.

This analysis revealed that condensin can induce steps of hundreds of nm size (Fig
5.4B, dark grey). Note that these are remarkably high values, which are clearly larger
than the size of the ~50-nm long condensin molecule itself. The step distribution is very
broad, indicating that there is a range of possible outcomes for individual compaction
steps. A critical evaluation of the step-size analysis, including crosschecks where we de-
tected simulated steps (for details see Appendix), revealed that the experimentally de-
termined that the distribution analysis is biased towards the observation of larger steps.
Small steps in the range of the dimensions of the condensin complex are, in contrast,
difficult to detect and are likely to have been missed in the step detection shown in Fig-
ure 5.4B. Indeed, our validation analysis suggests that the real step distribution contains
more small steps (Fig 5.4B, light grey histogram). The fact that we miss these steps in the
step-size detection algorithm is mainly due to the noise that is intrinsically large for mag-
netic tweezers under the low-force conditions required for the compaction experiments.
The same limitation holds for previously published magnetic tweezer data, although de-
tails will depend on data processing, filtering, and averaging. Notably, traces resulting
from force-induced de-compaction (Fig 5.3, 10pN) were smooth and did not show any
discernable steps (and were accordingly rejected by our step-finding algorithm).

Condensin does not compact DNA by inducing DNA supercoiling
As condensin was reported to influence the supercoiled state of plasmid DNA in the
presence of topoisomerases [12, 22–24], it has been proposed that condensin might ac-
tively introduce (positive) supercoiling into DNA helices to promote their compaction.
We therefore examined the compaction activity as a function of the DNA supercoiling
state, an assay for which magnetic tweezers are especially suitable. An example of a ro-
tation curve for a torsionally constrained DNA molecule is shown in Figure 5.5a. On aver-
age, half of the DNA tethers in each experiment were torsionally constrained (and hence
can be used to test possible effects of supercoiling on the compaction), while the other
half did not show a decrease in end-to-end length upon rotation due to a nicked tether.
When we compared compaction rates between nicked and torsionally constrained DNA
molecules, we found no differences (Fig. 5.5b). This finding is fully consistent with the
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Figure 5.5: DNA supercoiling does not influence compaction. a. Rotation curves of a bare DNA molecule
at constant forces (2pN in blue, 0.75pN in red), showing that this molecule is torsionally constrained and su-
percoils are introduced by applying positive or negative rotations to the magnets. b. Compaction rates for
different supercoiling states. All measurements are for the standard experiment: 0.75pN, 1mM ATP, 8.6nM
condensin. There is no difference between nicked DNA and coilable DNA. Also there is no difference between
relaxed DNA, and DNA with applied turns in either direction.

results of an earlier study using Xenopus condensin I [11]. In addition, we tested whether
the initial topological state of the DNA would affect the compaction process by introduc-
ing +30 or -30 turns into the DNA molecules before adding protein and ATP. Again, we
did not find a measurable effect on the compaction rate (Fig. 5.5b).

If the decrease in the end-to-end length during compaction were due to condensin
introducing supercoils, we should be able to actually extend DNA that previously was
compacted by condensin, as condensin would remove some of the applied supercoils
[31]. We therefore applied +50 or -50 turns to a DNA molecule that was halfway com-
pacted (Supplementary Fig. S5.5a). Upon starting the rotation curve to either direction,
we never observed that the DNA end-to-end length increased, but instead measured a
decrease in compaction in both cases (Supplementary Fig. S5.5b). These findings show
that the condensin-induced decrease in compaction was not a result of DNA supercoil-
ing.

However, when we rotated the magnet back to the starting position (0 turns) after ap-
plying 50 turns to compacted tethers, we found that the end-to-end length did not fully
recover. In fact, the end-to-end length started to decrease further already before the
"relaxed" point at 0 turns. This behavior occurred regardless of the direction in which
the DNA had initially been rotated (N=8, both directions). We speculate that instead of
actively introducing supercoils, condensin is able to "lock" DNA plectonemes by em-
bracing their stem (see Supplementary Fig. S5.4c).
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5.3. Discussion
DNA binding and compaction are distinct steps in the condensin reac-
tion cycle
We used single-molecule magnetic tweezers to demonstrate that condensin holocom-
plexes purified from S. cerevisiae are able to compact DNA, similar to a previous study
of condensin I complexes immunopurified from X. laevis egg extracts [11]. In contrast
to this previous report, DNA compaction clearly dominated any de-compaction in our
assays.

Our data show that association of condensin with DNA can take place in the ab-
sence of ATP (Supplementary Fig. S5.2a). This ATP-independent interaction is able to
survive washing steps with physiological salt concentrations, but it does not survive in
buffer conditions of high ionic strength (Fig. 5.3j, k), indicative that this interaction of
condensin with DNA might be electrostatic. We propose that this binding step occurs
through the direct interaction with the DNA double helix of the condensin HEAT- repeat
and kleisin subunits [8] and/or possibly through another yet unidentified DNA bind-
ing site in the complex (Fig. 5.6). Notably, condensin apparently does not require any
loading factor(s) to associate with and to compact DNA. This contrasts cohesin, which
commonly uses specific loading factors to increase the efficiency of its binding to chro-
mosomes [25, 27, 32, 33].

When condensin is added to DNA in the presence of ATP, however, it is able to sur-
vive high salt conditions (Fig. 5.3h, i). This suggests that the ATP-dependent mode of
DNA binding must be exceptionally stable, e.g. such as provided by a topological bind-
ing mode where the Smc2-Smc4-kleisin ring encircles the DNA. The subsequent com-
paction step essentially depends on ATP hydrolysis by the Smc2-Smc4 subunits of the
condensin complex, since neither a Q-loop ATPase mutant version of the condensin in
the presence of ATP nor a wild-type version of condensin in the presence of ATPγS are
able to compact the tethered DNA substrates in our assay. It thus appears logical to con-
clude that the electrostatic interaction is converted into a topological interaction by an
ATP-dependent temporary ring opening and entry of the bound DNA into the ring (Fig.
5.6). It is conceivable that the initial electrostatic interaction releases upon ATP hydrol-
ysis, which frees this binding site to be available to grab another piece of the same DNA
and thereby create a DNA loop. In summary, our results reveal that at least one electro-
static interaction and a topological interaction must function as the principle binding
modes that condensin employs to compact DNA. It is furthermore possible that a third
interaction and binding mode is involved in the actual compaction process. Following
a short lag time after addition of ATP, condensin induces a fast compaction of the DNA
tethers. We interpret the lag time before compaction starts after addition of condensin
and ATP as the sum of the time necessary for condensin to bind to DNA and to become
active for compaction. The latter step likely involves the conversion of an electrostatic
into a topological binding mode (Fig 5.6C). This interpretation is consistent with the
findings that the lag time depends on the concentration of ATP and is reduced when
condensin has been pre-bound to DNA in the sequential addition setup. The obser-
vation of a lag time is furthermore consistent with recent measurements of condensin
movements on DNA curtains, where condensin binds and pauses before becoming ac-
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Figure 5.6: Condensin compacts DNA using a multistep binding mechanism. We propose a multistep model
for condensin’s binding mechanism, represented by the colored panels. First, condensin binds to DNA electro-
statically, presumably through the HEAT-repeat subunits. Next, upon ATP hydrolysis, condensin embraces the
DNA topologically. This initiates the compaction of DNA. Finally (most right panel in gray), in our experiments,
we disrupted the electrostatic interactions in some of our assays with high salt or high force.

tive for translocation [28].

Once the compaction reaction had been initiated, it frequently proceeded to the
maximally compacted state that we can measure in our setup. Dominance of DNA com-
paction over any de-compaction in our assays contrasts previous findings with Xeno-
pus condensin I complexes, where DNA compaction reverted spontaneously in many
instances [11]. Another difference to this previous report is our finding that compaction
rates by the S. cerevisiae condensin complex scaled approximately linearly with protein
concentration. Whereas these data cannot rule out that multiple condensin complexes
cooperate in the compaction reaction, they are consistent with a model in which multi-
ple complexes act as individual motors on DNA.

Whereas our experiments strongly suggest that the required energy for compaction
must stem from ATP hydrolysis by the Smc2-Smc4 subunits (see above), we find that
condensed DNA remains compacted even after washing with buffer that does not con-
tain ATP (Fig S5.2C) or buffer that contains ATPγS (Fig S5.3E). This shows that con-
tinuous ATP hydrolysis by condensin is not required to maintain the compact state of
the DNA. The compact state can, however, be disrupted by applying very high physical
forces or high salt conditions, which presumably disrupt non-topological condensin?DNA
contacts (Fig 5.6C).

The amount of work needed for compaction can be calculated as the product of the
displacement against the applied force. Taking into account that kB T=4.1pN*nm and
that the free energy resulting from hydrolysis of one DNA molecule of ATP is ~20kB T, we
can calculate the amount of ATP molecules that would minimally be required to drive
compaction against a certain force. Assuming for the sake of argument that condensin
converts the energy from ATP hydrolysis with 100% efficiency, we estimate that full com-
paction (from 5 to 0µm length) against a force of 0.75pN requires the hydrolysis of 46 ATP
molecules, or equivalently, the hydrolysis of each ATP molecule would correspond to a
110-nm step. While this clearly provides an order-of-magnitude estimate only, the result
is consistent with previous estimate of large steps as observed for condensin transloca-
tion [28]. As the force increases, more ATP needs to be hydrolyzed to provide the neces-
sary energy in order to achieve compaction.

A surprising finding from our experiments is the broad distribution of compaction
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step sizes, which includes very large step sizes, larger than the condensin complex itself.
One explanation for this conundrum might be that condensin could be taking smaller
individual compaction steps and that the steps that we are detecting are in fact bursts
of smaller steps that cannot be resolved within the temporal resolution and noise of the
magnetic tweezer assay (0.1-0.4sec, see Appendix and [34]. Our step-finding validation
demonstrates that, while large steps are confidently detected, the assay is unable to de-
tect very small steps (see Appendix). Our conservative method revealed that one should
be cautious with step fitting at high compaction activity of condensin and the low forces
applied in the magnetic tweezers. For this reason, we refrain from reporting a typical
step size for a single condensin-driven compaction cycle.

Consequences for geometric models for condensin-induced DNA com-
paction
Which of the various geometric models for condensin?s mechanism are compatible with
our findings? Generation of DNA supercoiling has been proposed as a mechanism to
condense DNA [22]. Our data are not consistent with this model, since we could never
observe unwinding of induced supercoils after compaction (Fig S4). We also did not
find any difference in rates between relaxed DNA, torsionally constrained DNA, and
DNA molecules with pre-applied turns [11]. Instead, our results indicate that condensin
might stabilize or ?lock? plectonemes, for example by binding specifically to crossed
DNA segments at the stem of DNA plectonemes (Fig S5.4C). However, while such a mech-
anism would allow condensin to stabilize an already compacted DNA state, it is unable
to induce compaction on its own and hence cannot explain the observed compaction
activity.

The random crosslinking model proposes that condensin compacts DNA by ran-
domly connecting different pieces of the same DNA molecule [35] (Fig 5.5A). Such a sce-
nario fits well with a broad distribution of step sizes as well as with step sizes that are
considerably larger than the dimensions of the condensin complex itself. This model
requires, however, that distant DNA regions come into close proximity for crosslinking
in the first place, without the action of condensin. Since, at a force of 1pN, the DNA
tethers in our assay are already stretched to 85% of their contour lengths, it is difficult
to imagine how, under these forces, large loops could be generated through random
crosslinking. Furthermore, since this model does not involve a catalytic compaction
activity, it does not explain how halfway compacted DNA molecules can compact fur-
ther after any free protein has been washed away, as it is quite unlikely that this would
happen by condensin letting go of one piece of DNA to grab another piece of DNA fur-
ther away in order to create a larger loop. Theoretical modeling of the biophysics of
a crosslinked DNA polymer under an applied force would be helpful to estimate these
notions quantitatively. A variation of the random crosslinking model might involve in-
dividual condensin complexes that mutually interact to generate a DNA loop, i.e., in a
variation of the handcuff-like model that has been proposed for the cohesin complex
[36]. Yet, this model also faces the same challenge of explaining how halfway compacted
DNA molecules can continue to compact after any free protein has been washed away.

A model that recently gained much attention is loop extrusion [37]. Here, condensin
binds to DNA and moves it through its ring to extrude a loop of DNA, which thereby con-
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tinuously increases in size (Fig 5.5B). Simulations have shown that loop extrusion can
indeed achieve efficient chromosome condensation [17]. Requirements for this model
are that condensin has DNA motor activity, which was demonstrated recently [28], and
that the extrusion machine can interact with at least two points along the DNA simul-
taneously. If the interaction of condensin with DNA would only be topological, loop
extrusion would not work, as DNA can slip out of the ring, which certainly will happen
under an applied force. Our finding that a direct (electrostatic) contact between con-
densin and DNA is required to maintain the compacted state of DNA suggests that such
a contact might serve as an anchor site at the base of a forming loop [30]. The finding
that halfway compacted DNA molecules can eventually compact fully without the ad-
dition of extra protein is furthermore easy to imagine for a motor extruding a loop of
ever-larger size.

Cartoons of the loop extrusion mechanism often depict a pseudo-topological em-
brace of the DNA (Fig S5.5C). For such pseudo-topological loading, the condensin ring
does not necessarily have to open, in contrast to real topological loading. Importantly,
we find that a pseudo-topological embrace is inconsistent with our data, as such a con-
formation would not survive high salt washes and high force. Instead, our data indicate
that the ATP-hydrolysis-assisted DNA loading is truly topological. This is an important
distinction that changes the way one should think about loop extrusion, and we accord-
ingly suggest that one should take the topologically loaded state as the basis for future
modeling of the loop extrusion process (Fig. 5.6).

In conclusion, systematic evaluation of DNA compaction by condensin complexes
allowed us to resolve the binding mode conditions that must be met in any geometric
model. Our data demonstrate a two-step model: first ATP-independent direct interac-
tion of condensin with DNA, followed by ATP-hydrolysis-dependent topological loading
and DNA compaction. This model provides an important stride forward in unraveling
the mechanism of chromosome compaction by condensin complexes.

5.4. Methods
Protein purification
Wild-type (Smc2?Smc4?Brn1?Ycs4?Ycg1), tetrameric (Smc2?Smc4?Brn1?Ycs4), ATPase mu-
tant (Smc2Q147L?Smc4Q302L?Brn1?Ycs4?Ycg1) and DNA binding mutant (Smc2?Smc4?Brn1K409D,
R411D, K414D, K451D, K452D, K456D, K457D?Ycs4?Ycg1) versions of the S. cerevisiae
condensin holocomplex were overexpressed from galactose-inducible promoters in bud-
ding yeast. The complexes were purified from interphase cell extracts via a tandem affin-
ity chromatography strategy, using a His12 tag fused to the Brn1 subunit and a triple
StrepII tag fused to the Smc4 subunit, followed by a gelfiltration step. Expression and
purification of the complexes are described in detail in ref. [28]. Purified proteins were
aliquoted, snap frozen in liquid nitrogen, and stored at -80◦C.

Magnetic Tweezers
We used a multiplexed magnetic tweezers as described in refs [38] and [39]. We used
a 20kb DNA construct with digoxygenin- and biotin-handles and nitrocellulose coated
flow cells (volume 30µl) as described in ref [38]. In brief, nitrocellulose-coated flow cells
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were incubated with 100mM anti-digoxygenin antibodies (Fab-fragment, Roche). Then,
the flow cell was washed with washing buffer (20mM TRIS-HCl pH7.4, 5mM EDTA). Next,
the surface was passivated with 10mg/ml BSA for 1 hour and washed again. Streptavidin-
coated beads (MyOne, Life Technologies) were incubated with biotin-functionalized DNA
for 20 minutes. After incubation, the beads were washed three times with washing buffer
plus 0.05%Tween. An excess amount of beads with digoxygenin-functionalized DNA was
then incubated in the flow cell for 10 minutes. Finally, the flow cell was washed exten-
sively with compaction buffer (10mM HEPES-NaOH pH7.9, 125mM NaCl, 5mM MgCl2,
1mM DTT) to flush out all unbound beads and provide near-physiological reaction con-
ditions. Compaction was only observed at conditions around physiological salt con-
centrations (50-250mM NaCl, data not shown). Different forces were applied by linear
translation of the magnets, while rotation of the magnets was used to apply supercoils. A
force calibration curve was generated to correlate the magnet height to the force. Before
all experiments, all tethers were routinely checked for coilability and for their end-to-
end length before starting the compaction reaction (pre-measurement).

Determination of the compaction-rate and lag-time
All compaction experiments were carried out in compaction buffer (10mM HEPES- NaOH
pH 7.9, 125mM NaCl, 5mM MgCl2, 1mM DTT). Different concentrations of ATP and
of the S. cerevisiae condensin holocomplex (nanomolar range) were dissolved in 50µl
of compaction buffer and flushed in, which typically took 15 seconds. Tracking of the
beads was started immediately after flushing in the protein and the force was kept con-
stant throughout the experiment. The lag-time was defined as the time it took for the
compaction to start. The time points at which the DNA reached 90%, 80%, 70%, etc. of
their original end-to-end length (taken from the pre-measurement) were automatically
recorded by our custom-made software. The compaction rate was determined by cal-
culating the difference in end-to-end length between the 90% and 10% time points. In
the case that compaction did not reach the 10% point, we determined the rate from the
initial part of the compaction curve. The standard duration of an experiment was 20
minutes.

Step analysis
We used a well-defined step-fitting algorithm that was previously described [39]. This
algorithm objectively evaluates if a trace shows steps, without prior knowledge of step
size or location, based on chi-squared minimization. To evaluate the variation of step
sizes in an objective manner, we improved the implementation of this algorithm to allow
for hands-off, batch style analysis. For details, see Supplementary Methods.
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5.5. Supplementary Information

Figure S5.1: Relative average rate as compaction progresses. The compaction rate is relatively steady over the
course of a condensation experiment, but slows down towards the end. Rate depicted relative to the rate in the
interval of 0.9 to 0.8 of the original end-to-end distance as measured in the pre-measurement.
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Figure S5.2: Condensin does not compact DNA in the absence of hydrolysable ATP or at high salt. a. Example
trace of DNA when condensin is added in the absence of ATP. After a 20-minute incubation, no condensation is
observed. After washing the flow cell with buffer with no additional protein (t=1300), ATP is added (t=1500) and
compaction is observed, indicating protein was bound in the absence of ATP. b. At t=0, condensin and ATPγS
are added, no compaction is observed. The flowcell is then washed with high salt (500mM). Next, ATP and
physiological salt are added, and no compaction is observed. This indicates that ATP hydrolysis is necessary
to achieve salt resistant binding. c. At t=0, condensin and ATP are added and compaction is initiated. We
interrupt ongoing DNA compaction by flushing with buffer without ATP (t=150). The compacted DNA remains
compacted after washing with buffer without extra protein or ATP. Addition of ATP is necessary for compaction
to proceed (t=700).
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Figure S5.3: Condensin tetramer, DNA binding mutant condensin, ATPase mutant condensin, and wiltype
protein+ATPγS do not compact DNA. a. Example trace showing that tetramer (lacking Ycg1) condensin does
not compact DNA. b. Example trace showing condensin with mutations in the DNA binding domain does not
compact DNA. c. Representative trace showing that the Q-loop condensin mutant does not compact DNA
(N=12). Protein is added at t=0. d. Representative trace showing that the wildtype condensin protein does not
compact in the presence of ATPγS (N=11). Protein+ATPγS is added at t=0. e. Representative trace showing
that ATP hydrolysis is necessary for compaction (N=6). At t=0, protein and ATP are added as normal. After half
compaction (t=90), the flow cell is washed. ATPγS is added at t=400. Compaction is unable to continue in the
presence of ATPγS.
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Figure S5.5: Condensin shifts rotation curves. a. Example of experiment with the compaction trace shown
in blue and the rotations shown in red. Tether was compacted by condensin as usual. After about 50% con-
densation (at time=180), 50 positive rotations were applied. Then, the magnet was turned to -50 and back to
0. b. Rotation curves of condensed DNA at 0.75pN. Left curve shows end-to- end length as a function of ro-
tation, corresponding to the trace in Supplementary Figure 5.4a (after time=180). Right curve shows similar
experiment, only here negative turns were applied first. Numbers correspond to the states depicted in B. c.
Proposed model for condensation curve shifts in condensed molecules. We speculate that condensin is able
to lock plectonemes. First, the DNA is "relaxed", as no rotations are introduced yet. Second, the end-to-end
length has decreased because 50 turns were absorbed (either positive or negative). Third, the turns are released
as the magnet is rotating back to zero, but because condensin has "locked" some plectonemes, the end-to-end
length of the DNA cannot be fully recovered. Instead, the rest of the DNA is essentially relaxed before reaching
0 turns. Therefore, the DNA starts absorbing the rotations, and end-to-end length is decreased again. In the
shown examples, this shifts the highest point of the rotation curve from 0 to around 25, indicating that con-
densin has locked about 25 turns into a plectoneme. This process happens regardless of the initial rotation
direction, suggesting that condensin can lock both positive and negative supercoils.
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Figure S5.6: Models for compaction. a. The random-crosslinking model. b. The loop-extrusion model. c.
Direct, topological, and pseudo-topological loading.
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Supplementary methods
Step fitting analysis

We used a user-independent step-finding algorithm that was previously described and
which has been abundantly used in many biological studies [39]. Briefly, the method
works as follows. With this method, the best step fit is done based on least-square min-
imization. Then, the same number of steps is applied to the same data, but then delib-
erately misplaced such that fitted step locations are positioned at places away from the
steps, a so-called ?counter-fit?. The more prominent the steps are in a trace, the worse
this counter fit is, i.e., the higher the chi-squared. For a featureless trace, the best and
worst fit are not that different, however. Therefore, the ratio between the chi-squared
value of fit and counter-fit maximizes at the most likely number of steps, whereas this
ratio is 1 if there are no steps. We refer to this ratio as the S-value [39]. In our analysis, we
reject the fit if this S-value is below 1.15. Thus, as was shown before, by optimizing the
S-value, an optimal fit can be found as a function of the number of fitted steps.

For complicated step traces, this procedure tends to underestimate the number of
steps. Therefore we performed a two-pass algorithm. To evaluate the variation of step
sizes in an objective manner, we improved the implementation of this algorithm to al-
low for hands-off, batch style analysis. We followed an automated, three-phase analysis
workflow:
1. We perform a "major step fit" as described above. Based on the individual errors for
these fitted steps, we determine an "error- threshold".
2. This primary step fit is subtracted from the data. The residue may still contain smaller
steps.
3. A "minor step fit" is performed on the residue with the same rejection criteria as for the
first round, with the addition that the step errors need to be below the "error-threshold".
4. Finally, all accepted step locations are used to build the final fit. All these steps thus
have similar error margins.
Figure S5.6 presents an example of the step fitting protocol.
We confirmed the validity of the step fit by evaluating how pronounced the S-value is.
For example, as described in [39], for perfect steps of 170 nm with noise comparable to
our experiments (102 ± 28 nm, one sigma, mean ± SD), the maximum expected S-value
is (1+(170/(2*102))2̂)=1.7. For our experimental data, we found a typical ratio maximum
of around 1.5 ± 0.3 (mean ± SD), in good agreement with this estimate. We conclude
from this that the steps we detect are indeed well-defined, i.e., consisting of sharp tran-
sitions and flat plateaus and not just a product of false-positive fits of noise.

Step validation

When we use the step-finder as described, we obtain a wide distribution of steps (Fig-
ure 4B). To check how reliable these steps are, we set up a test routine to sporadically
inject artificial steps of user-defined size into our experimental data traces, and we sub-
sequently evaluated how well our step-finding algorithm was able to detect these. For
this validation routine, we used the experimental curves at standard conditions (0.75pN,
1mM ATP, 8.6nM condensin) as a representative set of 20 curves, which included the typ-
ical noise and occasional spikes. To preserve the overall compaction rate, each positive
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step was followed by a negative step. We added multiple (~4) up-down pairs per curve
(example shown in Figure S5.7). For building statistics, each curve was used 20 times,
each time with a different selection of injection steps of defined size. The size for the
injected steps was randomly picked from a 0-1500 nm step-size range, thus covering at
least the range of originally detected steps.

Consistent with our conservative choices in setting up the step-extraction protocol,
we find that only a finite fraction of the steps is detected. For larger-size steps (roughly
larger than 500 nm), most steps are detected, but, by contrast, most small steps (~100nm)
stay undetected (Figure S5.7BC).

This has important consequences for what can be concluded from our (and others)
magnetic tweezer experiments under these low-force condition where such tweezers in-
trinsically exhibit large noise. Most noteworthy is that small steps easily get drowned by
noise or are obscured by nearby neighboring steps, and accordingly we cannot make
a firm statement on a characteristic (small) step size associated with the condensin-
induced DNA condensation process. At the same time, larger steps are detected reliably,
and we can conclude that these indeed occur in the DNA condensation traces. Overall,
we conclude that the measurement traces signal a very broad distribution of step sizes,
including remarkable large steps.

Response time of the bead

In our magnetic tweezers, the magnetic bead cannot respond infinitely fast to an instant
(condensation) step, since it is slowed down by the drag associated with moving the bead
through the liquid. Here, we follow a simplified approach to obtain a ballpark estimate
of the response time of the bead. This situation is reminiscent of the force-switch exper-
iments performed by Crut et al [34].

We simplify the stretched DNA at an extension e as a linear spring with spring con-
stant k(e). We also assume a mass-less, heavily overdamped system. For determining k,
we assume the DNA behaves as a worm-like-chain. We expect the DNA to be stiffer after
compaction, as the contour length is decreasing (Supplementary figure S8).

We start out with a stretched tether, where the magnetic force is balanced by the en-
tropic stretching force of the DNA. Then, we assume that a condensation step instantly
shortens the DNA by 200 nm. As the bead is initially still in the same position, the DNA is
stretched by the same amount of 200 nm. During displacement of the bead following an
instant shortening of the DNA, the drag force experienced by the bead is balanced with
the DNA spring force:

Fdr ag +Fspr i ng = 0, or γd x
d t +κx = 0

with 6πηr characterising the Stokes drag of the bead, η the viscosity of water, and r the
radius of the bead (0.5µ). The bead will therefore move according to

x(t ) = x0e−t/τ

with τ= γ
κ the response time of the bead.
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Figure S5.6: Principle of multi-pass automated step fitting analysis. First, a major step fit (upper red curve)
is done on the data (left panel, gray). This fit is subtracted from the original data. Next, a minor step fit is done
on the residue (left panel, blue). Accepted step fits are combined in a final fit (right panel).

We evaluated the response time for three points: near the initial bare DNA extension
at the applied pulling force (F=0.3pN, e=4.7µm), at halfway compaction (e=2.0µm), and
at nearly complete compaction (e=0.6µm) (see Supplementary Figure S5.8). This yields
values of k = 0.2145*10−6 to 0.8005*10−6, leading to response times of τ = 100 to 400ms,
respectively. This estimate is consistent with experimental measurements [34].
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Figure S5.7: Step validation. a. On the left side, an experimental trace is shown (black) as well as the "fake"
steps (red) that were added to the experimental trace. The right panel shows the combined experimental curve
plus injected steps. b. Histogram showing the distribution of returned steps (light grey) from all injected steps.
For reference, the input distribution is shown with a line in the background. c. Histrogram of return percentage
per step size. Line is phenomenological fit of the linear regime to the data, which was used for correcting the
original step distribution histogram in Figure 5.4B in the main text, see inset to Figure 5.4B.

Figure S5.8: Determining the spring constant of the DNA at three compaction states.
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6
Copper-free click chemistry for

the attachment of biomolecules
in magnetic tweezers

Background: Single-molecule techniques have proven to be an excellent approach for
quantitatively studying DNA-protein interactions at the single-molecule level. In mag-
netic tweezers, a force is applied to a biopolymer that is anchored between a glass surface
and a magnetic bead. Whereas the relevant force regime for many biological processes
is above 20pN, problems arise at these higher forces, since the molecule of interest can
detach from the attachment points at the surface or the bead. Whereas many recipes for
attachment of biopolymers have been developed, most methods do not suffice, as the
molecules break at high force, or the attachment chemistry leads to nonspecific cross
reactions with proteins.
Results: Here, we demonstrate a novel attachment method using copper-free click chem-
istry, where a DBCO-tagged DNA molecule is bound to an azide-functionalized surface.
We use this new technique to covalently attach DNA to a flow cell surface. We show that
this technique results in covalently linked tethers that are torsionally constrained and
withstand very high forces (> 100pN) in magnetic tweezers.
Conclusions: This novel anchoring strategy using copper-free click chemistry allows to
specifically and covalently link biomolecules, and conduct high-force single-molecule
experiments. Excitingly, this advance opens up the possibility for single-molecule ex-
periments on DNA-protein complexes and molecules that are taken directly from cell
lysate.

This chapter has been published as: J.M. Eeftens, J. van der Torre, D.R. Burnham, C. Dekker (2015) Copper-free
click chemistry for the attachment of biomolecules in magnetic tweezers. BMC Biophysics 8:9
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6.1. Background
Single-molecule methods have become increasingly popular to study biomolecules [1].
With techniques such as atomic force spectroscopy, or optical or magnetic tweezers, one
is able to study the mechanical properties of single DNA molecules, single proteins, or
individual DNA-protein complexes. The effect of applied force on biomolecules is a par-
ticularly relevant topic, as mechanical forces play a crucial role in many cellular pro-
cesses [2–4]. The relevant forces range from a few pN, like the force produced by an
RNA polymerase during transcription (14pN)[5], to tens of pN, as in, for instance, viral
packaging motors that use forces of 40pN to compact genomes [6]. Even higher forces
are needed in the process of chromosome segregation in eukaryotic cells, where micro-
tubules pull on sister chromatids to segregate them to opposite sides of the spindle pole
[7–10]. Many studies using magnetic tweezers have been published that probe the be-
havior of DNA-protein complexes under applied force and torque [11–16]. For studying
biomolecules across the full relevant force range, it is necessary to also measure at higher
forces (>20pN). In this regime, however, many traditional anchoring methods fail, thus
limiting such single-molecule experiments.

For efficient tethering of biomolecules, it is essential to use orthogonal anchoring
chemistries on both ends of the molecule, i.e. at the surface and at the bead. To achieve
this, a DNA molecule is constructed that has different reactive groups incorporated, on
both ends. To complete the anchoring, the bead and surface are functionalized with
the corresponding reacting group. A commonly used technique is the binding of biotin
to streptavidin. The bond between these functional groups has been shown to resist
forces of 150pN [17, 18]. This is a high rupture force compared to a second commonly
used method; the binding of a digoxygenin (dig) functionalized nucleotide and a surface
coated with antibodies against digoxygenin (anti-dig) (Fig. 6.1A). This forms a stable
non-covalent bond, but a limitation of this binding technique is its low stability under
an applied force [19]. Depending on the force-loading rate applied to such a molecule,
the dig/anti-dig bond breaks at around 20pN.

Other, much stronger, anchoring methods have been developed [20–24] by function-
alizing DNA with amine (Fig. 6.1B) or thiol groups (Fig. 6.1C) that are covalently linked
to the surface or bead. Although these bonds indeed resist high forces, these techniques
have an important limitation in that significant nonspecific binding occurs when study-
ing systems that are more complicated than bare DNA. For example, when studying pro-
teins, native lysines (amine) or cysteines (thiol) in the protein can bind nonspecifically
(blue arrows in Fig. 6.1B+C). For controlled single-molecule measurements, it is however
important that the force is being applied at a consistent and known location [25].

A new and exciting challenge is to study DNA-protein complexes that are extracted
from cell lysate. For controlled single-molecule experiments, it is essential to anchor
these complexes in a stable, strong, and specific way. As the anchoring methods de-
veloped so far are unsuitable, studying DNA-protein complexes or complexes from cell
lysate remains challenging [26].

Here, we present a novel method for covalent attachment of a DNA tether to a sur-
face, based on copper-free click chemistry. Click reactions are defined as those that are
selective, with favorable reaction kinetics, a high yield, and good physiological stabil-
ity. Early click chemistry reactions required copper as a catalyst [27]. Copper is cytotoxic
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Figure 6.1: Common DNA tethering techniques. A. Binding of a digoxygenin-functionalized DNA-protein
complex to an anti- digoxygenin-coated surface. This reaction is specific, but unstable when high forces are
applied. B. Binding of an amine-functionalized DNA-protein complex to a carboxyl-coated surface. Both the
functionalized DNA (black arrow) and native lysine groups in the protein (blue arrow) bind the surface. C.
Binding of a thiol-functionalized DNA-protein complex to a maleimide-coated surface. Both the functional-
ized DNA (black arrow) and native cysteine groups in the protein (blue arrow) bind the surface.

and thus limits application of click reactions in cells. More recently, copper-free methods
became available, for instance the Strain Promoted Azide-Alkyne Click (SPAAC) reaction,
of which the reaction between dibenzocyclooctyl (DBCO) and azide is an example [28].
These click reactions are bio-orthogonal, i.e. they can occur within organisms without
interfering with native biochemical processes.

As mentioned above, a specific and high-force-compatible anchoring technique is
essential for studying DNA-protein complexes in magnetic tweezers. The reactions have
to be specific, biocompatible, and able to withstand experimental conditions such as an
applied high force. We develop a novel technique for covalent attachment that meets
these criteria using copper-free click chemistry, based on the reaction of DBCO with
azide (scheme 1). By functionalizing DNA with DBCO on one end (R1), we can cova-
lently link it to an azide-functionalized surface (R2). As we will show below, this protocol
results in a high-yield of DNA tethers, that are torsionally constrained and able to with-
stand very high forces (>100pN). This method is thus found to be suitable for specifically
anchoring DNA-protein complexes and measuring in the relevant force regime.
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Scheme 1: Cycloaddition between dibenzocyclooctyl and azide.

6.2. Materials and Methods
Magnetic tweezers
We used multiplexed magnetic tweezers [29], as illustrated in Fig. 6.2A. Two 5mm cube
magnets (Supermagnete, N50) are mounted in vertical orientation [30], with a very small
(0.3mm) gap in between them. A red LED provides illumination through the magnet
holder onto the flow cell. We use a 50x objective (Nikon) with an achromatic doublet
tube lens (200mm) to provide 50x magnification and image the focal plane onto a CCD
camera (Dalsa Falcon 4M60). Beads are tracked in real time with custom software (Lab-
view, National Instruments) and images are also saved for later analysis [31]. Reference
beads are used to correct for drift. The applied force is determined from the Brownian
motion of the magnetic bead [32, 33]. For force-extension curves, we perform dynamic
force microscopy where the force is increased over time with a constant loading rate of 1
pN/second.

DNA constructs
A 20678 bp pSupercos1 plasmid was made by removal of the MluI fragment from pSu-
percos1 (Stratagene) and insertion of two lambda fragments. This Plasmid DNA was
isolated with midiprep (Qiagen), restricted with XhoI and NotI.HF (New England Bio-
labs), and purified (Wizard SV Gel and PCR Clean-Up System, Promega), resulting in a
20kb fragment. DBCO and biotin labeled handles were prepared by PCR on a pblue-
scriptIISK+ template (Stratagene) with a taq polymerase (GoTaq, Promega) and the ad-
dition of Biotin-16-dUTP (Roche), or 5-DBCO-dUTP (Jenabioscience) to the nucleotide
mixture respectively. The forward primer was: GACCGAGATAGGGTTGAGTG, and re-
verse primer: CAGGGTCGGAACAGGAGAGC. The biotin-handle was digested with XhoI
resulting in 554 bp and 684 bp fragments. The DBCO-handle was digested with NotI.HF
resulting in 624 bp and 614 bp fragments. The handles were purified (Wizard SV Gel and
PCR Clean-Up System, Promega), combined with the restricted plasmid DNA and lig-
ated with T4 DNA ligase (Promega) overnight at 16°C. The tweezer-construct was then
purified again (Wizard SV Gel and PCR Clean-Up System, Promega).

Surface functionalization and flow cell assembly
For making amine-coated flow cells, coverslips (Menzel Glaser, 24x60mm, thickness #1)
were cleaned in an O2 plasma cleaner for 30 seconds, which ensures activation of the
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Figure 6.2: Magnetic tweezers set-up for measuring on a tethered DNA molecule. A. Schematic of the set-
up. A LED illuminates the flow cell through a lens and the magnet holder. Imaging is done with a 50x Nikon
objective onto a CCD camera. Magnets manipulate a magnetic bead attached to the DNA. B. A flow cell is
constructed with 24x60mm coverslips. The bottom coverslip is amine- coated and has reference beads bound
to it. The top coverslip has sandblasted holes to allow fluid flow. Parafilm is used to seal the coverslips and
to create a ~50µl flow cell volume. C. Schematic of a tethered DNA molecule. A DNA molecule is linked to
a streptavidin-coated magnetic bead with biotin, and to azide groups on the surface with DBCO at the other
end.

silanol groups. Coverslips were then treated with 2% APTES in acetone for 10 minutes,
rinsed with MilliQ and air-dried. Before flow cell assembly, polystyrene beads (Poly-
sciences Europe GmbH) were pipetted onto the coverslip and spread with the side of
a pipette tip. These non-motile surface-bound beads serve as reference beads for drift
correction. The amine-coated coverslips were then aligned with a pre-cut parafilm gas-
ket and another coverslip (Fig. 6.2B). The assembled flow cell was put on a hot plate at
90°C until the parafilm was sufficiently melted to prevent fluid leakage. The applied heat
also firmly binds the polystyrene reference beads to the surface.

DNA anchoring
To anchor the DBCO-functionalized DNA to the amine-coated flow cell, we used bi-
functionalized PEG4-linkers with an N-hydroxysuccimide (NHS) ester on one end and
an azide group on the other (CLK-AZ103, Jenabioscience GmbH, Germany). We mixed
azide-functionalized PEG-linkers with CH3- terminated PEG-linkers of the same length
(MS(PEG)4, Life technologies) in PBS buffer to passivate the surface and prevent aspe-
cific binding. Both PEG- linkers were dissolved in DMSO before further diluting in PBS.
To prevent hydrolysis of the NHS ester, the PEG mixture in PBS was prepared shortly
before filling the flow cell via capillary action through pipetting the fluid into one flow
cell hole of the amine-coated flow cell. The MS-PEG-linker concentration was held con-
stant at 50mM, while the Azide-PEG concentration was varied (0-50mM). PEG-linkers
incubated in the amine-coated flow cell for 1 hour at room temperature, to allow the
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Figure 6.3: Stepwise linkage of DNA to the surface with copper-free click chemistry. Bifunctionalized PEG-
linkers are attached to an amine-coated surface via their NHS group. The NHS ester on the PEG conjugates to
the amine on the surface. Non-reactive PEG linkers (terminated with a CH3-group) are used to passivate the
surface. Finally, a DBCO group on DNA clicks with the azide and thus forms a covalent bond between the DNA
and the surface.
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NHS-ester group to attach to the amine groups in the flow cells (Fig. 6.3). Next, the flow
cell was flushed with washing buffer (20mM Tris, 5mM EDTA, pH7.4), to stop the reac-
tion and remove excess PEG. Streptavidin-coated beads (M270 Streptavidin coated, Life
Technologies) were incubated with the biotin-functionalized DNA for 20 minutes. Af-
ter incubation, the beads were washed 3 times with washing buffer with 0.05% Tween.
An overabundance of DNA-bound beads was then dissolved in 50µl washing buffer with
0.05% Tween and flushed into the flow cell. Beads were incubated for 1 hour, to allow the
DBCO to click with the azide (Fig. 6.3). Finally, the flow cell was washed with washing
buffer until no more unbound beads were visible.

Control experiment
For control experiments, we used a dig-functionalized DNA construct. The dig han-
dle was constructed in the same matter as the DBCO handle described above, but in-
stead dig-11-dUTP was used (Digoxygenin-11-dUTP, Roche). Coverslips were cleaned
in acetone for 30 minutes in a sonicator for creating the flow cells. After air-drying, they
were coated with 1% nitrocellulose (Invitrogen) in amylacetate (Sigma Aldrich). Applica-
tion of reference beads and assembly of flow cells proceeded as described above. Next,
nitrocellulose-coated flow cells were incubated with 100mM anti-dig antibodies (Fab-
fragment, Roche) for 30 minutes. After washing as described above, the surface was
passivated with 10mg/ml BSA (Bioke) for 1 hour. Preparation of beads proceeded as de-
scribed above. Beads with digoxygenin-functionalized DNA then incubated in the flow
cell for 10 minutes. Finally, the flow cell was washed with washing buffer until no more
unbound beads were visible.

6.3. Results and Discussion
We developed a protocol to covalently attach biomolecules in a magnetic tweezers flow
cell using copper-free click chemistry. As described in Materials and Methods, we coat
the glass surface with azide-functionalized PEG- linkers, and attach DBCO-tagged DNA
through the azide-group, thereby covalently linking the DNA molecule at one end to the
surface.

The DBCO-functionalized DNA thus covalently attaches to the azide-coated flow cell
while the biotin groups at the other end of the DNA attach to the bead. The amount of
these DNA tethers is expected to scale with the amount of clickable groups on the sur-
face. To verify the protocol, we varied the density of the azide groups on the surface
by using different concentrations of the PEG-linking groups. We determined the tether
density by manually counting the number of successful DNA tethers in our field of view
(0.02mm2), for different azide-PEG concentrations. As expected, we found that the num-
ber of tethers increased linearly with increasing azide-PEG concentrations, see Fig. 6.4.
Importantly, when no azide-functionalized PEG- linkers were added, no tethers of the
expected length were observed. This shows that the steps in the protocol are specific
and that, conveniently, the tether density is tunable.

Our DNA tethers anchored with copper-free click chemistry are able to withstand
high force. We anchored 20kb DNA molecules using copper-free click chemistry and
tracked the position of the magnetic beads (corresponding to the end-to-end length of
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Figure 6.4: Tether density as a function of PEG concentration. DNA tether density for different Azide-PEG
concentrations. The number of tethers increases linearly with increasing PEG concentration. Inset shows an
example of a reference bead (left) and three beads that signal 20kb DNA molecules tethered with click chem-
istry.

the DNA) while applying a force ramp of 1pN/sec. As shown in Fig. 6.5, the tethered
double-stranded DNA molecules show the expected behavior, viz., with increasing end-
to-end distance we observe a strongly rising force, a plateau as the DNA overstretches,
and a further rise. As expected, for torsionally unconstrained molecules, overstretch-
ing of the double-stranded DNA is observed at about 65pN [34]. Torsionally constrained
DNA molecules (depicted in grey in Fig. 6.5A) are expected to show overstretching at a
force of about 110pN, a force that, unfortunately, is just beyond the reach of our set-up
[35]. We find an average contour length of 6.75± 0.04µm (as measured from the exten-
sion just before the overstretching plateau), indicating correct attachment of the DNA
molecules at the functional end groups. Most importantly, the tethers can withstand a
force of >100pN (Fig. 6.5A). The tethers remain stable at this high force for over 12 hours,
allowing ample time for measurements. By contrast, DNA molecules attached with the
conventional anti-dig tag break off well before the overstretching force (cf. the black line
in Fig. 6.5A). In addition, as shown in Fig. 6.5B, the click- chemistry-assembled DNA
tethers can be torsionally constrained, which allows for DNA supercoiling studies with
magnetic tweezers. For the described conditions, we found half of the tethers to be coil-
able. Loss of torsional constrain is likely induced by nicking of the DNA. The new attach-
ment strategy is thus found to be suitable for both high force and torque measurements.

In contrast to the binding of DBCO to azide, the bond between biotin and strepta-
vidin on the other end of the DNA is not covalent. Yet, as can be observed from Figure
6.5, this bond also withstands forces of >100pN, which is consistent with earlier reports
[17, 18]. For a wide range of applications, the current method, with tethers that contain a
mutually orthogonal DBCO/azide bond on one end and biotin/streptavidin on the other,
will suffice. Double copper-free click chemistry (with orthogonal click reactions at both
bead and surface) can be considered in future applications if even much higher forces
are desired.
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Figure 6.5: Anchored DNA molecules can be torsionally constrained and withstand forces of >100pN. A. The
DNA molecules anchored with click chemistry show the expected behavior (a strongly rising force, and for
unconstrained molecules, a plateau near 65pN as DNA overstretches and a further rise) in a slow force ramp of
1pN/sec. Different colors represent different tethers. All tethers that were bonded by click chemistry withstand
forces of over 100pN. By contrast, the DNA anchored with digoxygenin/anti-dig (black) breaks off near 40pN,
well before the overstretching point. B. Rotation curves at constant forces of (light to dark) 0.5, 1, 3 and 5pN,
indicating that this 20kb DNA molecule anchored with click chemistry is torsionally constrained.

The copper-free click chemistry attachment strategy presents many advantages. The
reaction between DBCO and azide is relatively fast, specific, it does not require a catalyst,
and, importantly for some applications, it can be performed in physiological conditions.
Furthermore, azide and DBCO groups are relatively small and inert to biological moieties
[27] and thus easy to incorporate. There are already numerous examples of the applica-
tion of SPAAC reactions in biological systems and even living cells [28, 36]. Examples
include use of copper-free click chemistry in non-canonical amino acids [37], imaging
in live cells [38], joining of DNA strands [39], and DNA- functionalized nanoparticles
[40].

Above, we demonstrated the use of a new DNA-attachment method in magnetic
tweezers. We note that it can easily be applied to other single- molecule methods as
well. For example, in the same manner, polystyrene beads could be coated with click
chemistry functional groups for use in optical tweezers. By immobilizing the PEG link-
ers on the surface, the same copper-free click chemistry can also be used in atomic force
microscopy [41], flow stretching and DNA combing.

Single-molecule force spectroscopy opens up the possibility to apply and measure
forces on biomolecules, and study DNA-protein interactions. These in vitro experiments
with bare DNA and purified protein give great insights into the cell machinery, but pu-
rified complexes are taken out of their cellular context. As our new method does not
cross-react, it is possible to anchor and measure complexes that are directly extracted
from cell lysate. Measuring on this native state of biomolecules can be expected to yield
new insight into interactions between biomolecules.
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6.4. Conclusions
Traditional methods for anchoring biomolecules have encountered limitations in study-
ing DNA-protein complexes in magnetic tweezers related to low force stability and cross
reactivity. Here, we developed a method for covalently anchoring biomolecules with
copper-free click chemistry, using the reaction between DBCO and azide. This reaction is
bio-orthogonal and no catalyst is needed. Furthermore, it is highly specific and it resists
high force (>100pN). The protocol is reproducible, fast and uses commercially available
reagents. Perhaps most excitingly, covalently linking molecules with copper-free click
chemistry opens up the possibility to measure on a wide variety of DNA- protein com-
plexes and complexes isolated from cell lysate.
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7
Determining the rupture force of

the cohesin complex

The alignment of duplicated chromosomes in the middle of the cell is an essential pro-
cess in the cell cycle, which needs to be tightly regulated. In particular, while micro-
tubules are already pulling the chromosomes towards the spindle poles in metaphase,
pre-mature separation of the sister chromatids needs to be prevented. The cohesin com-
plex provides the essential linkage between sister chromatids, presumably by trapping
them inside its ring, hereby preventing separation until the cell is ready to divide. Co-
hesin thus withstands the forces of the microtubule pulling. Direct measurements of the
strength and stability of cohesin are, however, missing. We designed an experiment to
probe the strength of cohesin by measuring its rupture force with magnetic tweezers.
This chapter contains preliminary data on the force spectroscopy, as well as recommen-
dations for pursuing this project.

J.M. Eeftens, J. van der Torre, M. van Loenhout, C.H. Haering, C. Dekker, unpublished
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7.1. Introduction
Faithful chromosome segregation is one of the most important processes in the cell cy-
cle of eukaryotic cells. Structural maintenance of chromosome proteins such as cohesin
and condensin play major roles in this process. In preparation for cell division, the du-
plicated DNA needs to be organized and compacted into chromosomes. The duplicated
chromosomes then align in the center of the cell, where the spindle poles start to pull
on the DNA. As the processes of aligning and pulling occur simultaneously, it is essential
that this process is precisely regulated in order for the DNA to be equally divided over
the daughter cells. Cohesin provides the essential linkage between sister chromatids,
ensuring the sister chromatids are held together until the cell is ready to divide [1, 2].

Like all SMC complexes, cohesin contains of a heterodimer of SMC proteins (Smc1-
Smc3, Figure 7.1A)[3]. SMC proteins consist of ~50nm long coiled coil structures, in-
teracting at the hinge on one side, and with ATPase heads on the other side. Although
essential in vivo, the role of ATP binding and hydrolysis is largely unknown. The ring is
closed by protein from the kleisin family, in the case of cohesin Scc1. A fourth subunit,
Scc3, interacts with Scc1. Numerous other proteins have been found to contribute to
cohesion more indirectly (reviewed in [4, 5]).

Figure 7.1: a. Schematic representation of cohesin and its cleavage by separase. b. Cohesin resists the forces
exerted by the microtubules while the chromosomes align. c. Cohesin is loaded in Telophase. Most of the
cohesin is removed from chromosomal arms during prophase, while complexes at the centromere remain
associated with the DNA until cleavage by separase.
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Eukaryotic chromatid cohesion starts from the moment sister chromatid are gen-
erated in S-phase until their segregation in anaphase (Figure 7.1C). In vertebrates, the
bulk of the cohesin is already removed during prophase [6]. Only a small percentage re-
mains, mainly near the centromere. The destruction of cohesion at the metaphase to
anaphase transition depends on the cleavage of the Scc1 subunit by separase [7]. Be-
sides its role in sister chromatid cohesion, cohesin also has function in DNA damage
pathways and gene regulation [8]. It is presumed that cohesin links sister chromatids
by entrapping their DNA within its tripartite ring structure, and it has been shown that
cohesin embraces DNA topologically rather than physically [9, 10]. Cohesin must with-
stand the large microtubule forces that align chromosomes by pulling towards opposite
spindle poles (Figure 7.1B). Note that in female oocytes, DNA can spend over 40 years
stably cohesed [14, 15].

Cohesin rings are thus expected to be remarkably strong and stable, but direct mea-
surements of its mechanical strength are missing [16]. We try to probe this mechanical
strength by pulling on the cohesin complex with magnetic tweezers, in a conformation
that closely mimics the in vivo geometry. In this chapter, we list the various strategies
and results, working towards this goal. We end with recommendations for pursuing this
project.

7.2. Experimental procedures
To measure the rupture force of the cohesin complex, we need to design a geometry of
the protein in complex with DNA that we can tether in our magnetic tweezers set-up.
We used two different strategies for isolating the cohesed minichromosomes from yeast.
First, we purify cohesed mini-chromosomes by pulling down the plasmid DNA, where
we use the interaction of TetO with TetR to pull out the protein-DNA complex (Figure
7.2). Second, we purify cohesin loaded onto a mini chromosome by pulling down the
protein, where we use a SNAP-tagged cohesin to pulldown the protein loaded onto the
plasmid (Figure 7.3). The final experimental geometry is pictured in the last panel of
both figures.

In both strategies, a 6kb plasmid was introduced into the strain. While the complex is
on the bead, we nick the plasmid twice, which removes a short piece of DNA, thereby cre-
ating a single strand DNA gap to which we then ligate DBCO- and biotin-functionalized
oligos. We will stepwise describe these the protocols for these purifications and for con-
trol experiments in the section below.

Purification of cohesed mini-chromosomes by DNA pulldown
This protocol is schematically described in Figure 7.2. Strain 4117 was grown on SD-W
plates at 30◦C. One colony was inoculated in YPAD medium and grown until OD600=0.8.
Then, 2.5ml of 1mg/ml nocodazole was added, and grown for 2 hours at 30◦C. Cells were
spun down (4000 rpm, 4◦C) and resuspended in cold water twice. Cells were spun down
again and resuspended in 0.1M Tris-HCl, 10mM DTT, 0.01mg/ml nocodazole, pH 9.4,
and incubated for 15 minutes at room temperature. Cells were spun down and resus-
pended in cold water once more. Next, cells were spun down and resuspended in pre-
warmed spheroblasting buffer (1M sorbitol, 50mM Tris-HCl, 1mM CaCl2, 1mM MgCl2,
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0.08mg/ml lyticase, 0.01mg/ml nocodazole, pH7.5), and incubated in the shaker at 30◦C,
100rpm. After 30 minutes, it was checked if spheroblasts were formed under the micro-
scope (with 2% sarcosyl). Spheroblasts were spun down at 4000rpm for 6 minutes, care-
fully resuspended in cold 1M sorbitol, and spun down again. Spheroblasts were then
lysed on ice for 30 minutes in 2.5 lysis buffer (25mM HEPES-KOH, 50mM KCl, 200mM
NaCl, 10mM MgSO4, 0.25% Triton X-100, 1mM PMSF, 1mM DTT, 2x Complete protease
inhibitor, 100µg/ml DNAse-free RNAse A). Lysate was spun down at 10000 rpm for 5
minutes in 2ml eppendorf tubes at 4◦C. 50µl extract was put on hold to load on gel as
"input".

For immunoprecipitation, the Life Technologies Dynabeads Prot G kit was used. Mean-
while, 75µl beads were washed with the Ab-binding buffer provided by the kit. Beads
were resuspended in 225µl Ab-bindin buffer with 7.5µl anti-PK antibody, and incubated
on a wheel for 1.5 hours at room temperature. Beads were then resuspended in 75µl
washing buffer (provided by the kit). 25µl beads were added to 1ml lysate. This was in-
cubated overnight at 4◦C on a wheel. The next day, 50µl unbound lysate was put on hold,
and beads were washed 3 times with lysis buffer, on a wheel at 4◦C.

Next, beads were combined in a single tube and resuspended in 650µl NEB buffer 3.1
(50mM Tris-HCl, 100mM NaCl, 10mM MgCl2, 100µg/ml BSA, 1mM DTT, 1x Complete),
nicking enzymes were added (8µl Nb.BbvCl+8µl Nt.BspQ1), and incubated 2 hours at
room temperature on a wheel. After incubation, beads were washed three times with
lysis buffer. For ligation, beads were resuspended in 50µl pre-warmed Promega lysis
buffer, and 2.5µl of each handle (1µg/ml) were added. This was incubated for 10 min-
utes at 37◦C on a wheel, then the temperature was ramped in 20 minutes to 16◦C. After
reaching 16◦C, 3µl T4 ligase was added and this was incubated 4 hours at 16◦C. Then
beads were washed three times with lysis buffer again. For elution, beads were resus-
pended in 250µl lysis buffer with 50µl anhydrotetracycline (1µg/ml). This was incubated
for 40 minutes at 16◦C on a wheel. Supernatant was stored at -20◦C and used for tweezer
experiments. Strain 3261, containing TEV cleavable cohesin, was grown and treated in
the same way.

Purification of cohesed mini chromosomes by protein pulldown
The second strategy (purification by protein pulldown) is schematically described in Fig-
ure 7.3. Strain 2874 was grown on SD-W plates at 30◦C (Figure 7.3). One colony was in-
oculated in YPAS medium and grown and lysed as described above, with the exception
that cells were not arrested (no nocodazole was added).

Meanwhile, an 8kb DNA molecule with a SNAP-catcher tag was prepared by linking
an NHS-benzylguanine linker (NEB) to an amine/biotin-tagged DNA molecule. During
lysing, M270 streptavidin coated beads were incubated with this construct for 20 min-
utes. Beads were then washed with T20E5+Tween. Lysate was then added to the beads
and incubated for 1 hour at roomtemperature. Lastly, 50µl supernatant was kept as "un-
bound" and beads were washed with lysis buffer. These beads could directly be used as
tweezer constructs.

For control experiments, after washing the beads with lysis buffer, the construct was
treated with restriction enzyme NaeI for 1 hour at 37◦C. This enzyme cut the 8kb linear
molecule close to the attachment to the cohesin. Some of the eluate was then used to do
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Figure 7.2: Purification of cohesed mini chromosomes by pulldown of the plasmid.
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a PCR (to check for presence of the plasmid). The rest of the eluate was treated with 1µl
DNAse for 1 hour at 37◦C and subsequently ran on a protein gel to check for presence of
cohesin.

Southern blot
This protocol was adapted from an earlier protocol [9]. All samples of interest were ran
on a regular 0.8% agarose gel in 1x TAE. For the control, we used plasmid BN2202. The
agarose gel was then depurinated upside down in 0.13M HCl while gently shaking for 10
minutes. The gel was then washed with MQ, followed by denaturing buffer (1.5M NaCl,
0.5M NaOH) for 30 minutes, followed by neutralisation buffer (1.5M NaCl, 0.5M Tris-HCl,
pH7.5) for 30 minutes, and lastly with blotting buffer (20x SSC). Meanwhile the blotting
chamber was prepared. Three pre-wetted (in blotting solution) Whatman blot papers
(20x40cm) were placed on a pvc-plate, sides of the paper hangin into the tank. There
should be no bubbles between the papers. On top, three more pre-wetted Whatman pa-
pers were placed (20x25), again preventing bubbles. On top of this the (still upside down)
agarose gel was placed. Next, 20x25cm Millipore Immobilon NY+ (positive charged)
membrane was placed on top of the gel. This should not be pre-wet, the membrane
should suck itself on the gel. Next, again, three pre-wetted 20x25 Whatman papers. The
tank was filled with sufficient blotting solution and the sides were sealed with parafilm.
A big stack of paper towels was placed on top, with a weight on top to strengthen the
capillary power of the plot. This was blotted overnight. DNA was crosslinked to the
membrane for 1 minute in a UV-tray. The blot was then treated with pre-hybridisation
buffer (35ml block/hybmix from Amersham, 1g NaCl, 1.4g blocking powder) for 1 hour
at 55°C. We used 6 specific PCR probes containing biotin-dUTPs using Promega GoTaq
(primers shown in Table 1). The probes were denatured for 5 minutes at 100°C, before
adding 100ng it to the membrane and incubating overnight at 55°C. The next day, the
membrane was washed twice with SSC buffer (twice, 5 minutes each), then with 1x SSC
buffer with 0.1%SDS (twice, 30 minutes each), then with 0.1x SSC with 0.1% SDS (twice,
30 minutes each). All washed were done at 55°C. Detection was done using the Thermo
Fisher Chemiluminescent Nucleic Acid Detection module. Finally, the membrane was
scanned using the Typhoon scanner.



Experimental procedures

7

127

Figure 7.3: Purification of cohesed mini chromosomes by pulldown of the SNAP-tagged protein.
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Table 1: Primers used to make PCR probes

PCR probe Primer sequence

PCR probe 1
GGCGGGTGTCGGGG
GGCGGGTGTCGGGG

PCR probe 2
AATTTCAAGTCTTGTAAAAGCATATAAAAATAGTTCAGGCA
AGTAATAACCTATTTCTTAGCATTTTTGACGAAATTTGC

PCR probe 3
GGGGGTTGACTTTTACCATTTCACC
GGTAATACCGACCAATGCATTGTTTTACG

PCR probe 4
TGATCTATGTAAGAAATGGAAGTTTTCTCCCTTAGT
CAATACAGCCCACCTCTCCTTAGC

PCR probe 5
TTTTCAAAGATGACTAAAATAAGTGAAATTTCAACATTAACTTCG
TGAGCAAAACTTCCACCAGTAAACGT

PCR probe 6
CGACAGCGAAGATAACGGTTACACA
ATCAAAATTGAAATTTCTAACCACTGTGTCATCC

PCR detection
We set up a specific PCR to detect the plasmid in different purification sales. We used
PCR probe 3 (Table 1) as primers. The PCR was always done on diluted samples (dilution
range as shown in the figures). The PCRs were performed using KOD Xtreme Polymerase
(Novagen) using the standard reaction conditions and the following cycling conditions:
denaturing 94°C for 2 minutes, followed by 40 cycles of 98°10 seconds, 60°C 30 seconds,
68°C 30 seconds. The PCR product was detected on a 1% agarose gel ran with 1x TAE
buffer, and detection by ethidium bromide.

Magnetic tweezers
We used a multiplexed magnetic tweezers as described in [17]. Azide-coated flowcells
were prepared as described in [18]. Constructs, prepared as described above, were incu-
bated in the flowcells for 1 hour. The applied force was determined by Brownian motion
of the bead. A force calibration curve was made to correlate the magnet height to the
force. For force ramp experiments, force was increased linearly, and kept constant af-
ter reaching maximum. For force clamp experiments, force was increased instantly and
kept constant, either until rupture or to a maximum measurement time of 20 minutes.

7.3. Results
Isolation and detection of cohesed minichromosomes
We used two different strategies for isolating the cohesed minichromosomes from yeast.
With various controls described below, we attempted to convince ourselves that we were
purifying the correct construct. First, throughout the protocol we saved sample at vari-
ous stages for analysis on southern blot. We chose this detection method because ide-
ally, this would enable us to detect single and cohesed plasmids. Unfortunately, we could
never detect our samples with Southern blot, while the positive control (the bare plas-
mid) was detected to low concentrations (0.0625ng). This indicates that the concentra-
tion of our isolated constructs was too low to detect, or the probe was unable to hybridize
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Figure 7.4: a. Protein gel from purification with SNAP-tagged and untagged strains. b. PCR product from
purification with SNAP-tagged and untagged strains. The PCR product is expected to run at 500bp.

to our isolated samples, or the purification simply did not work. We also tried to visualize
the constructs with AFM, but never found any recognizable structures.

We wondered if the samples that we isolated were cohesed plasmids. To check this,
we used Strain 3261, which contains a TEV-cleavable cohesin. If we would load cohesed
minichromosomes onto beads, enzymatic cleavage of cohesin should result in release
of one of the cohesed plasmids. We ligated oligos to the plasmids as described, and
attached them to streptavidin-coated beads. Half of the complexes should be bound
with only one plasmid, the other one presumably attached by cohesin. If we then added
TEV (kindly donated by Simon Lindhoud), this second plasmid was expected to release.
We did a PCR on the released samples but could never detect the presence of DNA. This
could either indicate that the TEV cleavage failed, or that the complex is not as we draw
it in Figure 7.2.

As we did not succeed to isolate cohesed minichromosomes as described above, we
were not convinced that this purification strategy worked. Therefore, we tried a sec-
ond strategy by purifying via cohesin itself, as indicated in Figure 7.3. We used strain
2874, that contains a SNAP-tagged cohesin. To test if we were specifically pulling out the
tagged cohesin protein, we compared the SNAP-tagged strain to the non-tagged strain.
When purifying with the SNAP-catch construct, the strain with untagged cohesin should
not give any yield. Strikingly, when we ran the proteins on a protein gel, we found the
same product for both the tagged and the untagged cohesin (Figure 7.4a). We could also
detect the plasmid in both strains with PCR (Figure 7.4b). This indicates that our purifi-
cation was not working as designed.

Force spectroscopy
Although we could not show that we isolated cohesed mini-chromosomes, we neverthe-
less tried to tether the DNA-isolated constructs in a magnetic tweezers set-up. We did
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Figure 7.5: a. Histogram of rupturing tethers in a force-ramp experiment. b. Examples of traces in a force
ramp experiment. The red tether already ruptured at about 20pN, while the green tether survived until 75pN.
c. Histrogram of surviving tethers in a force-clamp experiment. d. Examples of traces in a 20pN force clamp.
The grey area represents the time where the magnet was moved from 5pN to 20pN. All tethers depicted here
survived the clamp. The red trace shows large steps.

force spectroscopy on the tethers of the expected length (~2µm). We took two different
approaches: a force ramp and force clamp. In force ramp experiments, we applied ramps
of 1pN/sec and measured the force at which the tether ruptured. Examples of rupture
traces are shown in Figure 7.5a. About half of the tethers did not rupture up to a force
of 70pN (Figure 7.5b, N=56). For the tethers that did rupture before 70pN, a very broad
distribution was found. There is no clear peak for a certain force.

In force-clamp experiments, we used force clamps of 20, 50, 70, and 100pN, and mea-
sured the lifetime of the tethers at that force. Examples of traces at the 20pN clamp are
shown in Figure 7.5d. If the tethers had not ruptured after 20 minutes, the force clamp
was moved to the next level. All tethers survived the 5pN clamp, and about half survived
the 20pN clamp (Figure 7.5c, N=18). Surprisingly, two tethers survived a force clamp of
100pN. Note that the dataset is too small to analyze the lifetime distribution within a
clamp.

7.4. Discussion and Outlook
The biochemical controls showed that we were unable to successfully isolate the con-
structs as we pictured them. The PCR on the plasmid showed higher yields for the



Discussion and Outlook

7

131

protein-purified samples than for the DNA-purified samples, but also here we could not
convincingly show that we had obtained the right construct. It is important to remember
that when isolating from live cells, we purify everything that is associated with the DNA
as well. Accordingly, there will be many other proteins associated with the DNA, e.g. nu-
cleosomes. The rupture-force dataset is very limited and shows a wide variety. As we
could not confirm we were pulling on cohesed mini chromosomes, this data is difficult
to interpret. Because of the complexity and the lack of convincing controls, we would
not recommend pursuing this direction of isolating from live cells.

Fortunately, the field of protein purification, and more specifically in vitro loading of
cohesin, has progressed a lot in the past years [10, 19]. This approach is significantly sim-
pler, easier to control, and the DNA is free of unwanted proteins. With in vitro loading,
one could still take the two directions described above. Pulling on two cohesed plas-
mids resembles the in vivo situation best, but controlling the number of cohesin rings
between the two rings is an uncertainty. Alternatively, one could pull on a cohesin pro-
tein that is loaded onto a single plasmid. For this approach, it is important to consider
the position of the label on the protein, and check if the rupture-force depends on the
position of this tag.

After succeeding to get a basic idea about the rupture force, a good approach would
be to incorporate fluorescent tags at various places within the tweezer construct. In this
way, if one fluorophore leaves the field of view and another stays, one can determine
where the rupture happened. It would also be interesting to use cohesin complexes with
crosslinks between the subunits. If the distribution of rupture forces shifts and becomes
much higher when a certain link is introduced, this interface might be responsible for
opening up. It would also be interesting to investigate the influence of other factors on
cohesin stability, for example, the cohesin loading complex.
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Summary

Every cell deals with the challenge of organising its DNA. First, the DNA needs to be
compacted in size by several orders of magnitude. For example, in each human cell, 2
meters of DNA need to fit inside a micron-sized cell nucleus. Second, the DNA needs to
stay accessible for cellular processes such as transcription and replication. To achieve
these goals, cells are assisted by proteins that organise the DNA by locally bending the
DNA, wrapping DNA around them, or by making DNA loops. A prime example are the
Structural Maintenance of Chromosomes (SMC) family of proteins, which is known to be
essential for DNA organisation. In eukaryotes, the SMC complex cohesin is responsible
for keeping sister-chromatids together until the cell is ready to divide. Without cohesin,
division might occur prematurely, leading to unevenly divided DNA. The SMC complex
condensin is responsible for compacting the DNA into mitotic chromosomes. Indeed,
without condensin, the DNA does not form properly organised chromosomes. This the-
sis describes a series of experiments that aim to understand the molecular mechanism
of these SMC proteins.

In part I of this thesis, SMC proteins are introduced. Despite the fact that both co-
hesin and condensin are essential proteins that were discovered decades ago, their molec-
ular mechanism is still unknown. Chapter 1 gives an introduction into DNA organisa-
tion, as well as a short history of SMC proteins. How do these SMC proteins use their
large ring structure to mechanistically organise the DNA? To answer this question, we
believe that biophysical experiments are key. Chapter 2 reviews the insights obtained
so far with biophysical methods such as single-molecule imaging, force spectroscopy,
and fluorescent imaging techniques. As crystal structures are difficult to obtain from
the large and flexible SMC subunits, most of the information on their conformation
originates from imaging studies with electron microscopy and atomic force microscopy.
However, the abundance of imaging studies has not resulted in a consensus uniform
conformation. With magnetic tweezers, the DNA condensation activity of several SMC
complexes has been investigated, all observing compaction with remarkably large steps
(70-200 nm). With DNA-flowstretching and DNA-curtain experiments, SMC proteins’
ability to move on the DNA can be monitored.

Part II of this thesis focuses on investigating the structure and mechanism of the eu-
karyotic condensin complex. In chapter 3, we probed the topology of the Smc2-Smc4
dimers of the S. cerevisiae condensin complex with high-speed atomic force microscopy.
With this technique, we visualised the dynamics of condensin dimers in real-time in
near-physiological conditions. The conformation of SMC complexes is of great interest,
as it is likely to mechanistically determine their biological function. We showed that the
Smc2-Smc4 dimers are remarkably flexible, with coiled-coils with a persistence length
of only~4nm. We furthermore found that the dimers can adopt various conformations.
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The heads can dynamically engage and disengage with each other, as well as with the
hinge. Our combined findings indicate that condensin complexes have the structural
flexibility for DNA entrapment.

Chapter 4 describes a single-molecule fluorescence imaging study where we demon-
strated the ability of the S. cerevisiae condensin holocomplex to translocate along DNA.
In a DNA-curtain assay, DNA is stretched between barriers. By labelling condensin flu-
orescently and imaging with total internal reflection fluorescent microscopy, we visu-
alised condensin binding to DNA at a single-molecule level. We found that condensin
was able to move along the DNA in the presence of ATP, consistent with what would be
expected for a DNA-translocating motor protein. Condensin traveled an average dis-
tance of 10 kb, with an average velocity of 60 basepairs per second. When we used an
ATPase mutant condensin complex, we did not observe this translocation activity. Sim-
ilary, when a non-hydrolyzable form of ATP was used, no translocation was observed.
Condensin was also able to move a second DNA molecule along the stretched DNA, indi-
cating that condensin is able to interact with two DNA molecules simultaneously. Com-
bined, these results provide support for the loop-extrusion model of DNA compaction,
for which motor activity of SMC proteins is a prerequisite.

The DNA compaction activity of condensin was further investigated in chapter 5
with magnetic tweezers. This assay is especially suitable to monitor the end-to-end
length of DNA, and we can study the condensin-mediated compaction in real-time. We
found that the rate of compaction is dependent on the force applied. Forces above 2pN
completely abolished compaction. Higher concentrations of protein or ATP resulted in
faster compaction. While initial binding of condensin to DNA did not require DNA, we
did not see compaction at all without the addition of ATP. Upon ATP hydrolysis, con-
densin associated with DNA in a salt-resistant manner, suggesting a topological binding
mode. Our results lead us to propose a multi-step binding model for condensin. We also
included a discussion on the implications our findings on the various models of DNA
compaction.
Cohesin is expected to be a remarkably strong and stable molecule, but direct measure-
ments of this property are missing. Part III works towards answering this question. In
chapter 6, we describe a novel method for attaching biomolecules in magnetic tweez-
ers: with copper-free click chemistry. The relevant force regime for many biological
processes is above tens of pN, but with conventional attachment methods, problems
arise as the molecule can detach from the attachment points at the bead or the surface.
An additional problem arises when one wants to measure on protein-DNA complexes,
as the attachment chemistry might lead to aspecific reactions with the proteins. Our
new method uses copper-free click chemistry: the reaction of a DBCO-tagged molecule
with a azide-functionalized surface. This technique leads to covalently linked DNA teth-
ers that are torsionally constrained. These tethers can withstand high forces, and since
DBCO is not a native protein group, it is highly specific. This new technique opens up
the possibility to anchor DNA-protein complexes taken directly form cell-lysate.

In chapter 7, we present our initial efforts to develop an experimental set-up to probe
the strength of the cohesin complex by measuring its rupture force with magnetic tweez-
ers force spectroscopy. First, we needed to design a geometry of the protein in com-
plex with DNA that closely resembles the in vivo situation, and that we can tether in our
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magnetic tweezers flow cell with copper-free click chemistry. We describe two different
strategies: purifying cohesed mini chromosomes by pulldown of the DNA from cells, and
purifying loaded cohesin by pulldown of SNAP-tagged cohesin. We present biochemical
controls that, unfortunately, showed that our efforts could not yield a sufficiently clean
sample to use in single-molecule experiments. Nevertheless, we show results of our pilot
experiments with pulling on cohesed mini chromosomes. We end with recommenda-
tions for pursuing this project.





Samenvatting

Elke cel staat voor dezelfde uitdaging: hoe organiseer ik al dat DNA in het kleine celvo-
lume? Eerst moet het DNA opgevouwen worden. In elke menselijke cel zit bijvoorbeeld
2 meter DNA, dat in een celkern van een micrometer moet passen. Ten tweede moet
het DNA toegankelijk blijven voor cellulaire processen als transcriptie en replicatie. Om
dit te bewerkstelligen wordt het DNA geholpen door eiwitten die het DNA organiseren,
bijvoorbeeld door het DNA lokaal te buigen, DNA om het eiwit te winden, of door lus-
sen in het DNA te maken. Een belangrijk voorbeeld van zulke eiwitten is de SMC familie
("structureel onderhoud van DNAëiwitten). Deze eiwitten zijn essentieel voor de DNA
organisatie. In eukaryoten is het SMC eiwit cohesin verantwoordelijk voor het bij elkaar
houden van zuster chromatiden tot het moment dat de cel klaar staat om te delen. Zon-
der cohesin kan er premature celdeling voorkomen, wat kan leiden tot ongelijk verdeelde
chromosomen. Het SMC eiwit condensin is verantwoordelijk voor het opvouwen van
DNA in chromosomen die klaar gemaakt worden voor de celdeling. Zonder condensin
wordt het DNA niet netjes georganiseerd en opgevouwen. Dit proefschrift beschrijft ex-
perimenten die als doel hebben meer te begrijpen over het moleculaire mechanisme van
deze SMC eiwitten.

In deel I van dit proefschrift worden SMC eiwitten geïntroduceerd. Hoewel zowel co-
hesin als condensin al decennia geleden ontdekt zijn, en beide essentieel zijn voor elke
vorm van leven, weten we nog weinig over hun moleculaire mechanisme. Hoofdstuk
1 introduceert de DNA organisatie en beschrijft de geschiedenis van SMC eiwitten. Hoe
gebruiken SMC eiwitten hun grote ringstructuur om DNA te organiseren? Om deze vraag
te beantwoorden, denken wij dat biofysische experimenten de sleutel kunnen zijn. In
hoofdstuk 2 worden de inzichten beschreven die tot dusver zijn verworven met biofysi-
sche technieken zoals enkel-molecuul microscopie, krachtspectroscopie en fluorescen-
tie microscopie. Omdat ze zo groot zijn is het is lastig om de kristalstructuren van SMC
eiwitten op te lossen. De meeste informatie die we hebben over de structuur van SMC
eiwitten komt dus van studies met electronenmicroscopie of atomaire kracht microsco-
pie. De overvloed aan beeldmateriaal heeft echter niet geresulteerd in een consensus
over de conformatie. Met een magnetisch pincet kan de DNA condensatie-activiteit van
SMC eiwitten worden onderzocht. Alle studies op dit gebied vinden zeer grote conden-
satiestappen (70-200nm). Met DNA dat gestrekt is door stroming en zogenaamde "DNA-
gordijn"technieken kan de mogelijkheid van SMC eiwitten om op DNA te bewegen wor-
den bekeken.

De focus van deel II van dit proefschrift ligt op het onderzoeken van de structuur
en het mechanisme van het eukaryotische condensin complex. In hoofdstuk 3 kijken
we naar de topologie van Smc2-Smc4 dimeren uit S. cereviseae (bakkersgist) met hoge
snelheid atomaire krachtmicroscopie. Met deze techniek kunnen we de dynamica van
deze condensin dimeren visualiseren op snelheid en in fysiologische condities. De con-
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formatie van SMC complexen is interessant omdat het zeer waarschijnlijk gekoppeld is
aan de biologische functie. Wij laten zien dat de Smc2-Smc4 dimeren verrassend flexi-
bel zijn, en dat de zogenaamde "coiled coils"(opgerolde spoel subeenheden) een persis-
tentie lengte van maar ~4nm hebben. Verder vinden we dat de dimeren verschillende
conformaties aannemen. De "koppen"(uiteinden van de opgerolde spoel subeenheden)
kunnen dynamisch met elkaar en met het "scharnier"domein interacteren. Onze bevin-
dingen wijzen erop dat de condensin complexen de intrinsieke flexibiliteit hebben om
DNA te vangen.

Hoofdstuk 4 beschrijft een enkel-molecuul fluorescentie microscopiestudie waarin
we laten zien dat het S. cerevisiae condensin complex het vermogen heeft om zich over
DNA te verplaatsen. In de DNA-gordijn techniek is DNA opgespannen tussen twee bar-
rières. Door condensin een fluorescent label te geven en dit in beeld te brengen met
totale interne fluorescentiemicroscopie, kunnen we visualiseren hoe condensin bindt
aan DNA op het enkel-molecuul niveau. We vinden dat condensin zich over DNA kan
verplaatsen in de aanwezigheid van ATP. Dit is consistent met de verwachting voor een
DNA-translocatie motor eiwit. Condensin verplaatst zich gemiddeld over een afstand
van 10kb, met een gemiddelde snelheid van 60 baseparen per seconde. Als we een AT-
Pase mutant gebruiken, zien we geen translocatie. We zien ook geen translocatie als we
een niet-hydrolyseerbare vorm van ATP gebruiken. Condensin kan ook een tweede mo-
lecuul meetrekken over het gestretchte DNA. Dit wijst erop dat condensin met twee DNA
moleculen tegelijkertijd kan binden. Deze resultaten ondersteunen het "lus-verdrijf"model
voor DNA condensatie.

Het DNA condensatiemechanisme wordt verder onderzocht in hoofdstuk 5 met een
magnetisch pincet. Deze techniek is zeer geschikt voor het monitoren van de mate
waarin DNA gestrekt is. Met deze techniek kunnen we de condensatie van DNA door
condensin volgen. We vinden dat de snelheid waarmee DNA gecondenseerd wordt af-
hankelijk is van de kracht op het DNA. Het DNA kan niet meer condenseren bij krachten
boven de 2pN. Hogere eiwitconcentraties en meer ATP zorgen voor snellere condensatie.
Voor de initiële binding van condensin aan DNA is geen ATP vereist, maar we zien geen
condensatie als er geen ATP aanwezig is. Als ATP gehydrolyseerd wordt, kan condensin
aan DNA binden op een manier die resistent is tegen hoge zoutconcentraties. Dit wijst
op een topologische binding. Onze resultaten leiden tot een model waarin we voorstel-
len dat condensin meerdere stappen neemt om DNA te condenseren. We voeren ook
een discussie over de implicaties van onze bevindingen voor de verschillende modellen
van DNA condensatie.
De verwachting is dat cohesin een zeer sterk en stabiel molecuul is, maar er zijn geen
directe metingen van deze eigenschappen. Deel III werkt toe naar het beantwoorden
van deze vraag. In hoofdstuk 6 beschrijven we een nieuwe methode voor het ankeren
van biomoleculen in een magnetisch pincet: met koper-vrije klikchemie. Het relevante
krachtregime van veel biologische processen is tientallen piconewtons, maar met con-
ventionele anker technieken kan de aanhechting breken bij deze krachten. Extra proble-
men ontstaan als men wil meten aan DNA-eiwit complexen, omdat de ankertechniek
kan zorgen voor aspecifieke interacties met het eiwit. Onze nieuwe methode gebruikt
koper-vrije klikchemie: de reactie van een DBCO groep met een azide oppervlak. Deze
techniek leidt tot covalent gelinkte DNA moleculen die torsioneel belemmerd zijn. Deze
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gebonden DNA moleculen kunnen hoge krachten weerstaan en omdat DBCO geen na-
tive groep is, is deze methode zeer specifiek. Deze nieuwe techniek geeft de mogelijkheid
om te meten aan DNA-eiwit complexen die direct uit cel lysaat geïsoleerd zijn.

In hoofdstuk 7 presenteren we onze progressie in het ontwikkelen van een expe-
rimentele opstelling om de sterkte van het cohesin complex te onderzoeken door het
meten van de kracht waarom het complex breekt met een magnetisch pincet. Eerst heb-
ben we een construct ontwikkeld van cohesin in complex met DNA die lijkt op de in
vivo situatie. Dit construct moet ook bruikbaar zijn in ons magnetisch pincet en gean-
kerd worden met koper-vrije klik chemie. We beschrijven twee strategiën: purificatie
van minichromosomen in cohesie door het DNA uit cellen te trekken, en purificatie van
cohesin op DNA door aan cohesin met een SNAP-label te trekken. We presenteren bio-
chemische controles die laten zien dat onze inspanningen helaas niet hebben geleid tot
een bruikbaar construct voor enkel molecuul experimenten. Desalniettemin laten we de
resultaten van onze eerste metingen zien. We eindigen met een discussie en aanbeve-
lingen voor het voortzetten van dit project.
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