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Abstract 

The cohesin complex mediates DNA-DNA interactions both between (sister 
chromatid cohesion) and within chromosomes (DNA looping) via a process thought to 
involve entrapment of DNAs within its tripartite ring. It has been suggested that intra-
chromosome loops are generated through processive extrusion of DNAs through the 
lumen of cohesin’s ring. Scc2 (Nipbl) is essential for loading cohesin onto 
chromosomes but not for maintaining sister chromatid cohesion following DNA 
replication. It has therefore been assumed that Scc2 is involved exclusively in the 
cohesin loading process. However, it is possible that the stimulation of cohesin’s 
ABC-like ATPase by Scc2 also has a post-loading function, for example driving loop 
extrusion. Using fluorescence recovery after photobleaching (FRAP) and single-
molecule tracking, we show that Scc2 binds dynamically to chromatin, principally 
through an association with cohesin. Scc2’s movement within chromatin is consistent 
with a “stop-and-go” or “hopping” motion. We suggest that a low diffusion coefficient, 
a low stoichiometry relative to cohesin, and a high affinity for chromosomal cohesin 
enables Scc2 to move rapidly from one chromosomal cohesin complex to another, 
performing a function distinct from loading.  

KEYWORDS: Scc2; Nipbl; Cohesin; Loop Extrusion; HaloTag; Hopping; Cornelia de 
Lange Syndrome; CdLS, CTCF; Mediator; Single-molecule tracking; FRAP; Super-
resolution microscopy  
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Introduction 

The organisation of chromosomes during interphase has an important role in the 
regulation of gene expression. Distal regulatory elements such as enhancers must be 
brought into proximity with their target promoters and shielded from inappropriate 
ones (insulation) (Bulger and Groudine, 2010). Recent advances in mapping DNA 
interactions have demonstrated that the human genome is organised into a series of 
sub-megabase, self-interacting regions called topologically associating domains 
(TADs) whose boundaries correspond to binding sites for the CCCTC-binding factor 
(CTCF) (Nora et al., 2012).  

There is mounting evidence that the mechanism by which TADs and enhancer-
promoter interactions are formed involves cohesin (Kagey et al., 2010; Wendt et al., 
2008). This Smc/kleisin complex holds sister chromatids together from their 
replication until chromosome segregation in mitosis (Guacci et al., 1997; Michaelis et 
al., 1997). The core cohesin complex is a ring-shaped heterotrimer of Smc1, Smc3 
and Scc1 (Rad21) subunits (Toth et al., 1999). Dimerization via their hinge domains 
creates V-shaped Smc1/Smc3 heterodimers whose apical head domains come 
together to form a composite ABC-like ATPase (Haering et al., 2002). Scc1’s N-
terminal domain binds to the Smc3 neck and its C-terminal domain to the Smc1 head 
thereby creating a closed ring (Gruber et al., 2003). It has been suggested that 
cohesin associates with chromatin by entrapping DNA within the ring’s lumen while 
sister chromatid cohesion is mediated by co-entrapment of sister DNAs (Haering et 
al., 2008).  

Cohesin’s association with chromatin is regulated by several proteins among them 
the HAWKs (HEAT repeat containing proteins Associated With Kleisins): Scc2 
(Nipbl), Pds5 and Scc3 (SA1/2) (Wells et al., 2017). Initial association of cohesin with 
DNA is regulated by Scc2 (Ciosk et al., 2000) and requires ATP hydrolysis 
(Arumugam et al., 2003). Scc2 is a large (316kDa) hook-shaped protein whose N-
terminal domain binds Scc4 (Mau2) to form the cohesin loading complex (Kikuchi et 
al., 2016). Though essential for loading cohesin onto yeast chromosomes, Scc2 is 
not required to maintain sister chromatid cohesion (Ciosk et al., 2000). Cohesin is 
released from DNA by Pds5 and Wapl (Kueng et al., 2006), which open the 
complex’s Smc3-Scc1 interface (Chan et al., 2012). An equilibrium between loading 
and release gives cohesin rings a mean chromosome residence time of 15-30 
minutes (Gerlich et al., 2006; Hansen et al., 2016). 

It has been suggested that cohesin has the ability to extrude loops of DNA in a 
processive manner and that this process is halted by CTCF bound in one but not the 
other orientation (Alipour and Marko, 2012; Fudenberg et al., 2016; Nasmyth, 2001; 
Sanborn et al., 2015). If CTCF-regulated loop extrusion is responsible for TADs, then 
cohesin must be capable of translocating vast distances along chromatin fibres. 
Experiments in bacteria, yeast and mammalian cells and in vitro indicate that cohesin 
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and its relatives have the ability to travel along DNA (Busslinger et al., 2017; Hu et 
al., 2011; Lengronne et al., 2004; Stigler et al., 2016; Wang et al., 2017) and that this 
movement may depend on ATP hydrolysis by cohesin (Kanke et al., 2016). Scc2 
stimulates cohesin’s ATPase (Murayama and Uhlmann, 2014) and may play a role in 
the formation of TADs (Haarhuis et al., 2017). If cohesin’s ATPase has a role during 
its translocation along chromatin, then Scc2 might be expected to associate also with 
cohesin rings that have already loaded onto chromosomes. This has hitherto been 
addressed by ChIP sequencing (ChIP-Seq) studies, which have yielded conflicting 
results. Some found that Scc2 peaks overlap with those of cohesin only at enhancers 
and promoters (Fournier et al., 2016; Kagey et al., 2010). Others found little or no 
overlap with cohesin and instead detected Scc2 bound to active promoters that do 
not coincide with cohesin peaks (Busslinger et al., 2017; van den Berg et al., 2016; 
Zuin et al., 2014). Despite these differences none of the studies reported any 
significant co-localisation with CTCF sites where the vast majority of cohesin peaks 
are found. These discrepancies may be due to problems with crosslinking (Teves et 
al., 2016) or due to unreliable antibodies. Besides which, previous ChIP-Seq 
analyses suffer from a lack of calibration (Hu et al., 2015), which is necessary to 
distinguish genuine association from background noise. 

Cornelia de Lange syndrome (CdLS) is a severe developmental disorder in which 
60% of cases have heterozygous mutations in Scc2 (Rohatgi et al., 2010). However, 
cells from patients and a heterozygous Scc2 mouse model only display modest 
reductions in Scc2 expression (Borck et al., 2006; Kawauchi et al., 2009). It is not 
known why slightly reduced Scc2 abundance results in such severe developmental 
defects, but the level of cohesin on chromatin is unchanged and cohesion is 
unaffected in heterozygous Scc2 mice (Chien et al., 2011; Remeseiro et al., 2013). A 
cohesin-independent function in transcription has been suggested for Scc2 (van den 
Berg et al., 2016; Zuin et al., 2014) but further CdLS mutations are found in cohesin 
genes indicating an aetiology related to the complex (Boyle et al., 2016; Deardorff et 
al., 2012; Revenkova et al., 2009). These findings suggest that CdLS is not caused 
by a reduction in binding of cohesin to DNA but rather a change in its behaviour once 
loaded. However, no interaction has been demonstrated between Scc2 and loaded 
cohesin in vivo.  

To determine whether Scc2 interacts with cohesin outside of the loading reaction we 
turned to live cell imaging. Using fluorescence recovery after photobleaching (FRAP) 
and single-molecule imaging, we show that Scc2 binds dynamically to chromatin, 
principally through an association with cohesin. In cells lacking Wapl, cohesin never 
dissociates from chromatin and accumulates along longitudinal axes called vermicelli 
(Tedeschi et al., 2013). We find that Scc2 co-localises with these axes but unlike 
cohesin, it turns over with a half-life of approximately one minute. Crucially, a pool of 
Scc2 with similar kinetics in wild type cells is greatly reduced after degradation of 
cohesin. This implies that a large fraction of chromosomal Scc2 is bound to cohesin 
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at any moment in time. Scc2’s movement within chromatin is consistent with a “stop-
and-go” or “hopping” motion. We suggest that a low diffusion coefficient, a low 
stoichiometry relative to cohesin, and a high affinity for chromosomal cohesin 
enables Scc2 to move rapidly from one chromosomal cohesin complex to another in 
its vicinity, performing a function distinct from loading.  

Results 

Scc2 interacts transiently with chromosomes before and after DNA replication 

Because Scc2 is not stably associated with chromosomal cohesin (Hu et al., 2011), it 
has hitherto been assumed to only interact with cohesin transiently during the loading 
process. For this reason as well as the difficulties of ascertaining the location of 
proteins with short chromosome residence times using ChIP-Seq, we investigated 
Scc2’s dynamics using live-cell imaging. To do this, we tagged Scc2 at its N-terminus 
with the HaloTag in HeLa cells using CRISPR/Cas9-mediated homologous 
recombination (Stewart-Ornstein and Lahav, 2016). Scc2-Halo was labelled by 
transient incubation with the fluorescent dye JF549 conjugated to the HaloTag ligand 
(Scc2JF549) (Grimm et al., 2015).  Timelapse confocal microscopy confirmed previous 
findings from immunofluorescence experiments (Zuin et al., 2014), that Scc2 is 
nuclear during interphase, dissociates from chromatin in prophase and is excluded 
from chromosomes during mitosis (Fig. 1a, Video 1).  

To compare Scc2’s dynamics at different stages of the cell cycle, we obtained G1 
and G2 populations by releasing cells for different periods of time from a double 
thymidine block. Cells were predominantly in G2 6 hours after release, having just 
completed S phase, while they were predominantly in G1 15 hours after release, 
having undergone both DNA replication and mitosis (Fig. 1b). Halo-Scc2 was labelled 
with JF549 (Scc2JF549) and the interaction between Scc2 and chromatin was 
measured by bleaching a circle of Scc2JF549 fluorescence and measuring 
fluorescence recovery after photobleaching (FRAP) (Fig. 1c, d). FRAP experiments 
were performed in the presence of an unlabelled HaloTag ligand to prevent relabeling 
of newly synthesised Halo-Scc2 (Rhodes et al., 2017). Neither Scc2JF549 FRAP 
curves fitted a single exponential function. However, a double exponential model 
fitted the recovery data from both sets of cells (Fig. S1). In G1 cells, 53% of the 
fluorescence recovered with a half-life of 2.9 sec and 45% with a half-life of 51s, 
while in G2 cells, 57% of the fluorescence recovered with a half-life of 3.9s and 41% 
with a half-life of 56s (Fig. 1e). Our results indicate that Scc2’s association with 
chromatin is much more transient and frequent than that of cohesin which has a 
residence time of 15-30 minutes (Gerlich et al., 2006; Hansen et al., 2016). During 
DNA replication 30% of cohesin becomes stably bound on chromosomes with a 
residence time in the hours range (Gerlich et al., 2006). Unlike cohesin, there are 
only modest differences in Scc2 recovery characteristics between G1 and G2 cells. 
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Scc2 co-localises with cohesin vermicelli in Wapl∆ cells 

Because cohesin and Scc2 appear evenly distributed within nuclei by conventional 
fluorescence microscopy, it is hard to address whether they co-localise. Deletion of 
the cohesin release factor Wapl results in re-organisation of cohesin into axial 
structures called vermicelli (Tedeschi et al., 2013). We used this phenomenon to 
determine whether Scc2 co-localises with chromosomal cohesin. To this end, we 
transfected Halo-Scc2 HeLa cells with a plasmid expressing Cas9 and a guide RNA 
that together make a double strand break in WAPL’s M1116 codon, a residue 
essential for Wapl’s releasing activity (Ouyang et al., 2013). This causes deletions in 
most genes but also gives rise to M1116 mutations (Rhodes et al., 2017). Three days 
post transfection, immunofluorescence with an antibody against Scc1 showed that 
cohesin had re-organised into vermicelli in most cells (Fig. 2a). Strikingly, Scc2JF549 
largely co-localised with the cohesin vermicelli and not with the majority of DNA that 
surrounds these structures (Fig. 2a). However, in contrast to cohesin, which is 
permanently associated with chromosomes in Wapl∆ mutants (Tedeschi et al., 2013), 
Scc2JF549 still showed fast FRAP recovery after Wapl inactivation (Fig. 2b, 2c, 2d, 
S1b, Video 2).  

Upon inactivation of Wapl the fraction of cohesin associated with chromatin increases 
(Kueng et al., 2006) and the unbound fraction is reduced. In this situation, one would 
expect the frequency of Scc2’s association with chromatin to decrease if Scc2 and 
cohesin interacted only during the cohesin loading reaction. This is because there are 
fewer cohesin complexes available for an Scc2-mediated loading reaction. In fact, we 
observed precisely the opposite. The fraction of Scc2 bound to chromatin increased 
when Wapl was inactivated (Fig. 2c), despite less unbound cohesin being available 
to load onto DNA. Increased chromatin binding of Scc2 therefore appears to reflect 
an association between Scc2 and cohesin that is stably loaded on DNA. Scc2’s 
continual albeit transient association with vermicelli may regulate aspects of cohesin 
function besides loading. 

Analysis of the Wapl defective cells was also revealing about Scc2’s behaviour 
during mitosis. Most cohesin dissociates from chromosome arms when cells enter M 
phase (Losada et al., 1998). This process, which is known as the prophase pathway, 
involves the same mechanism responsible for cohesin’s turnover during interphase, 
namely Wapl-mediated opening of the ring’s Smc3/Scc1 interface (Chan et al., 2012). 
In cells lacking Wapl, cohesin persists throughout chromosomes until separase 
removes it during anaphase (Kueng et al., 2006) (Fig. 2e). This situation presents an 
opportunity to address whether the lack of Scc2’s association with chromosomes 
from prophase till metaphase is simply due to the lack of cohesin or due to cell cycle 
regulation of Scc2’s ability to bind cohesin. In other words, does Scc2 still dissociate 
from chromosomes in Wapl∆ cells during mitosis? Time-lapse and 
immunofluorescence microscopy of Scc2JF549 Wapl∆ HeLa cells demonstrated that 
Scc2 dissociates from chromosomes in prophase even in the absence of Wapl 
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activity (Fig. 2e & Video 3). Thus, the prophase release of Scc2 is independent of 
cohesin release. Activation of mitotic protein kinases during prophase may abrogate 
Scc2’s ability to bind to chromosomal cohesin. 

Scc2 hops along the vermicelli of Wapl∆ cells 

Observation of fluorescence recovery after photobleaching a large fraction of the 
nucleus revealed a striking phenomenon. Given Scc2’s rapid turnover on chromatin, 
one would expect Scc2 molecules that have dissociated from chromatin to reappear 
rapidly throughout the bleached zone, as is the case in most FRAP studies on 
proteins with short chromosome residence times. Surprisingly, Scc2JF549 behaved 
very differently. Upon photobleaching one half of a nucleus, fluorescence associated 
with Scc2JF549 spread into the bleached zone very slowly, taking longer than five 
minutes to equilibrate in zones furthest from the unbleached area (Fig. 3a, 3b). This 
implies that Scc2’s diffusion through the nucleus is severely restricted. One 
explanation for this low mobility is that Scc2 diffuses extremely slowly through the 
nucleoplasm. Alternatively, soluble Scc2 may rebind chromatin before it diffuses 
appreciably. In other words, its diffusion is continually punctuated by re-binding and 
re-dissociation.  

In wild type cells it is difficult to distinguish between these two possibilities, as Scc2 is 
homogeneously distributed. To differentiate between DNA-bound and unbound Scc2, 
we used Wapl deficient cells where bound Scc2 forms vermicelli. After 
photobleaching one half of the nucleus where Scc2JF549 was associated with the 
cohesin vermicelli, we observed that fluorescence spread in a gradual fashion into 
the bleached zone and associated with vermicelli as it did so (Fig. 3c). Fluorescence 
appeared earliest on those vermicelli closest to the unbleached zone and latest on 
those furthest from the unbleached zone. In other words, the movement of Scc2JF549 
across the nucleus took place while it was continually associating with and 
dissociating from vermicelli. Thus, upon dissociation from one cohesin complex, Scc2 
rebinds a neighbouring one before it can diffuse an appreciable distance across the 
nucleus. It appears therefore to “hop” across the nucleus on chromosomal cohesin. 
Similar hopping behaviour has been suggested to occur for the histone linker H1 and 
a class of pioneering transcription factors (Misteli et al., 2000; Sekiya et al., 2009). 

To confirm that this behaviour was not an artefact caused by the Halo tag, we 
repeated the experiment in HeLa cells expressing a mouse GFP-Scc2 under its 
endogenous promoter from a stably integrated bacterial artificial chromosome (BAC). 
Again we observed gradual spreading from bleached to unbleached zones along 
vermicelli (Video 4).  

Scc2’s chromosomal association depends on cohesin  

If an appreciable fraction of chromatin bound Scc2 is indeed associated with cohesin, 
then Scc2’s dynamics should be greatly altered by removing cohesin from the cell. 
Because effective cohesin depletion will have major ramifications on cell cycle 
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progression, which in itself would affect Scc2’s dynamics, it is essential to measure 
the effect in cells in which cohesin has been depleted extremely rapidly and before 
cells enter mitosis. To this end, we used an HCT116 human cell line whose cohesin 
subunit Scc1 is tagged with an Auxin-inducible degron (mAID) and a fluorescent 
mClover tag. These cells also express the plant F-box protein Tir1 that mediates 
interaction of the AID degron with endogenous SCF ubiquitin ligase (Natsume et al., 
2016).  

To measure Scc2’s dynamics in these cells before and after auxin-mediated Scc1 
degradation, we again used CRISPR to tag Scc2 at its N-terminus with the HaloTag. 
Addition of auxin induced degradation of Scc1 to levels below detection by 
microscopy within two hours (Fig. 4a, 4b). To compare the dynamics of Scc2 with 
those of a protein of similar size, we created a second HCT116 cell line in which both 
SCC1 genes were tagged with the HaloTag. The molecular weight of the Smc1, 
Smc3, Scc1, Scc3 tetramers is 500kDa while that of Scc2/Scc4 is 386kDa. 
Importantly, 50% of cohesin is not bound to chromatin in interphase cells and known 
to diffuse freely within the nucleoplasm due to a low association rate (Hansen et al., 
2016).  

We initially analysed Scc2JF549 FRAP within nuclei in which one half had been 
photobleached. FRAP of Scc2JF549 in Scc1-mAID-mClover Tir1 cells in the absence 
of auxin revealed slow spreading of Scc2JF549 into the unbleached half of the nucleus, 
as previously found in HeLa cells. Crucially, recovery of Scc2JF549 was much slower 
than that of the freely diffusing pool of Scc1JF549, confirming that Scc2’s diffusion 
through the nucleus is an interrupted process, and not simply a consequence of its 
high molecular weight (Fig. 4c). Addition of auxin caused complete depletion of Scc1 
within two hours, as measured by mClover fluorescence intensity (Fig. 4c). Strikingly, 
this was accompanied by a major increase in the rate of Scc2JF549 fluorescence 
recovery after photobleaching (Fig. 4c, S1c). It is conceivable that the increase in the 
rate of recovery upon Scc1 degradation is due to an interaction between Scc2 and 
the soluble pool of cohesin, which could somehow slow diffusion in the nucleoplasm. 
Because the diffusion coefficient of unbound Scc2 molecules was in fact unchanged 
by the presence or absence of cohesin in the cell (see below), we conclude that it is 
chromosomal cohesin and not the soluble pool that hinders Scc2’s diffusion. 

These data imply that Scc2’s slow movement through the nucleus is due to it hopping 
between neighbouring chromosomal cohesin complexes. Importantly, the behaviour 
of Scc2 in Wapl∆ cells shows that it binds and then rapidly dissociates from cohesin 
complexes that are themselves permanently locked onto chromosomes. In other 
words, Scc2 does not merely bind to cohesin during the loading process. Given that 
Scc2 is a potent activator of hydrolysis of ATP by cohesin (Murayama and Uhlmann, 
2014), our discovery that Scc2 cycles on and off chromosomal cohesin raises the 
possibility that it stimulates ATP hydrolysis by chromosomal cohesin complexes not 
just ones engaged in loading. 
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To address whether Scc2 can bind to chromatin even in the absence cohesin, we 
repeated the FRAP experiment in Scc1-depleted HCT116 cells, but in this case 
photobleaching just a small circular area, as described for Fig. 1c and 2b, which 
enabled us to model the recovery curves. These were inconsistent with a single 
exponential function but fitted a bi-exponential function well, indicating that Scc2 
interacts with chromatin even in the absence of cohesin. The lack of cohesin 
simplified Scc2’s dynamics and enabled us to calculate a residence time from the 
FRAP curves (Mueller et al., 2008). Model fitting revealed that in cohesin-depleted 
HCT116 cells 44% of Scc2 binds to chromatin with a residence time of 22 seconds. 
The unbound fraction moves with a diffusion coefficient of 0.79 µm2/s. This slow 
diffusion coefficient might indicate that even in the absence of cohesin, Scc2 moves 
by effective diffusion (where diffusion is interrupted by transient binding). Our findings 
imply that Scc2 binds to chromosomes in two modes: one involving cohesin and a 
second more transient one to other chromatin sites, potentially reflecting the 
previously reported association with gene promoters (Zuin et al., 2014).  

Single-molecule imaging demonstrates Scc2 binding to cohesin in wild type 
cells 

The FRAP measurements suggest that the association between Scc2 and cohesin 
has a high on rate as well as a high off rate and that Scc2 may also have a relatively 
low diffusion coefficient within the nucleoplasm. It would also seem that while at a 
given moment there might be a significant unbound fraction of Scc2 in the nucleus, 
this protein cannot diffuse very far as its movement is interrupted by frequent binding 
events. To test these predictions, we employed single-molecule imaging to visualise 
directly the movement of Scc2 molecules and quantify their interactions. The Halo 
ligand JF549 is sufficiently bright to detect single Halo-Scc2 molecules at 15 ms 
exposures and ~25 nm localisation precision inside nuclei of live HCT116 cells (Fig. 
5a). As previously demonstrated (Liu et al., 2014), the JF549 dye blinks 
stochastically, allowing sequential imaging and localisation of thousands of 
molecules per cell over the course of a movie. Single molecules were visible for an 
average of 9 frames (135 ms) before blinking, photobleaching or moving out of the 
focal plane.  In some cases, molecules were visible for several seconds. By linking 
localisations to tracks, we constructed maps of Scc2 movement inside nuclei, where 
the colour of each track represents the average diffusion coefficient per molecule 
(Fig. 5b). This analysis revealed immobile Scc2 molecules (blue-cyan tracks) as well 
as molecules displaying clear displacements between successive frames (yellow-red 
tracks) (Fig. 5c). The distribution of diffusion coefficients revealed two distinct 
populations: 37% displayed a diffusion coefficient compatible with chromatin bound 
molecules while 63% were mobile and therefore unbound (Fig. 5d and 5e). The 
average diffusion coefficient of the unbound molecules was 0.6 µm2/s, consistent with 
our results from FRAP. 
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To compare Scc2’s movement with that of its binding partner cohesin, we performed 
identical tracking experiments in HCT116 cells where Scc1-Halo was labelled with 
JF549. The distribution of diffusion coefficients for Scc1 was remarkably similar to 
Scc2, showing distinct subpopulations of bound and diffusing molecules (Fig. 5d and 
5e), as reported previously (Hansen et al., 2016). Tagging Scc1 with Halo also 
enabled us to compare the stoichiometry of Scc2 and Scc1 proteins. Fluorescence 
associated with Scc1JF549 was nearly three times that associated with Scc2JF549 (Fig. 
5f), while the relative fractions of chromatin-bound molecules were the same for Scc1 
and Scc2 (Fig. 5e). Therefore, Scc2 is present at a substoichiometric level relative to 
DNA-bound cohesin. Hence there is an abundance of binding sites for Scc2, which 
may contribute to the gradual spreading of fluorescence, observed by FRAP. 

As a direct test for our model that Scc2 repeatedly binds pre-loaded cohesin, we 
tracked Scc2 in cells in which the abundance of chromatin-bound cohesin had been 
perturbed. First, we employed Wapl deficient HeLa cells where most cohesin is 
chromatin-bound and found that the fraction of bound Scc2 molecules increased from 
41±3% (wild type) to 55±1% (WaplΔ) (Fig. 6a). Thus, increasing the abundance of 
DNA-bound cohesin leads to greater recruitment of Scc2. Next, we analysed the 
effect of depleting cohesin using auxin-mediated Scc1 degradation in HCT116 cells. 
As expected, this had the opposite effect, namely that Scc2 binding decreased from 
37±2% (untreated) to 27±2% (with auxin) (Fig. 6b). These findings are fully consistent 
with the notion that a sizeable fraction of Scc2 is bound directly to cohesin at any one 
time. The fact that a significant fraction of immobile Scc2 molecules remains after 
cohesin degradation merely confirms that Scc2 is capable of binding sites 
independently of cohesin. Because of this, the decrease in the fraction of immobile 
Scc2 upon cohesin depletion will not in fact reflect the fraction of Scc2 that is 
normally associated with cohesin. This is better estimated from the effect of cohesin 
depletion on FRAP recovery curves (Fig. 4c), which can distinguish the two types of 
chromosomal association (cohesin-dependent and independent) because they have 
different residence times.  

Interestingly, although the relative abundance of unbound Scc2 molecules was 
reduced by Wapl deletion and increased by cohesin degradation, the diffusion 
coefficients of unbound Scc2 molecules remained unchanged in both situations. This 
indicates that the movement of Scc2 during the search for binding sites is not 
affected by the presence or absence of cohesin or by the reorganisation and 
compaction of chromatin caused by Wapl deletion. 

Direct observation and quantification of Scc2-cohesin binding 

Single-molecule tracking should enable direct observation of Scc2’s transient binding 
events in wild type cells. We examined long-lived tracks of Scc2 and frequently 
observed instances where the diffusion coefficient changed during the trajectory. 
Single molecules displayed transient binding events that lasted a few hundred 
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milliseconds followed by dissociation and intervals of diffusive motion (Fig. 7a). This 
is direct evidence for the effective diffusion postulated from our FRAP experiments. 
However, we also found that many molecules remained immobile on a much longer 
time-scale. Furthermore, after degrading Scc1 by auxin treatment, Scc2 still 
displayed transient binding events as seen in untreated cells. Therefore, we interpret 
these binding events on a time-scale of ~100 ms as cohesin-independent chromatin 
interactions during the target search.  

Measuring the binding times of the long-lived immobile species was complicated by 
photobleaching, which limits how long each molecule can be imaged. To capture 
long-lived binding events more efficiently, we imaged Scc2JF549 in movies at a slower 
frame rate of 1 s/frame and lower laser intensity. Under these conditions, diffusing 
molecules are blurred and therefore not detected by the localisation analysis, 
whereas stationary or slowly moving molecules are detected as sharp diffraction-
limited spots (Fig. 7b) (Mazza et al., 2012; Uphoff et al., 2013). However, the 
observed dwell times are biased by loss of signal due to photobleaching, blinking, 
drift, and localisation errors. Therefore, we first calibrated the method by measuring 
the dwell time distribution of chromosomal Scc1, which is known to be stably bound 
for tens of minutes (Gerlich et al., 2006). Any loss of bound Scc1 molecules on a 
shorter time-scale than its known residence time must be due to the aforementioned 
experimental artefacts. We calculated this loss rate by fitting a double-exponential 
decay to the measured dwell time distribution of Scc1 and applied this correction 
factor to calculate binding time constants for Scc2. The dwell times showed a 
characteristic double exponential distribution (Fig 7b). 55% of Scc2 molecules were 
bound with a half-life of 1 s and 45% bound with a half-life of 47 s. These values are 
in reasonable agreement with those obtained from FRAP analysis (53% and 45% 
with half lives of 2.9 and 51 s, respectively).  

Our single-molecule tracking experiments explain the slow spreading of Scc2 
fluorescence seen in FRAP experiments. By resolving chromatin-bound and diffusing 
subpopulations of Scc2, we have shown in as direct a manner as possible that Scc2 
associates with chromatin-bound cohesin complexes where it has a residence time of 
approximately one minute. The high relative abundance of chromosomal cohesin 
allows Scc2 to rapidly bind a nearby complex after dissociation. Furthermore, in-
between cohesin binding events, Scc2 displays effective diffusion where its 
movement is frequently halted by transient chromatin binding on a sub-second time-
scale. This allows Scc2 to diffuse locally in order to stay in close contact with cohesin 
complexes.  

 

Discussion   

Given that Scc2 is the most frequently mutated protein in Cornelia de Lange 
syndrome it is critical to understand the nature of its interactions. Scc2 stimulates 
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cohesin’s ATPase (Murayama and Uhlmann, 2014) and may play a key role in 
translocating cohesin along chromatin fibres (Kanke et al., 2016), and the possible 
extrusion of DNA loops (Haarhuis et al., 2017). If this were true one would expect 
cohesin and Scc2 to reside at the same locations on chromosomes. However, 
currently no significant co-localisation has been observed in ChIP-Seq experiments. 
Here we applied a very different approach, namely imaging fluorescently labelled 
versions of Scc2 in living cells. 

Our ability to resolve transient chromatin interactions enabled the surprising 
discovery that Scc2 frequently rebinds to cohesin complexes that have already been 
loaded onto DNA. Therefore, Scc2 appears to serve a function apart from its 
documented role as a cohesin loader. We found that Scc2 co-localises with cohesin 
along the longitudinal axes of interphase chromosomes observed in Wapl∆ cells. 
Under these conditions, cohesin is stably bound to chromatin whereas Scc2 turned 
over with a half-life of approximately one minute. If Scc2 formed these vermicelli only 
because of chromatin rearrangement, the fraction of Scc2 bound to DNA should be 
unchanged. In fact, the abundance of chromatin-bound Scc2 increased after Wapl 
deletion. This excludes the possibility that the interaction between Scc2 and 
chromatin exists merely because of an association of Scc2 and cohesin during the 
initial loading reaction or an association with gene regulatory elements. Instead, the 
simplest explanation for this behaviour is that Scc2 binds transiently but continually to 
previously loaded cohesin complexes. As predicted by this hypothesis, acute cohesin 
depletion greatly increases Scc2’s mobility within the nuclei of wild type cells. It also 
reduces the fraction of chromatin-bound molecules. This effect is more modest than 
the effect on mobility because Scc2 also binds to chromatin in the absence of 
cohesin, albeit with a considerably shorter residence time.  

These findings beg the question what the function is that Scc2 plays when it binds to 
loaded cohesin. One possibility is to stimulate cohesin’s translocation along 
chromatin fibres and thereby the extrusion of DNA loops. These processes might 
require ATPase activity associated with Smc1 and Smc3 (Kanke et al., 2016), a 
reaction that is stimulated by Scc2 (Murayama and Uhlmann, 2014). Further 
experiments permitting manipulation of Scc2 activity will be required to address what 
function Scc2 performs on chromosomal cohesin. Ascertaining whether it facilitates 
loop extrusion and thereby formation of TADs will be an important goal.   

It is intriguing that ChIP-Seq studies have missed Scc2’s close association with 
chromosomal cohesin. We have already mentioned technical reasons why ChIP-Seq 
may not have revealed Scc2’s real location. However, there may be an equally 
important reason. Because Scc2 and cohesin ChIP-Seq measurements have not 
been calibrated (Hu et al., 2015), their analyses have focused on local maxima, on 
the assumption that these must be genuine signals. We note that the majority of 
cohesin ChIP-Seq reads are in fact not situated in peaks but are instead distributed 
throughout the genome (Landt et al., 2012). If in fact these reads also represent 
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genuine association, as suggested by calibrated ChIP-Seq in yeast (Hu et al., 2015), 
then by focusing solely on cohesin peaks, ChIP-Seq analyses may have grossly 
under-estimated Scc2’s co-localisation with cohesin. Indeed, if Scc2 mediates the 
ATP hydrolysis necessary to drive loop extrusion, then one would predict that Scc2 
would be associated with cohesin complexes that are engaged in extrusion, which Hi-
C studies suggest are distributed broadly throughout the genome, and possibly not 
with those that have reached boundaries created by CTCF. Thus, the apparent lack 
of co-localisation between cohesin and Scc2 concluded by ChIP-Seq analyses may 
in fact be telling us something far more revealing. It is conceivable that CTCF may 
actively prevent cohesin’s association with Scc2, stop ATP hydrolysis by cohesin and 
thereby halt extrusion of loops beyond CTCF binding sites. In other words, insulation 
might be mediated by an effect of CTCF on Scc2-driven ATP hydrolysis.  

Cornelia de Lange Syndrome is caused by heterozygous mutations in SCC2 in 60% 
cases (Rohatgi et al., 2010). Mouse models of the disorder with a heterozygous 
deletion of SCC2 display severe defects but only have a 30% reduction in SCC2 
expression (Kawauchi et al., 2009). Consistently, a CdLS case has also been 
reported in which the patient displayed a clinically significant phenotype but only a 
15% drop in SCC2 mRNA expression due to a mutation in the 5’ untranslated region 
(Borck et al., 2006). Why are mice and humans so sensitive to changes in Scc2 
expression? We present three observations, which might help answer this question. 
Scc2 binds to cohesin on DNA after loading, Scc2 is substoichiometric relative to 
cohesin in wild type cells, and Scc2 rapidly rebinds to cohesin after unbinding. We 
suggest that the abundance of Scc2 is rate limiting for the ATPase of cohesin that is 
engaged in loop extrusion. Thus, a lower abundance of Scc2 in CdLS means cohesin 
is visited less frequently by Scc2 and may reduce the processivity of loop extrusion 
complexes (Fudenberg et al., 2016), and thereby increasing the chance of 
unregulated enhancer-promoter interactions.  

During the course of these studies, we noticed a curious property of Scc2, namely 
the ability to spread slowly across chromatin. FRAP and tracking of individual Scc2 
molecules revealed that Scc2 travels on chromatin by hopping. This feature probably 
arises because Scc2’s association with cohesin has a high on rate and Scc2 is 
substoichiometric. As a consequence, when Scc2 dissociates from a cohesin 
complex it rebinds to one that is in the vicinity before diffusing an appreciable 
distance across the nucleus. The gradual spreading of Scc2 along chromosomes 
described here utilised selective photobleaching to create a defined zone or source of 
labelled Scc2, whose diffusion away from this source was punctuated by repeated 
dissociation and re-binding events. However, one could imagine situations where 
specific loci attract large amounts of a protein that then behaves in a manner similar 
to Scc2 and diffuses gradually away from its source, creating a gradient within 
surrounding chromatin. We suggest that “punctuated diffusion” or “hopping” of this 
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nature could underlie several poorly understood long-range chromosomal regulatory 
phenomena.   

 

Experimental Procedures 

Plasmids 

pSpCas9(BB)-2A-Puro (PX459) V2.0 was a gift from Feng Zhang (Addgene plasmid 
# 62988). The following oligonucleotides were cloned into pX459 at the BbsI 
restriction sites to make pX459 SCC2(Hs) 5’, pX459 SCC1(Hs) 3’ and pX459 
WAPL(Hs) M1116. 

SCC2(Hs) 5’   TCCAGAAATTCAGGATGAAT 

SCC1(Hs) 3’  ATAATATGGAACCTTGGTCC 
WAPL(Hs) M1116  GCATGCCGGCAAACACATGG 

A poly Glycine-Serine linker, Blasticidin resistance gene (BSD), GSG-P2A (self 
cleaving peptide) and the HaloTag were cloned into pUC19 between KpnI and SalI 
by Gibson Assembly to generate pUC19 NT-BSD-GSG-P2A-HaloTag. If this 
sequence is inserted after the start codon of a gene equimolar amounts of BSD and 
N-terminally HaloTagged protein of interest are expressed (Stewart-Ornstein and 
Lahav, 2016). The reverse was also assembled to make pUC19 CT-HaloTag-GSG-
P2A-BSD for C-terminal tagging. BSD-GSG-P2A-HaloTag-Linker was cloned 
between 1kb sequences homologous to the five prime end of human NIPBL to make 
pUC19 SCC2 NT-BSD-GSG-P2A-HaloTag. HaloTag-GSG-P2A-BSD was cloned 
between 1kb sequences homologous to the three prime end of human SCC1 to make 
pUC19 SCC1 CT-HaloTag-GSG-P2A-BSD. 

Cell Culture 

Scc1-AC Tir1 cells were a gift from Masato Kanemaki and cultured as previously 
described (Natsume et al., 2016). Halo-Scc2 and Scc1-Halo cell lines were 
generated by cotransfection of the appropriate pX459 and donor vector using 
TransIT-LT1 (Mirus Bio). Two days post-transfection cells were plated at low density 
and blasticidin (Invitrogen) was added to medium at 5µg/ml for both HCT116 and 
HeLa cells. When colonies were clearly visible they were isolated using cloning 
cylinders and split into two 96-well plates. Homozygous clones were identified by 
PCR with primers outside the homology arms of the donor plasmid. To deplete Scc1-
mClover-mAID, 500µM auxin sodium salt (Sigma, I5148) was added to the medium 
two hours before imaging. 

Fluorescent labelling 

HaloTag labelling was as previously described except 100pM HaloTag-JF549 was 
used for residence time analysis (Rhodes et al., 2017). Anti-SCC1 (Upstate) was 
used at 1:100 dilution. 
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Confocal microscopy and FRAP 

Confocal live-cell imaging was performed on a spinning disk confocal system 
(PerkinElmer UltraVIEW) with an EMCCD (Hamamatsu) mounted on an Olympus 
IX81 microscope with Olympus 60× 1.4 N.A. objective. During imaging, cells were 
maintained at 37ºC and 5% CO2 in a humidified chamber.  

For spot FRAP of JF549, ten prebleach images were acquired then a 2.5 µm circle 
was bleached with the 568 nm laser (75% laser power) and recovery images were 
acquired. Fluorescence intensity measurements were made using ImageJ. 
Fluorescence intensity was measured in the bleached and unbleached regions and a 
region outside of any cell (background). The background intensity was subtracted 
from the bleached and unbleached intensities. The relative intensity between 
bleached and unbleached was calculated by dividing background corrected 
unbleached intensity by the background corrected bleached intensity. The mean of 
the relative intensity of prebleach images was calculated and used to normalise all 
the values so that the relative intensity before bleaching had a mean of 1. The mean 
normalised relative intensity of all repeats was calculated for each time point and 
plotted.  

Single-molecule tracking experiments 

For single-molecule tracking experiments, we used a custom TIRF/HiLo microscope 
described in (Wegel et al., 2016). Briefly, a fibre-coupled 568 nm laser (Toptica 
iChrome MLE) was focused into the back focal plane of an Olympus 100x NA1.4 
objective. By translating the position of the focus away from the optical axis, we 
controlled the angle of the excitation beam to maximise the signal-to-noise ratio. 
JF549 fluorescence was collected by the same objective, split from the excitation 
beam using a dichroic mirror and emission filter (Chroma), and focused onto an 
EMCCD camera (Andor iXON 897 Ultra) using a 300 mm tube lens. This resulted in a 
magnification of 96 nm per pixel. We used an objective collar heater and heated 
stage insert to maintain a sample temperature of 37°C during imaging. After 
identifying an area for imaging, fluorescence was pre-bleached until single molecules 
were sufficiently sparse for localisation and tracking. For rapid tracking of diffusing 
and bound molecules, we acquired movies with continuous 561 nm excitation at 50 
mW intensity at the fibre output and a frame rate of 64.5 frames/s and exposure time 
of 15 ms. Each movie typically comprised 5.000 frames and contained several nuclei. 
For experiments to measure single-molecule binding times, we recorded movies of 
300 frames under continuous 1 mW 561 nm excitation and a frame rate of 1 frame/s 
and exposure time of 1 s. 

Single-molecule tracking analysis 

Data analysis was performed in MATLAB (MathWorks) using software that was 
previously described (Uphoff et al., 2014). In each frame, fluorescent molecules were 
detected based on an intensity threshold, and their localisations determined to 20-nm 
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precision by fitting an elliptical Gaussian Point Spread Function (PSF). Subsequently, 
localisations that appeared in consecutive frames within a radius of 0.48 μm were 
linked to tracks. A memory parameter allowed for molecules to be tracked if they 
blinked or disappeared out of focus for single frames. Tracks with at least four steps 
were used to compute apparent diffusion coefficients (D*) from the mean-squared 
displacement (MSD) on a particle by particle basis: D* = MSD/(4 dt), where dt is the 
time between frames. We classified bound and mobile molecules based on their 
apparent diffusion coefficient after correcting for the localisation uncertainty of sigma 
= 25 nm; Dcorrected = MSD/(4 dt) – sigma^2/dt. The fraction of bound or diffusing 
molecules was then estimated from the fraction of tracks that were below or above a 
threshold of D* < 0.1 μm2/s. 

To estimate binding times from experiments at long exposure times, we tracked 
localisations using a radius of 0.192 μm. To exclude diffusing molecules from the 
analysis, we filtered tracks based on the apparent diffusion coefficient and the width 
of the fitted Gaussian function. The lengths of tracks of stationary molecules with 
diffraction-limited PSF gave the apparent dwell times of chromatin-bound molecules. 
The binding time constants were obtained by fitting the distribution of dwell times with 
a double exponential decay function. In order to correct for biases that underestimate 
the true binding times, we followed the procedure described in the main text and in 
(Chen et al., 2014; Uphoff et al., 2013). Specifically, we used the fact that Scc1 is 
stably bound (15-30 min) on the time scale of the measurement (<60 seconds per 
observed molecule), so that any disappearance of fluorescent Scc1 molecules is due 
to photobleaching/blinking or movement out of the focal plane. This apparent dwell 
time was tBleach = 28.3 s. The binding times of Scc2 were then calculated from the 
fitted dwell time constants using the equation: tBound = tDwell*tBleach / (tBleach - 
tDwell). 

Acknowledgements 

We are very grateful to Masato Kanemaki for sharing the Scc1-AC Tir1 HCT116 cell 
line. We thank Ina Poser and Tony Hyman for sending the LAP-Scc2 HeLa cells. We 
are also grateful to Luke Lavis for contributing the JF549 dye. We thank 
Maurici Brunet-Roig for help with FACS analysis. We thank David Sherratt and 
Francis Barr for comments on the manuscript.  

Author contributions 

JR, KN and SU conceived the study and designed the experiments. JR carried out 
the experiments. JR, SU and DM analysed single molecule and FRAP data. JR, KN 
and SU prepared the manuscript. All authors have approved the final content. 

Funding Details 

This work was supported by European Research Council (ERC), Proposal No 
294401, Wellcome Trust Programme Grant, Grant Ref 091859/Z/10/Z, Cancer 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 11, 2017. ; https://doi.org/10.1101/136754doi: bioRxiv preprint 

https://doi.org/10.1101/136754
http://creativecommons.org/licenses/by-nd/4.0/


	   17	  

Research UK Programme Grant, Grant Ref C573/A12386 and Micron Oxford 
Wellcome Trust Strategic Award no.  107457 

Stephan Uphoff is funded by a Sir Henry Wellcome Fellowship by the Wellcome Trust 
and a Junior Research Fellowship at St John’s College Oxford. 

 

References 
Alipour, E., and Marko, J.F. (2012). Self-organization of domain structures by DNA-
loop-extruding enzymes. Nucleic Acids Res. 40, 11202–11212. 

Arumugam, P., Gruber, S., Tanaka, K., Haering, C.H., Mechtler, K., and Nasmyth, K. 
(2003). ATP hydrolysis is required for cohesin's association with chromosomes. Curr. 
Biol. 13, 1941–1953. 

Borck, G., Zarhrate, M., Cluzeau, C., Bal, E., Bonnefont, J.-P., Munnich, A., Cormier-
Daire, V., and Colleaux, L. (2006). Father-to-daughter transmission of Cornelia de 
Lange syndrome caused by a mutation in the 5' untranslated region of the NIPBL 
Gene. Hum. Mutat. 27, 731–735. 

Boyle, M.I., Jespersgaard, C., Nazaryan, L., Bisgaard, A.-M., and Tümer, Z. (2016). 
A novel RAD21 variant associated with intrafamilial phenotypic variation in Cornelia 
de Lange syndrome - review of the literature. Clin. Genet. 

Bulger, M., and Groudine, M. (2010). Enhancers: the abundance and function of 
regulatory sequences beyond promoters. Dev. Biol. 339, 250–257. 

Busslinger, G.A., Stocsits, R.R., van der Lelij, P., Axelsson, E., Tedeschi, A., Galjart, 
N., and Peters, J.-M. (2017). Cohesin is positioned in mammalian genomes by 
transcription, CTCF and Wapl. Nature 460, 410. 

Chan, K.-L., Roig, M.B., Hu, B., Beckouët, F., Metson, J., and Nasmyth, K. (2012). 
Cohesin's DNA exit gate is distinct from its entrance gate and is regulated by 
acetylation. Cell 150, 961–974. 

Chen, J., Zhang, Z., Li, L., Chen, B.-C., Revyakin, A., Hajj, B., Legant, W., Dahan, 
M., Lionnet, T., Betzig, E., et al. (2014). Single-molecule dynamics of enhanceosome 
assembly in embryonic stem cells. Cell 156, 1274–1285. 

Chien, R., Zeng, W., Kawauchi, S., Bender, M.A., Santos, R., Gregson, H.C., 
Schmiesing, J.A., Newkirk, D.A., Kong, X., Ball, A.R., et al. (2011). Cohesin mediates 
chromatin interactions that regulate mammalian β-globin expression. J. Biol. Chem. 
286, 17870–17878. 

Ciosk, R., Shirayama, M., Shevchenko, A., Tanaka, T., Toth, A., and Nasmyth, K. 
(2000). Cohesin's binding to chromosomes depends on a separate complex 
consisting of Scc2 and Scc4 proteins. Mol. Cell 5, 243–254. 

Deardorff, M.A., Bando, M., Nakato, R., Watrin, E., Itoh, T., Minamino, M., Saitoh, K., 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 11, 2017. ; https://doi.org/10.1101/136754doi: bioRxiv preprint 

https://doi.org/10.1101/136754
http://creativecommons.org/licenses/by-nd/4.0/


	   18	  

Komata, M., Katou, Y., Clark, D., et al. (2012). HDAC8 mutations in Cornelia de 
Lange syndrome affect the cohesin acetylation cycle. Nature 489, 313–317. 

Fournier, M., Bourriquen, G., Lamaze, F.C., Côté, M.C., Fournier, É., Joly-
Beauparlant, C., Caron, V., Gobeil, S., Droit, A., and Bilodeau, S. (2016). FOXA and 
master transcription factors recruit Mediator and Cohesin to the core transcriptional 
regulatory circuitry of cancer cells. Sci Rep 6, 34962. 

Fudenberg, G., Imakaev, M., Lu, C., Goloborodko, A., Abdennur, N., and Mirny, L.A. 
(2016). Formation of Chromosomal Domains by Loop Extrusion. Cell Rep 15, 2038–
2049. 

Gerlich, D., Koch, B., Dupeux, F., Peters, J.-M., and Ellenberg, J. (2006). Live-cell 
imaging reveals a stable cohesin-chromatin interaction after but not before DNA 
replication. Curr. Biol. 16, 1571–1578. 

Grimm, J.B., English, B.P., Chen, J., Slaughter, J.P., Zhang, Z., Revyakin, A., Patel, 
R., Macklin, J.J., Normanno, D., Singer, R.H., et al. (2015). A general method to 
improve fluorophores for live-cell and single-molecule microscopy. Nat Meth 12, 244–
50–3pfollowing250. 

Gruber, S., Haering, C.H., and Nasmyth, K. (2003). Chromosomal cohesin forms a 
ring. Cell 112, 765–777. 

Guacci, V., Koshland, D., and Strunnikov, A. (1997). A direct link between sister 
chromatid cohesion and chromosome condensation revealed through the analysis of 
MCD1 in S. cerevisiae. Cell 91, 47–57. 

Haarhuis, J.H.I., van der Weide, R.H., Blomen, V.A., Yáñez-Cuna, J.O., Amendola, 
M., van Ruiten, M.S., Krijger, P.H.L., Teunissen, H., Medema, R.H., van Steensel, B., 
et al. (2017). The Cohesin Release Factor WAPL Restricts Chromatin Loop 
Extension. Cell 169, 693–707.e14. 

Haering, C.H., Farcas, A.-M., Arumugam, P., Metson, J., and Nasmyth, K. (2008). 
The cohesin ring concatenates sister DNA molecules. Nature 454, 297–301. 

Haering, C.H., Löwe, J., Hochwagen, A., and Nasmyth, K. (2002). Molecular 
architecture of SMC proteins and the yeast cohesin complex. Mol. Cell 9, 773–788. 

Hansen, A.S., Pustova, I., Cattoglio, C., Tjian, R., and Darzacq, X. (2016). CTCF and 
Cohesin Regulate Chromatin Loop Stability with Distinct Dynamics. bioRxiv 093476. 

Hu, B., Itoh, T., Mishra, A., Katoh, Y., Chan, K.-L., Upcher, W., Godlee, C., Roig, 
M.B., Shirahige, K., and Nasmyth, K. (2011). ATP hydrolysis is required for relocating 
cohesin from sites occupied by its Scc2/4 loading complex. Curr. Biol. 21, 12–24. 

Hu, B., Petela, N., Kurze, A., Chan, K.-L., Chapard, C., and Nasmyth, K. (2015). 
Biological chromodynamics: a general method for measuring protein occupancy 
across the genome by calibrating ChIP-seq. Nucleic Acids Res. 43, e132. 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 11, 2017. ; https://doi.org/10.1101/136754doi: bioRxiv preprint 

https://doi.org/10.1101/136754
http://creativecommons.org/licenses/by-nd/4.0/


	   19	  

Kagey, M.H., Newman, J.J., Bilodeau, S., Zhan, Y., Orlando, D.A., van Berkum, N.L., 
Ebmeier, C.C., Goossens, J., Rahl, P.B., Levine, S.S., et al. (2010). Mediator and 
cohesin connect gene expression and chromatin architecture. Nature 467, 430–435. 

Kanke, M., Tahara, E., Huis In't Veld, P.J., and Nishiyama, T. (2016). Cohesin 
acetylation and Wapl-Pds5 oppositely regulate translocation of cohesin along DNA. 
Embo J. 35, 2686–2698. 

Kawauchi, S., Calof, A.L., Santos, R., Lopez-Burks, M.E., Young, C.M., Hoang, M.P., 
Chua, A., Lao, T., Lechner, M.S., Daniel, J.A., et al. (2009). Multiple organ system 
defects and transcriptional dysregulation in the Nipbl(+/-) mouse, a model of Cornelia 
de Lange Syndrome. PLoS Genet. 5, e1000650. 

Kikuchi, S., Borek, D.M., Otwinowski, Z., Tomchick, D.R., and Yu, H. (2016). Crystal 
structure of the cohesin loader Scc2 and insight into cohesinopathy. Proc. Natl. Acad. 
Sci. U.S.a. 113, 12444–12449. 

Kueng, S., Hegemann, B., Peters, B.H., Lipp, J.J., Schleiffer, A., Mechtler, K., and 
Peters, J.-M. (2006). Wapl controls the dynamic association of cohesin with 
chromatin. Cell 127, 955–967. 

Landt, S.G., Marinov, G.K., Kundaje, A., Kheradpour, P., Pauli, F., Batzoglou, S., 
Bernstein, B.E., Bickel, P., Brown, J.B., Cayting, P., et al. (2012). ChIP-seq 
guidelines and practices of the ENCODE and modENCODE consortia. Genome Res. 
22, 1813–1831. 

Lengronne, A., Katou, Y., Mori, S., Yokobayashi, S., Kelly, G.P., Itoh, T., Watanabe, 
Y., Shirahige, K., and Uhlmann, F. (2004). Cohesin relocation from sites of 
chromosomal loading to places of convergent transcription. Nature 430, 573–578. 

Liu, Z., Legant, W.R., Chen, B.-C., Li, L., Grimm, J.B., Lavis, L.D., Betzig, E., and 
Tjian, R. (2014). 3D imaging of Sox2 enhancer clusters in embryonic stem cells. Elife 
3, e04236. 

Losada, A., Hirano, M., and Hirano, T. (1998). Identification of Xenopus SMC protein 
complexes required for sister chromatid cohesion. Genes Dev. 12, 1986–1997. 

Mazza, D., Abernathy, A., Golob, N., Morisaki, T., and McNally, J.G. (2012). A 
benchmark for chromatin binding measurements in live cells. Nucleic Acids Res. 40, 
e119–e119. 

Michaelis, C., Ciosk, R., and Nasmyth, K. (1997). Cohesins: chromosomal proteins 
that prevent premature separation of sister chromatids. Cell 91, 35–45. 

Misteli, T., Gunjan, A., Hock, R., Bustin, M., and Brown, D.T. (2000). Dynamic 
binding of histone H1 to chromatin in living cells. Nature 408, 877–881. 

Mueller, F., Wach, P., and McNally, J.G. (2008). Evidence for a common mode of 
transcription factor interaction with chromatin as revealed by improved quantitative 
fluorescence recovery after photobleaching. Biophysical Journal 94, 3323–3339. 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 11, 2017. ; https://doi.org/10.1101/136754doi: bioRxiv preprint 

https://doi.org/10.1101/136754
http://creativecommons.org/licenses/by-nd/4.0/


	   20	  

Murayama, Y., and Uhlmann, F. (2014). Biochemical reconstitution of topological 
DNA binding by the cohesin ring. Nature 505, 367–371. 

Nasmyth, K. (2001). Disseminating the genome: joining, resolving, and separating 
sister chromatids during mitosis and meiosis. Annu. Rev. Genet. 35, 673–745. 

Natsume, T., Kiyomitsu, T., Saga, Y., and Kanemaki, M.T. (2016). Rapid Protein 
Depletion in Human Cells by Auxin-Inducible Degron Tagging with Short Homology 
Donors. Cell Rep 15, 210–218. 

Nora, E.P., Lajoie, B.R., Schulz, E.G., Giorgetti, L., Okamoto, I., Servant, N., Piolot, 
T., van Berkum, N.L., Meisig, J., Sedat, J., et al. (2012). Spatial partitioning of the 
regulatory landscape of the X-inactivation centre. Nature 485, 381–385. 

Ouyang, Z., Zheng, G., Song, J., Borek, D.M., Otwinowski, Z., Brautigam, C.A., 
Tomchick, D.R., Rankin, S., and Yu, H. (2013). Structure of the human cohesin 
inhibitor Wapl. Proc. Natl. Acad. Sci. U.S.a. 110, 11355–11360. 

Remeseiro, S., Cuadrado, A., Kawauchi, S., Calof, A.L., Lander, A.D., and Losada, A. 
(2013). Reduction of Nipbl impairs cohesin loading locally and affects transcription 
but not cohesion-dependent functions in a mouse model of Cornelia de Lange 
Syndrome. Biochim. Biophys. Acta 1832, 2097–2102. 

Revenkova, E., Focarelli, M.L., Susani, L., Paulis, M., Bassi, M.T., Mannini, L., 
Frattini, A., Delia, D., Krantz, I., Vezzoni, P., et al. (2009). Cornelia de Lange 
syndrome mutations in SMC1A or SMC3 affect binding to DNA. Hum. Mol. Genet. 18, 
418–427. 

Rhodes, J., Haarhuis, J., Grimm, J., Rowland, B., Lavis, L., and Nasmyth, K. (2017). 
Cohesin Can Remain Associated With Chromosomes During DNA Replication. 
bioRxiv 124107. 

Rohatgi, S., Clark, D., Kline, A.D., Jackson, L.G., Pié, J., Siu, V., Ramos, F.J., 
Krantz, I.D., and Deardorff, M.A. (2010). Facial diagnosis of mild and variant CdLS: 
Insights from a dysmorphologist survey. Am. J. Med. Genet. A 152A, 1641–1653. 

Sanborn, A.L., Rao, S.S.P., Huang, S.-C., Durand, N.C., Huntley, M.H., Jewett, A.I., 
Bochkov, I.D., Chinnappan, D., Cutkosky, A., Li, J., et al. (2015). Chromatin extrusion 
explains key features of loop and domain formation in wild-type and engineered 
genomes. Proc. Natl. Acad. Sci. U.S.a. 112, E6456–E6465. 

Sekiya, T., Muthurajan, U.M., Luger, K., Tulin, A.V., and Zaret, K.S. (2009). 
Nucleosome-binding affinity as a primary determinant of the nuclear mobility of the 
pioneer transcription factor FoxA. Genes Dev. 23, 804–809. 

Stewart-Ornstein, J., and Lahav, G. (2016). Dynamics of CDKN1A in Single Cells 
Defined by an Endogenous Fluorescent Tagging Toolkit. Cell Rep 14, 1800–1811. 

Stigler, J., Çamdere, G.Ö., Koshland, D.E., and Greene, E.C. (2016). Single-
Molecule Imaging Reveals a Collapsed Conformational State for DNA-Bound 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 11, 2017. ; https://doi.org/10.1101/136754doi: bioRxiv preprint 

https://doi.org/10.1101/136754
http://creativecommons.org/licenses/by-nd/4.0/


	   21	  

Cohesin. Cell Rep 15, 988–998. 

Tedeschi, A., Wutz, G., Huet, S., Jaritz, M., Wuensche, A., Schirghuber, E., 
Davidson, I.F., Tang, W., Cisneros, D.A., Bhaskara, V., et al. (2013). Wapl is an 
essential regulator of chromatin structure and chromosome segregation. Nature 501, 
564–568. 

Teves, S.S., An, L., Hansen, A.S., Xie, L., Darzacq, X., and Tjian, R. (2016). A 
dynamic mode of mitotic bookmarking by transcription factors. Elife 5, 1213. 

Toth, A., Ciosk, R., Uhlmann, F., Galova, M., Schleiffer, A., and Nasmyth, K. (1999). 
Yeast cohesin complex requires a conserved protein, Eco1p(Ctf7), to establish 
cohesion between sister chromatids during DNA replication. Genes Dev. 13, 320–
333. 

Uphoff, S., Reyes-Lamothe, R., Garza de Leon, F., Sherratt, D.J., and Kapanidis, 
A.N. (2013). Single-molecule DNA repair in live bacteria. Proc. Natl. Acad. Sci. U.S.a. 
110, 8063–8068. 

Uphoff, S., Sherratt, D.J., and Kapanidis, A.N. (2014). Visualizing protein-DNA 
interactions in live bacterial cells using photoactivated single-molecule tracking. J Vis 
Exp. 

van den Berg, D.L.C., Azzarelli, R., Oishi, K., Martynoga, B., Urbán, N., Dekkers, 
D.H.W., Demmers, J.A., and Guillemot, F. (2016). Nipbl Interacts with Zfp609 and the 
Integrator Complex to Regulate Cortical Neuron Migration. Neuron 0. 

Wang, X., Brandão, H.B., Le, T.B.K., Laub, M.T., and Rudner, D.Z. (2017). Bacillus 
subtilis SMC complexes juxtapose chromosome arms as they travel from origin to 
terminus. Science 355, 524–527. 

Wegel, E., Göhler, A., Lagerholm, B.C., Wainman, A., Uphoff, S., Kaufmann, R., and 
Dobbie, I.M. (2016). Imaging cellular structures in super-resolution with SIM, STED 
and Localisation Microscopy: A practical comparison. Sci Rep 6, 27290. 

Wells, J.N., Gligoris, T.G., Nasmyth, K.A., and Marsh, J.A. (2017). Evolution of 
condensin and cohesin complexes driven by replacement of Kite by Hawk proteins. 
Current Biology 27, R17–R18. 

Wendt, K.S., Yoshida, K., Itoh, T., Bando, M., Koch, B., Schirghuber, E., Tsutsumi, 
S., Nagae, G., Ishihara, K., Mishiro, T., et al. (2008). Cohesin mediates 
transcriptional insulation by CCCTC-binding factor. Nature 451, 796–801. 

Zuin, J., Franke, V., van Ijcken, W.F.J., van der Sloot, A., Krantz, I.D., van der 
Reijden, M.I.J.A., Nakato, R., Lenhard, B., and Wendt, K.S. (2014). A cohesin-
independent role for NIPBL at promoters provides insights in CdLS. PLoS Genet. 10, 
e1004153. 

 

.CC-BY-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 11, 2017. ; https://doi.org/10.1101/136754doi: bioRxiv preprint 

https://doi.org/10.1101/136754
http://creativecommons.org/licenses/by-nd/4.0/


	   22	  

Figure Legends 

Figure 1 - Scc2 interacts with chromatin independent of the cohesin loading 
reaction. a) Z-projected images from a time-lapse confocal microscopy recording of 
JF549-Halo-Scc2 (Scc2JF549). Time 0h = interphase, 6.5h = prophase, 7.75h = 
metaphase, 8h = telophase and 8.25h = G1. Scale bar = 5µm b) FACS analysis of 
cells stained with propidium iodide either 6h (G2) or 15h (G1) after release from a 
double thymidine block c) Still images from fluorescence recovery after 
photobleaching (FRAP) experiments. Dashed circle represents bleached region d) 
FRAP curves of Scc2JF549 in G1 and G2. Error bars denote standard error of the 
mean (s.e.m.) e) Mean half-life of chromatin bound Scc2JF549 derived from bi-
exponential curve fitting of individual experiments from cells in G1 and G2. Error bars 
denote s.e.m. n=14 cells per condition. 
Figure 2 - Scc2 binds to cohesin that is already loaded on DNA. a) 
Immunofluorescence microscopy images of wild type and Wapl∆ Halo-Scc2 HeLa 
cells. Cohesin was stained with an antibody against Scc1 and Halo-Scc2 with JF549. 
Scale bar = 5µm b) Still images from spot FRAP experiments on Scc2JF549 in 
asynchronous wild type or Wapl∆ HeLa cells. Dashed circle represents bleached 
region. Scale bar = 1µm c) FRAP recovery curves from wild type and Wapl∆ cells. 
Error bars denote s.e.m. n=14 cells per condition. d) Mean half-life of chromatin 
bound Scc2JF549 derived from bi-exponential curve fitting of individual experiments 
from wild type or Wapl∆ cells.  Error bars denote standard error of the mean (s.e.m.), 
n=14 cells per condition e) Immunofluorescence microscopy images of wild type or 
Wapl∆ Halo-Scc2 HeLa cells in metaphase. Cells were stained as in a. Scale bar = 
5µm 
Figure 3 - Scc2 hops on chromatin. a) Stills from half nuclear FRAP of Scc2JF549 in 
wild type. Dashed rectangle highlight a region Near (N) to and a region Far (F) from 
the unbleached half. Scale bar = 2.5 µm b) Half-nuclear FRAP curves of Scc2JF549 in 
wild type HeLa cells. Recovery curves are shown from two zones within the bleached 
region. One zone is Near to the unbleached zone and the other is Far from the 
unbleached zone. Error bars denote s.e.m. n=14 cells per condition. c) Still images 
from a half-nuclear FRAP experiment of Scc2JF549 in Wapl∆ HeLa cells. Dashed 
rectangle highlight a zone near (N) and a zone Far (F) from the unbleached region 
shown in insets. Scale bar = 1µm in inset. 
Figure 4 - Depletion of core cohesin subunit Scc1 releases most, but not all, 
Scc2 from chromatin. a) Live cell microscopy images of Scc1-mClover-mAID cells 
+/- auxin (500µM, 1h30 incubation). Scale bar = 5µm b) Graph of fluorescence 
intensity of Scc1-mClover-mAID +/- auxin demonstrates Scc1 degradation c) Half-
nuclear FRAP recovery curves of asynchronous HCT116 cells +/- Auxin. Error bars 
denote s.e.m. n=14 cells per condition. 
Figure 5 - Single-molecule tracking of Scc2 and Scc1 in live cells. a) Example 
frame from a tracking movie showing fluorescent spots of single Scc2JF549 molecules. 
Standard deviation (Std) of pixel intensities from a movie shows the spatial 
distribution of Scc2JF549 b) Map of Scc2JF549 tracks in an HCT116 cell. Each track 
shows the movement of a single molecule; colours represent the average diffusion 
coefficient per track. c) Tracks of immobile (D* < 0.1 µm2/s) and mobile (D* > 0.1 
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µm2/s) Scc2JF549 molecules. d) Percentage of molecules classified as immobile (D* < 
0.1 µm2/s) for Scc2 and Scc1. e) Log-scale distribution of apparent diffusion 
coefficients D* for Scc2 (blue) and Scc1 (green). f) Fluorescence intensity (a.u.) of 
Scc2JF549 and Scc1JF549. 
Figure 6 - Scc2 binding is altered by the abundance of chromatin-associated 
cohesin. a) Maps of Scc2JF549 tracks in wild type and Wapl deficient HeLa cells with 
immobile molecules (D* < 0.1 µm2/s) in black and mobile molecules (D* > 0.1 µm2/s) 
in blue. Scale bars = 5 µm. b) Log-scale distribution of apparent diffusion coefficients 
D* of Scc2 in wild type and Wapl deficient cells. c) Percentage of immobile Scc2 
molecules in wild type and Wapl deficient cells. d) Maps of Scc2JF549 tracks in 
HCT116 cells +- auxin-mediated degradation of Scc1. Immobile molecules (D* < 0.1 
µm2/s) shown in black and mobile molecules (D* > 0.1 µm2/s) in blue. e) Log-scale 
distribution of apparent diffusion coefficients D* of Scc2 +- degradation of Scc1 with 
auxin. f) Percentage of immobile Scc2 molecules +- degradation of Scc1 with auxin. 
Figure 7 - Scc2 hops between cohesin binding sites. a) Example tracks show 
dynamic binding and unbinding of Scc2JF549 on a sub-second time-scale. Intervals of 
diffusive motion (purple) are frequently interrupted by short binding events (cyan). 
The durations of the mobile or bound intervals are shown. Scale bars = 500 nm. 
Underneath: Time traces show the instantaneous diffusion coefficient corresponding 
to each track. b) Binding time of immobile Scc2JF549 molecules. Example frames at 1 
s exposures showing a blurred diffusing molecule that produces a sharp spot upon 
binding until it unbinds or bleaches. Distributions (1 - cumulative distribution function) 
of measured dwell times of immobile Scc2 and Scc1 molecules and fitted curves. c) 
Model of Scc2 dynamics in live cells. 
 
Supplementary Figure 1: Curve fitting of FRAP experiments a) Bi-exponential fit 
of spot FRAP of Scc2JF549 in G1 (R2=0.981, n=14) and G2 (R2=0.98, n=14) HeLa 
cells b) Bi-exponential fit of spot FRAP of Scc2JF549 in wild type (R2=0.989, n=14) and 
WAPL∆ (R2=0.977, n=14) HeLa cells c) Single exponential fit of Half-Nuclear FRAP 
of Scc2JF549 in Scc1-mAID-mClover Tir1 HCT116 cells before (R2=0.997, n=14) or 
after (R2=0.996, n=14) addition of auxin d) Bi-exponential fit of spot FRAP of spot 
FRAP of Scc2JF549 in Scc1-mAID-mClover Tir1 HCT116 cells before (R2=0.992, 
n=14) or after (R2=0.971, n=14) addition of auxin 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 6 
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Figure S1 
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