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ChromoShake is a three-dimensional simulator designed to explore the range of configurational states a chromosome can adopt
based on thermodynamic fluctuations of the polymer chain. Here, we refine ChromoShake to generate dynamic simulations of a
DNA-based motor protein such as condensin walking along the chromatin substrate. We model walking as a rotation of DNA-
binding heat-repeat proteins around one another. The simulation is applied to several configurations of DNA to reveal the
consequences of mechanical stepping on taut chromatin under tension versus loop extrusion on single-tethered, floppy chro-
matin substrates. These simulations provide testable hypotheses for condensin and other DNA-based motors functioning along
interphase chromosomes. Our model reveals a novel mechanism for condensin enrichment in the pericentromeric region of
mitotic chromosomes. Increased condensin dwell time at centromeres results in a high density of pericentric loops that in turn
provide substrate for additional condensin.

There has been a revolution in understanding the high-
er-order structure and organization of chromosome in the
past decade. Several major approaches (3C, ChromEMT,
and super-resolution microscopy) are indicative of a dis-
ordered array of loopy fibers that emanate from an axial
core (Dostie and Bickmore 2012; Dekker et al. 2013; Ou
et al. 2017). The hierarchical models of structural inter-
mediates building from 11 to 30 nm and larger fibers are
not borne out in these recent 3D and live-cell studies (Ou
et al. 2017). DNA looping was first observed in squash
preparations of salamander eggs under the light micro-
scope by the embryologist Oskar Hertwig in the early
1900s (Hertwig 1906). Paulson and Laemmli (1977) ob-
served DNA loops when examining chromosome spreads
in isolated mammalian cells. In metaphase, the loops em-
anate from a protein-rich chromosome scaffold. The chro-
mosome scaffold is enriched in topology-adjusting
proteins, such as topoisomerase II and the SMC (structural
maintenance of chromosomes) proteins, known as con-
densin (Earnshaw et al. 1985; Hirano 2006).
Loops are a natural consequence of the entropic fluctu-

ations and excluded volume interactions of tethered poly-
mer chains in a confined space, such as the nucleus
(Vasquez et al. 2016). If we consider the genome as a
ball of yarn, the formation of loops can be appreciated
as chains that randomly collide and wiggle around one
another. Energy-requiring processes are also involved in
loop formation. The earliest suggestion of loop extrusion
came from the trombone model of DNA replication (Sinha
et al. 1980; Alberts et al. 1983) and direct visualization of
DNA looping at the replication fork (Park et al. 1998).
More recently, SMC proteins (e.g., cohesin and conden-
sin), which bind and hydrolyze ATP, have been cited as
having loop extrusion potential (Alipour and Marko

2012). Condensin has garnered attention based on recent
studies showing it to be a DNA translocase (Terekawa
et al. 2017).
Condensin is composed of five subunits, two coiled-

coils SMC2 and 4, a kleisin (Brn1), and two heat-repeat-
containing proteins (Ycs4 and Ycg1). The heat-repeat pro-
teins are likely to be sites of DNA-binding within the
condensin complex. Terekawa et al. (2017) showed the
ability of condensin to move processively along linear
DNA sheets (Fazio et al. 2008). The challenge ahead is
to understand, first, how local motion and topological
constraints of the DNA exerted by condensin will be dis-
sipated along the length of a long-chain polymer and,
second, how the fluctuating, loopy genome feeds back
to the ability of condensin to translocate processively.
ChromoShake is a statistical mechanics model depict-

ing the motions of arrays of bead-springs (DNA) that show
Brownian dynamics in a viscous environment (Lawrimore
et al. 2016). The simulation has been applied to the cen-
tromere in budding yeast to reveal how the density of
pericentromeric loops stiffen centromeric chromatin, im-
parting an active function to the centromere in mitosis
(Lawrimore et al. 2016). In previous studies condensin
was implemented as static springs (Lawrimore et al.
2016). Here, we introduce a new model, RotoStep, as a
first-principles statistical mechanics approach to simulate
condensin dynamics. Terekawa et al. (2017) have recently
examined the behavior of single condensin molecules on
DNA sheets. Terekawa et al. (2017) provides critical ex-
perimental metrics for evaluating results from simulation.
Using RotoStep to simulate hand-over-hand motion (e.g.,
microtubule-based kinesin motor [Kull et al. 1996]), our
simulations indicate that condensin can translocate along
taut linear DNA and compact singly tethered DNA chains.
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The dynamics of condensin stepping along single-tethered
DNA result in extrusion of DNA loops. The same param-
eters for motor stepping result in drastically different
geometries that are dictated by chromatin substrate dy-
namics. These simulations provide the first glimpse of
how loop extrusion might work in living organisms.

RESULTS

Model Assumptions

Condensin is a DNA-based motor protein with the abil-
ity to translocate along double-stranded DNA at relatively
high velocities (60 bp/sec) (Terekawa et al. 2017). To
simulate condensin tracking DNA we used the array of
bead-springs to depict both the DNA (long chain linear
bead-spring configuration) and condensin (bead-spring
chain). There are 11 beads in the condensin holocomplex;
each bead is ∼10 nm in diameter. Condensin is a very
flexible molecule, showing a persistence length of ∼4
nm (Eeftens et al. 2016), about one-tenth that of DNA
(50 nm). The chains of the antiparallel coiled-coils fold
back on one another to length of 45 nm. The complex
adopts a number of configurations, including circular, V-
shaped, and globular. The SMC protein coiled-coils are
represented by beads 2–8. To achieve DNA binding, we
assert that the heat-repeat proteins (Ycs4, Ycg1) bind
DNA (Piazza et al. 2014). These are beads 1 (representing
Ycg1, red in Fig. 1) and beads 9 and 10 (representing
Ycs4, white and red in Fig. 1) in simulations. The kleisin
(Brn1) is represented as bead 11 (pink, Fig. 1) between the
heat-repeat proteins connected via springs (not shown).
This feature provides mechanical linkage between the
leading and trailing points of contact.
The RotoStep program parses the coordinates, spring

attachments, and indices of all beads in a ChromoShake
simulation model. The binding mechanics of condensin
changes when the condensin molecule becomes extended.
We consider condensin–DNA binding unstable if the dis-
tance between beads 2 and 8 is >30 nm. If the distance
between beads 2 and 8 is <30 nm (Fig. 1A), the program
determines the distances of the Ycs4 beads, 9 and 10
(rightmost white and red beads, Fig. 1A), to the Ycg1
bead, 1 (leftmost red bead, Fig. 1A). The closest Ycs4

bead to the Ycg1 bead is labeled proximal, and the other
distal. A vector is drawn from the center of the proximal
Ycs4 bead to the center of the distal Ycs4 bead and ex-
tended 10 nm. The proximal Ycs4 bead is bound to the
closest DNA bead to this point in space as the previous
proximal Ycs4 bead DNA attachment is removed. This
results in condensin stepping along the substrate resulting
in loop extrusion (Fig. 1B).
If the distance between beads 2 and 8 is >30 nm (Fig.

1C), the spring constant of the spring connecting the Ycg1
bead to the DNA is weakened 1000-fold. ChromoShake is
then run to introduce thermal noise, allowing the springs
between kleisin and beads 2 and 8, to pinch the condensin
molecule together (Fig. 1D). On the next iteration of Roto-
Step, theYcg1 bead is joined to the nearest DNAbeadwith
a spring as the previous weak spring is simultaneously
deleted. This results in the destabilization of the previous
condensin-mediated loop and causes the Ycg1 end of con-
densin to bindDNA at a new location. After every iteration
of RotoStep, ChromoShake is run on simulations to input
thermal noise. The springs and kleisin-based threshold (30
nm) are set to yield processivemotion on a doubly tethered
substrate (Fig. 2A), as described in Terekawa et al. (2017).

Consequences of Processive Motion on Tethered
Substrate with cis- and trans-Binding

We set our condensin parameters (see Box 1) such that a
single condensin could processively walk on an extended
and pinned DNA substrate with a translocation speed of
60 bp/sec as reported in Terekawa et al. (2017). As shown
in Figure 2A and Fig. 3A–C, upon loading condensin at
one end, it processively migrates to the other end of the
polymer chain.
Terekawa et al. (2017) reported a singly pinned DNA

substrate incubated with condensin resulted in compacted
DNA.We confirmed that our RotoStep simulation caused a
singly tethered strand to compact (Fig. 2B,C and Fig. 3D,
E). We added a single condensin to the tethered end of a
singly tethered strand (Fig. 3D,E). Given that the kleisin
spring never becomes taut, the strand is extruded as a loop.
After several steps, a loop is spontaneously extruded as the
strand adopts a random coil. Despite the random orientation

Figure 1. Simulated step and release algorithm. (A) Coiled-coil α-helices of SMC proteins (SMC2,4) are in green. Heat-repeat proteins
Ycg1 (left red bead) and Ycs4 (white and right red beads) are bound to DNA (purple beads). The kleisin, Brn1 (pink bead), bridges the
SMC containing subunits. (B) One heat-repeat in Ycs4 (white bead) detaches and rebinds DNA depending on the projection of vector
(10 nm) between the two heat repeats in Ycs4 relative to Ycg1 (see text). (C )When springs linking kleisin (pink bead) to beads 2 and 8 in
the SMC coiled-coils are extended ∼30 nm, Ycg1 (trailing red bead) is released (shown inD). (E) Rebinding of Ycg1 to DNA following
kleisin spring recoil. This results in directed motion on a taut chain.
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of the floppy strand, which we hypothesized would cause
condensin to flip its stepping orientation, a single conden-
sin is able to extrude a loop in a processive manner with
simple, proximity-based binding mechanics. This simula-
tion demonstrates loop extrusion is a consequence of pro-
cessive motion on a floppy substrate. This is an important
insight and provides a mechanism for how condensin al-
ters the topology of DNA in vivo to form chromosomes.
Last, Terekawa et al. (2017) reported that condensin is

able to proceed along an extended DNA substrate while
bound to a separate DNA strand. We replicated this pro-

cessive motion of a trans-substrate by placing the Ycs4
beads on a doubly tethered strand and the Ycg1 bead on
the other strand. In this situation (Fig. 2D), as condensin
walks, the trans-associated molecule is transported along
the substrate molecule, recapitulating the phenomena dis-
covered in Terekawa et al. (2017).

Model Convolution

To translate simulations into experimental images, we
implement a method known as model convolution (Gard-

Figure 2. Simulation of condensin walking along a chromatin substrate. (A) Stepping: The DNA (purple beads) with a single condensin
(green beads). The DNA ends are tethered to watch how a single condensin molecule steps along the DNA. (B) Looping: The DNA is
only tethered at one end, so that its behavior is more like a fluctuating chain in vivo. Note that when condensin steps, loops are extruded
as a consequence of the floppiness of the chain. (C ) Looping (different camera perspective from B). (D) Translocation: Condensin can
bind in cis (the same molecule) or in trans (different molecules). When it binds in trans and takes steps, it will move one DNA strand
relative to the other. This is a cross-linking and mobilization function. The two DNA strands are depicted in purple and red. The red
strand is fluctuating but is equivalent to the mass of lambda DNA (Terekawa et al. 2017),∼10× greater than the mass of the purple beads.
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BOX 1: PARAMETER LIST

Persistence length of DNA = 50 nm, set by hinge force.
Persistence length of condensin = unset, no hinge force on condensin due to estimates Lp of 4 nm. Two heat-repeat
subunit = beads 9 and 10, condensin to DNA spring strength is same as DNA (2 GPa), rest length 10 nm.

One heat-repeat subunit = bead 1, two binding states, strong state is 2 GPa, weak state is 2 MPa, rest length is 10 nm,
weak state activated when kleisin spring extension is >30 nm (3× mass separations [thresh in code]).

Kleisin is represented by the distance between beads 2 and 8. Beads 2 and 8 are joined by bead 11 and two springs (i.e.,
2-11-8). Spring strength is 200 MPa; rest length of springs are 10 nm. Kleisin threshold is 30 nm.

Step size/rate: Beads 9 and 10 will rotate about each other every 35 µsec of simulation time, for one bead to bind to a
new DNA bead. Simulations are run at a viscosity of 0.01 P. Given an estimated nuclear viscosity of 141 Poise
(Fisher et al. 2009), 35 µsec of simulation time is equivalent to 0.5 sec. Given that themost common step size is one
bead per rotation, this results in a step rate of 2 beads per second. Each bead represents ∼30 bp, so condensin has a
step rate of 60 bp/sec, as described in Terekawa et al. (2017).

Figure 3.Kymographs of simulated motion convolved through objective point spread function. Rendering of double-tethered DNA (A)
and single-tethered DNA (D), simulations containing a single condensin. Condensin is green; DNA is blue. Time series of simulated
fluorescence images of double-tethered (B) and single-tethered (E) simulations. Condensin is magenta; DNA is green. Kymographs of
double-tethered DNA (C ) and single-tethered DNA (F ) simulations. Time in seconds.
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ner et al. 2010). We use the microscope objective point
spread function to render the simulation into a format that
can be directly compared with microscope images of live
cells. Figure 3 shows the behavior of condensin walking
on a pinned DNA substrate. Note the correspondence be-
tween this image and those obtained by Terekawa et al.
(2017) for condensin translocating on DNA. The extru-
sion of DNA loops when condensin translocates along an
unpinned substrate readily shows that the DNA compacts
into a diffraction-limited spot (Fig. 3E,F). These simula-
tions (Fig. 2) and model convolution (Fig. 3) provide
proof of principle that RotoStep can recapitulate the
behavior of condensin in vitro.

Strand Compaction via Multiple Condensins

In vivo, there are multiple condensin molecules on each
chromosome. In budding yeast, the density of condensin is
about 1 molecule/10 kb in the bulk of the chromosome
and about 1 molecule/3 kb in the pericentromere. We
placed 10 molecules of condensin on a single-tethered
chain (5 µm, 15 kb). The rules for condensin steps are
as previously described, and the step orientation for each
molecule is random (Fig. 4). As individual condensin’s
take steps, loops are extruded along the strand (as shown
for a single molecule, Fig. 2C,D), and the strand is rapidly
compacted into a chromosome structure. Loop extrusion is
independent of the direction that condensin steps. With
multiple condensin molecules, as multiple loops form,
overall chain length shortens. The backbone is fed into
the loops via the step function of each molecule. The
surprise is that no new features were implemented beyond
the simplest of step functions. Compaction is simply the
transfer of the backbone chain into extruded loops (Fig. 4).

Tension along the DNA Polymer in a Metaphase
Configuration Results in Transient,

Pericentric Loops

Centromere DNA is tethered to microtubules via their
kinetochore attachment sites. The enrichment of conden-
sin can be visualized in vivo as a bar or one or two foci
along the spindle axis (Bachellier-Bassi et al. 2008; Ste-

phens et al. 2011, 2013). To try to gain insight into the
thermodynamics governing condensin localization within
the pericentromere we provided a dicentric plasmid sub-
strate (two centromeres) for simulation. The actual plas-
mid is 11.4 kb (∼3.86 micron, 386 beads in simulation).
The position of the two centromeres (tethered ends) are
indicated as pink beads (Fig. 5) and lie 800 nm from one
another, roughly the distance between separated sister ki-
netochores in budding yeast metaphase (Pearson et al.
2001). The color of beads on the polymer reflect yeast
DNA (blue) and a repeat array of tetracycline operator
(white) as described in Lawrimore et al. (2015).
In our simulations, condensin walks along the chain as

described above, randomly oriented with respect to one
another (Fig. 5). It is difficult for condensin to step through
the centromere (simulated as tether sites in pink) because
of the geometry of the beads, which increased the dwell
time of condensin near the centromeres. Thus, there is
kinetic delay for a single condensin molecule at the cen-
tromere. This reflects the situation in cells, in which the
centromere is at the apex of a stereotypic loop where the
kinetochore attaches to microtubules (Yeh et al. 2008).
Over time, additional condensin molecules arrive, also
extruding loops. The concentration of loops increase and
now each condensin can “jump” from one loop to another,
amplifying the kinetic delay. The emergent phenomenon is
that condensin tends to accumulate near the centromere
tether sites. This reflects the density of loops at tether
sites. We predict that the accumulation of loops at the cen-
tromere reflects the in vivo situation. Because of stochas-
tics of motion in the loops and condensin stepping, a single
condensin molecule will escape one position and start to-
ward the other centromere. At this juncture, the loop den-
sity decreases, which biases the remaining condensin
molecules to “follow” the initial escapee. In silico, this
results in condensinmolecules “chasing” one another until
they accumulate at the other centromere and the cycle
continues.
There are several in vivo behaviors that now can be

accounted for. Condensin appears as foci that could have
been interpreted as oligomerization. The alternative expla-
nation based on simple thermodynamics is that the con-
centration of condensin reflects the local density of loops.
Where loop density is high, condensin will accumulate

Figure 4. Chromosome compaction. Several condensin molecules were distributed in random position and direction. The DNA
molecule is unpinned. As condensin steps (A–C, over time), the DNA gets reeled in and the entire ensemble rapidly condenses into
a dense aggregate of DNA and condensin.
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because of the increase in substrate concentration. The
second behavior is the directional instability observed in
vivo. This can be accounted for through stochastics of a
single molecule that escapes the region of loops. As one
molecule leaves, the loop density is reduced triggering a
cascade that will allow it to escape and accumulate on the
other side.

Condensin Stepping Creates Condensin-Rich DNA
Loops near Tethered Centromeres

We performed statistical analysis on two dicentric plas-
mids with the same initial placement of condensin, but
with mobile (Fig. 6A,B) and immobile condensin (Fig.
6C,D). The probability distribution of condensin (Fig.
6A,C) and DNA beads (Fig. 6B,D) over all time points
of the simulations are shown. In simulations with dynamic
condensin there is a greater correlation between condensin
number and DNA-strand density than immobile conden-
sin (Fig. 6E). Mobile condensin colocalizes with centro-
meres more often than immobile condensin (Fig. 6F). The
enrichment of condensin observed at centromeres may be
due to the increased condensin dwell time at tether sites,
resulting in the accumulation of centromere-proximal
DNA loops. These DNA loops in turn increase the con-
centration of condensin near centromeres, providing a pos-
itive-feedback loop. This pattern of condensin is
consistent with that observed in vivo (Lawrimore et al.
2015). With static condensin, there is more condensin
along the axis (Fig. 6A,C). Consequently, the DNA has
more freedom of movement, which is reflected in the
DNA density distribution being radially displaced from
the axis (Fig. 6B,D), recapitulating in vivo experiments
of the temperature-sensitive condensin mutation brn1-9
(Stephens et al. 2011).

Figure 7 demonstrates that the motion of the substrate
confounds the analysis of condensin turnover because of
motion of the substrate. Paradoxically, even a highly pro-
cessive motor does not appear to recover after photo-
bleaching because of a dense, floppy DNA substrate.

CONCLUSION

Wehave used a statistical mechanicsmodel of chromatin
to examine the consequences of translocation of a motor
protein such as condensin on a floppy chromatin substrate.
Terekawa et al. (2017) recently reported that condensin is a
mechanochemicalmotor protein. Through simulations that
recapitulate in vitro findings we are able to query the con-
sequences of motor stepping on a thermodynamically mo-
bile substrate. Unlike the behavior of motor proteins on
DNA sheets under flow, or kinesin-like microtubule-based
motor proteins walking on a rigid microtubule, the behav-
ior of the chromatin substrate has a disproportionate
contribution to the behavior of a generic DNA-based trans-
locase. Translocation along a floppy substrate is more akin
to the random walk of a segment of a fluctuating polymer
chain (i.e., subdiffusive Rouse chain [Rubinstein and Col-
by 2003]). As the translocase steps, the underlying sub-
strate undergoes fluctuations that randomize the direction
of the next step (compare Figs. 2 and 3).
At each step, the chromatin is constantly exploring con-

figurations that maximize entropy. In other words, thermal
motion is driving the chain toward a random coil. The net
consequence is the extrusion of DNA loops (Fig. 2B,C). A
key parameter in terms of cell physiology is the stiffness of
the chromatin substrate, which can be altered by tethers
and the presence of other DNA motors/loop extruders
generating regions of taut substrate. If the local substrate
is floppy, there will be little if any directed motion. In

Figure 5.Motion on a dicentric plasmid. A dicentric plasmid in metaphase is simulated by tethering two DNA beads at the position of
centromeres within the plasmid (DNA/bead coordinates) and in space at the position of separated kinetochores in yeast metaphase
(Lawrimore et al. 2015). The purple beads represent plasmid DNA sequences, the white beads the position of repeat arrays of Tet
operator used to visualize with plasmid with TetR-GFP. The number of condensin molecules (green) represents the average density of
condensin within the pericentric region of the centromere. Condensin is randomly positioned with respect to DNA sequence and
direction. Upon simulated motion (A–C, over time), condensin travels from one tether to the other. Condensin aggregates at the tethers,
as a function of the number of loops (i.e., beads). Random fluctuations result in individual molecules migrating from one tether to the
other. Once one condensin escapes the aggregate, the DNA density decreases (fewer loops, i.e., fewer beads), biasing additional
molecules to migrate away. The appearance is that condensins chase one another. This phenocopies what is observed in live cells,
although we cannot observe the behavior of single molecules.
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contrast, if the substrate is stiffer because of extension,
the motor will be more prone to display directed
motion. The behavior is also dependent on whether the
substrate ends are tethered. If not, even a flexible translo-
case will enhance the ability of the substrate to adopt a
random coil (Fig. 3E). It is reported that condensin is very
flexible (Eeftens et al. 2016) (short persistence length,
4 nm), and thus may show bursts of directed motion in
vivo, depending on the distribution of tethers along the
chromosome.
A second feature of translocation along a floppy sub-

strate is compaction. Because there is no vectorial motion,
the motor will decrease the time required for the chain to

adopt a random coil. This may be perceived as active
condensation, but it is a natural consequence of random
stepping on a thermally fluctuating chain. Likewise, con-
densin can appear to concentrate in particular locations,
such as within the pericentromere and the nucleolus
(Bachellier-Bassi et al. 2008; Stephens et al. 2013; Snider
et al. 2014). This has been interpreted as oligomerization
between condensin holoenzymes or other cross-linking
proteins. The alternative interpretation from the statistical
mechanics model is that the concentration of DNA loops
increases because of condensin’s inability to quickly tra-
verse the centromere region. As condensin steps and ex-
trudes loops, in an environment where there are a plethora

Figure 6. Condensin enrichment at centromere-proximal DNA loops in simulation with mobile vs. immobile condensin. The DNA
substrate is the dicentric plasmid described in Figure 5 (both ends pinned at centromeres). Condensin is randomly positioned and
oriented along the dicentric molecule. Condensin can step along the DNA in A,B, but is static inC,D. The starting positions of condensin
are the same in both simulations. A probability density map of condensin is shown in A,C and the plasmid DNA in B,D. (E,F) Statistical
analysis of the correlation of condensin with DNA (E) and centromere (tethered beads) (F ). Mobile condensin tends to accumulate at the
sites of tethering near the centromeres, resulting in condensin-rich, centromere-proximal DNA loops. DNA tends to show greater radial
freedom of motion in simulation with mobile condensin (width of B vs. D). Scale bar, 100 nm.
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of molecules, condensin on one loop can readily step to a
physically adjacent loop. This is evident in Figure 6,
showing accumulation of condensin at sites of tethers,
corresponding with increased concentration of DNA
loops. Thus, perceived condensin accumulation may re-
flect the propensity for loops to congregate condensin,
which produces more loops. Condensin’s ability to step
from one loop to another provides a positive-feedback
mechanism to increase the duration of these transient
events and the local concentration of DNA loops. How-
ever, the stochastics of the system will result in occasional
molecules escaping sites of loop accumulation by travers-
ing the taut regions of the substrate. As shown in Figure 5,
when one molecule escapes, the loop density decreases,
thus biasing additional molecules to exit sites of loop
accumulation. This unstable positive-feedback loop may
contribute to condensin’s enrichment at the pericentro-
mere and nucleolus in vivo. Such a transient, positive
feedback may explain the existence of TADs in population

studies, but not in single cells (Flyamer et al. 2017). In
essence, the organization of the DNA biases the occasion-
al enrichment of condensin based on the presence of a
tether causing a loop.
The statistical mechanics of polymer behavior and pro-

tein translocation provides a powerful tool to build intui-
tion for understanding experimental observation and
making physically accurate hypotheses. Using the simple
assumptions of proximity-based substrate binding and
extensional-dependent substrate unbinding, we provide
alternative explanations for several experimental observa-
tions and make new predictions about the rules for loop
persistence and extrusion. The model highlights potential
new functions for tethers along the chromosome and
how the distribution of tethers will be intimately involved
in loop formation at a distance (Fig. 3B,E). Finally,
the mechanical feedback between loops in the same prox-
imity provides new perspectives on interchromosomal
communication.

Figure 7. Simulated FRAP experiment by model convolution. Condensin molecules randomly positioned on a 5-kb DNA chain and
convolved with the point spread function (PSF) (described above) to simulate a microscopic image. (A) A diffraction limited spot (∼250
micron) was drawn around several condensin molecules. Bleaching was simulated by marking these molecules dark (blue). (B)
Fluorescence pre- and postbleach (from left to right). Scale bar, 0.5 µm. (C ) Mean normalized quantitative fluorescence recovery.
Curve is mean of three normalized recovery curves. Error bars are standard error of the mean. The finding in simulation is that any
recovery can be attributed to fluctuation of the chain (and associated condensin) into the bleach zone. Thus FRAP is confounded by the
thermodynamics of the substrate. (Compare B to Fig. 5 in Lawrimore et al. [2015].)
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