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The mitotic spindle is a structure that forms during mitosis to help ensure that each daughter cell receives
a full complement of genetic material. In metaphase, the spindle contains microtubules that nucleate
inward from two opposing poles. Chromosomes are attached to plus-ends of these microtubules via
protein structures called kinetochores. The centromere is the specific region of kinetochore attachment on
the chromosome. Chromatin surrounding the centromere (pericentric chromatin) is subject to microtu-
bule-based forces and is commonly modeled as a linear spring, where the force that it exerts is propor-
tional to the distance that it is stretched. We have incorporated physically based models of chromatin to
create more accurate and predictive models of the spindle. In addition, using fluorescence microscopy
and motion analysis of fluorescently labeled chromatin spots we discovered that pericentric chromatin is
restrained relative to free diffusive motion. The characterization of chromatin is crucial to understand
mitotic spindle stability and to understand the cell cycle checkpoint regulating anaphase onset.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

Themitotic spindle is an apparatus that forms during the division
of eukaryotic cells. Proper function of the mitotic spindle is essential
to the accurate segregation of chromosomes, which ensures that
daughter cells have all of the genetic information necessary for
survival [1]. The structure and organization of the mitotic spindle is
highly conserved throughout eukaryotic organisms. Thus, a complete
understanding of the structure and function of the mitotic spindle is
essential for a complete picture of life and, in the future, may yield
many novel drug targets for cancer and other diseases where
improper or unregulated cell division is implicated.

At metaphase, the mitotic spindle is a highly symmetric
structure, consisting of two microtubule organizing centers (known
as spindle poles in the budding yeast Saccharomyces cerevisiae,
or centrosomes in vertebrate cells), from which two categories
of microtubules grow inward. The first of these are the interpolar
microtubules, which overlap in the center of the mitotic spindle.
These microtubules are held together in an antiparallel fashion
through microtubule-based motor proteins, known as kinesins.
Microtubule plus-end directed kinesins (Cin8 and Kip1) [2] generate
a net outward force on antiparallel microtubule arrays, driving
spindle elongation. The second type of microtubules emanating
from the spindle poles are kinetochore microtubules that provide
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physical connection to the replicated sister chromatids through
proteinaceous structures known as kinetochores [3]. During meta-
phase, the sister chromatids are aligned at the center of the mitotic
spindle, a region commonly known as the metaphase plate (Fig. 1).
In the budding yeast S. cerevisiae, one microtubule attaches to each
sister chromatid [4] through the kinetochore at a designated DNA
sequence known as the centromere [5]. In more complex eukary-
otes, such as humans, multiple microtubules associate with a single
sister chromatid. The streamlined structure of the yeast mitotic
spindle, combined with the ease of genetic manipulations in yeast,
make it an ideal organism within which to study the structure and
biophysical properties of the mitotic spindle components.

During metaphase this mitotic spindle attains a steady-state
length, suggesting that the outwardmicrotubule-basedmotor force
is balanced by an inward force provided by the bi-oriented sister
chromatids [6]. Elastic recoil of chromatin DNA has been observed
in vivo [7], suggesting that microtubules are indeed capable of
exerting tensile force on the sister chromatids and that the release
of this force can cause the chromatids to recoil poleward.
These experiments also demonstrate the highly viscous nature of
the environment in the cell. This environment is so viscous that
inertia is inconsequential (i.e. low Reynolds number situation).

In many force-balanced basedmathematical models of themitotic
spindle, the paired sister chromatids are assumed to exert a force
that is linearly proportional to extension length [8]. However, in vitro
experiments have demonstrated that reconstituted chromatin
responds in a complex manner when tensile stresses are applied [9].
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Fig. 1. Schematic of the mitotic spindle in Saccharomyces cerevisiae. Microtubules extend
inward from the spindle pole bodies. They attach to replicated sister chromatids via kinet-
ochores or are cross-linked by microtubule motor proteins. Multiple arrays of the lactose
operator DNA binding site, coupledwith a lactose repressor-GFP fusion protein, can be used
to visualize chromatin in a living cell. In the cell, sixteen pairs of sister chromatids are
organized in a circular fashion around the overlapping interpolarmicrotubules in the center.
Legend: spindle pole bodies (green circles),microtubules (blue lines), chromatin (gray lines),
kinetochore (yellow square), kinesins (red ovals), and lacI-GFP (small green circles).
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It is impossible to faithfully reconstruct chromatin and the intracel-
lular environment in vitro. Thus, even though in vitro experiments
have been useful in demonstrating that chromatin responds in
a complex manner to applied tension, in vivo measurements are
needed to accurately determine the tensile force that the chromatin
can produce. Here, we attempt to explain the behavior of the
chromatin as a complex polymer in order tomore accuratelymodel its
behavior and increase the predictive power of mathematical and
computational models of the mitotic spindle.

In depth analyses of biopolymers have been used to determine
some of their mechanical properties [10]. These analyses, coupled
with super-resolution fluorescence microscopy, provide the tools
needed to examine themechanical properties of themitotic spindle
and chromatin as they are properly assembled in vivo. Chromatin
near the centromere can be selectively labeled by inserting an array
of DNA into the genome and expressing a fluorescent fusion protein
that selectively binds to the insert. This can be achieved by inserting
a repetitive DNA array containingmonomers of the lactose operator
(lacO) or tetracycline operator (tetO), into the genome and
expressing a fluorescent fusion protein (lactose repressor (lacI) or
tetracycline repressor (tetR)) taggedwith a fluorophore such as GFP
that selectively binds to the insert [11]. Using wide-field epifluor-
escence microscopy, the diffraction limited spots of the operator
bound to the repressor-GFP fusion protein can be observed over
extended periods of time. Mean-squared displacement analysis can
be applied to characterize the motion of the DNA and other spindle
components in order to construct a polymer model.

Previous observations of the lacO spots in the mitotic spindle
revealed clear asymmetries in the positioning of the sister chroma-
tids, particularly in chromatin near the centromere.We propose that
amore realistic model of pericentric chromatin includes two springs
composed of chromatin near the centromere, one on either side of
the paired chromatid arms that extend away from the core of the
spindle. A drag force may act upon the arms, resulting in asymme-
tries that would not be predicted with a simple linear spring model.
Fig. 2. (A) Classic model of microtubule force and chromosome response. A chromatin
spring provides the only resistance to microtubule force. (B) Updated model of micro-
tubule force and chromosome response. Chromatid arms provide a viscous drag force,
allowing asymmetrical behavior in pericentric chromatin. (C) Image of asymmetry in
pericentric chromatin in S. cerevisiae.Green dots represent chromatin near kinetochores
while the blue dot represents chromatin at the intersection of the pericentric chromatin
and the chromatid arms.
2. Materials and methods

2.1. Polymer recoil in mitosis

Cells were grown and imaged according to procedures laid out
in Harrison, et al., 2009 [12].
2.2. Computational modeling of the mitotic spindle

An initial model computational model of themitotic spindlewas
created by Ms. Leandra Vicci (Department of Computer Science,
UNC-Chapel Hill) in the Simulink modeling environment (unpub-
lished). This model integrated microtubule dynamics, microtubule
protein motor forces, and included compensation for the incredibly
viscous intracellular environment. The force-response of chromatin
was modeled as a linear spring (Fig. 2A). (Fig. 2 Here)

Since DNA is themajor component of chromatin, it follows that the
behavior of DNA should serve as the basis for a higher-order model of
chromatin. Theworm-like chain (WLC) equation is commonly used to
describe the mode of motion of polymers like DNA [13].
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In WLC, the amount of force (F) that a polymer exerts per length
stretched increases as extension (x) increases. The WLC equation
contains two key parameters for characterizing the spring. The first
is persistence length (Lp). If a polymer is shorter than Lp , it can be
treated as a rigid body. The second parameter is contour length (Lc).
This is the total length of the polymer. Boltzmann’s constant, kB,
represents the amount of thermal energy in the system when
multiplied by temperature, T.
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Using an embedded equation block in Simulink, we replaced the
linear spring used to describe chromatin with the WLC equation.
Chromatin is an aggregate of DNA and associated proteins. To begin
to more realistically emulate the behavior of chromatin, we incor-
porated nucleosome binding andunbinding. Data fromFluorescence
Recovery after Photobleaching (FRAP) shows that nucleosomes are
dynamicwithin the pericentric chromatin (Verdaasdonk and Bloom,
unpublished). Nucleosomal unbindingwasmodeled by increasing Lc
of the chromatin by 65 nm, the approximate length of DNA bound by
a single nucleosome. Binding was modeled by decreasing Lc by the
same length. The program is as follows:

function [F,Lc1] ¼ WLCspring(x,Lc,Lp)
%Inputs: x ¼ extension length
%Lc ¼ contour length
%Lp ¼ persistence length
%Outputs:
%F ¼ Force
%Lc1 ¼ contour length
Lc1 ¼ Lc;
Kb ¼ 1.38065e�23; %Boltzmann’s constant
T ¼ 300; %Temperature
F ¼ (1 / (4 * (1�(x / Lc1)) ^ 2)�.

1/4 þ x/Lc1) * Kb * T / Lp; %Calculate WLC Force
if F >¼ 25e�12

%Nucleosome Release Threshold
Lc1 ¼ Lc þ (65e�9);
F ¼ (1 / (4 * (1�(x / Lc1)) ^ 2)�.

1/4 þ x / Lc1) * Kb * T / Lp;

elseif F <¼ P .2e�12;
%Nucleosome Reattachment threshold
Lc1 ¼ Lc�(65e�9);
F ¼ (1/(4*(1�(x/Lc1)) ^ 2)-.

1 / 4 þ x / Lc1) * Kb * T / Lp;

end

In order to explore the possibility that there are alternative forces
acting to dampen the motion of the chromosomes during meta-
phase, we adapted an existing model of a damped-spring-mass
system created by Leandra Vicci (UNC Department of Computer
Science) to accept numerous parameters as adjustable inputs.
This system accepts a perturbation and utilizes feedback to bring the
object to rest. It utilizes mass, spring constant, and friction coeffi-
cient to demonstrate a damped system.
2.3. Polymer modeling of chromatin

A strain of S. cerevisiae, KBY2531 [11], containing Spc29-GFP
fusion protein to mark the spindle pole bodies, a 36x array of the
lactose operator (lacO) inserted into the met14 locus near cen11,
and a lacI-GFP fusion protein was used. During metaphase, four
fluorescent spots are visible within this strain: two that demarcate
the spindle pole bodies and two that demarcate the chromatin near
the centromere of chromosome XI.

2.3.1. Cell growth
KBY2531 cells were allowed to grow to logarithmic phase

overnight at 24 �C in 5 mL cultures in glass culture tubes in YPD,
a complete, dextrose basedmedia. Twomilliliters of this culturewas
transferred to a 100mL Erlenmeyer flask and dilutedwith 3mLYPD.
This culture was allowed to grow for 45 min at 24 �C. About 2.5 mL
of this culture was pelleted, resuspended in 2.5 mL ddH20, and
pelleted again. The pellet was resuspended in 5 mL SD-his media to
promote transcription of lacI-GFP, transferred to a clean 150 mL
Erlenmeyer flask, and allowed to grow for 60e90 min at 24 �C. 3AT,
a drug used to induce expression of the His promoter, was then
added to a final concentration of 20 nM, and the culture was shaken
for another 30 min at 24 �C. 1 mL of this culture was transferred to
a 1.4 mL eppendorf tube, pelleted, and resuspended in 1 mL ddH20.
This was again pelleted and resuspended inw300 uL ddH20. Seven
microliters of this solutionwas placed onto YC complete slab media.

2.3.2. Imaging
Single plane images were taken using a Nikon TE2000-U

microscope with a 1.4 NA 100X objective, Hamamatsu Orca ER CCD
Camera, and 400 ms exposure time at five second intervals.

2.3.3. Data analysis
Time-lapse photo series were loaded into a novel graphical user

interface (GUI) based analysis tool designed in MatLab. If necessary,
a smoothing algorithm was applied to help differentiate the spots
from background noise. The centroids of the spots were calculated
by selecting a spot radius and rough center by hand and then fitting
the selected region with a 2-dimensional Gaussian distribution
to obtain sub-resolution estimates of spot location [14]. The spots
within each image in the photo series were selected by hand and
the coordinates were stored for later use. Spots that were out of
focus or otherwise unclear were not selected.

The coordinates of the four fluorescent spots were then trans-
lated into a moving reference frame to compensate for possible
cellular motion or unbalanced cellular forces that may disturb the
position of the mitotic spindle. This was done by defining the x-axis
as the line running through the centroids of both spindle pole bodies.
The origin was defined as the midpoint between the spindle pole
bodies.

Mean square displacement analysis was then conducted by
implementing the following formula:D
ðxðtÞ � xðt þ sÞÞ2

E
(2)

where x(t) is the x-coordinate of the spot at time t and x(t þ s) is
that same spot’s position at s seconds later. This analysis was
conducted for the spindle pole bodies, the DNA spots relative to the
spindle pole bodies, and the DNA spots relative to the origin.

The non-Gaussian parameter for both spindle pole bodies and
DNA spots was calculated with the following formula [15]:D

ðxðtÞ � xðt þ sÞÞ4
E

3
D
ðxðtÞ � xðt þ sÞÞ2

E2 � 1 (3)

This analysis was implemented to determine whether the
movement of a given object can be explained by thermal diffu-
sion or if there are more complex processes acting on it. In both
the MSD analysis and non-Gaussian parameter analysis, s varied
from the smallest time step possible for a given photo series
(time lag between frames) to about one third of the total photo
series time. Note that both of these analyses are prone to noise at
higher values of s because fewer data points can be included in
the averages.

3. Results

3.1. Polymer recoil in mitosis

The ability to place arrays of Lac-operator at different chromo-
somal loci provides the opportunity to examine the behavior of these
loci as they segregate in live cells. The pericentric chromatin DNA
tracks with depolymerizing microtubule plus-ends in anaphase.
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In contrast, distal loci (hundreds of kilobase pairs away from the
centromere) exhibit very different kinetics during anaphase [12].
DNA spots at the ends of replicated chromosomes (telomeres) do not
separate until they come to lie proximal to the mitotic spindle
(see Fig. 3). Once along the spindle axis, the spots become visibly
separated (e90sec, Fig. 3) and one of the sister telomeresmoves to the
polemore rapidly than the rate of pole separation (aboute5X the rate
of pole separation). At this stage there is no microtubule depoly-
merization at the kinetochore. Thus this rapid rate of movement
reflects elastic recoil of the telomere to the spindle pole.

3.1.1. Polymer recoil after chromosome breakage in vivo
To investigate the elastic nature of chromatin under a different

cellular condition, we made use of conditionally dicentric chro-
mosomes [7]. Two centromeres (one conditionally functional)
were introduced onto the same chromosome (chromosome III). In
mitosis, DNA between the two centromeres is under tension when
the centromeres on the same sister chromatid are activated and
allowed to attach to opposite spindle poles. In this situation tension
on the DNA is not dependent upon sister chromatid cohesion
(as above), rather tension is exerted along one contiguous DNA
helix. Previous studies have found that the spindle can generate
enough force to stretch the DNA between the two centromeres to
the B-form length (0.34 nm/bp)[16]. In rare cases, these stretched
dicentric chromosomes can break (Fig. 4). After a breakage event,
the chromatin recoils to its unbroken end, exhibiting different
rates of movement during different phases of recoil. From the
representative breakage/recoil event in Fig. 4, the initial fast phase
of recoil occurs at approximately 1.53 mm/min followed by a slower
phase of 0.48 mm/min. The biphasic nature of chromatin recoil
observed in vivo is also observed in naked DNA recoil in vitro [7].
The observation of chromatin recoil after dicentric chromosome
breakage suggests that chromatin has inherent elastic properties,
due in part to the entropic elasticity of DNA.

3.1.2. Perturbation of chromatin compaction leads
to visible chromatin stretching

Chromatin recoil may also reflect chromatin compaction
following force-extension. To investigate the role of chromatin
Fig. 3. Asymmetric Recoil Dynamics of Sister Telomeres A representative kymograph
of a time lapse image series of telomere-proximal lacO arrays (green) and spindle pole
bodies (red). One spindle pole body was arbitrarily fixed in space to provide a frame
of reference (MATLAB software developed in house). The slope of the top red line
represents spindle elongation. The sister lacO arrays at the telomeres (green line)
separate at about 90sec. One sister chromatid recoils to the spindle pole as evidenced
by the rapid rate of movement relative to spindle elongation (in red). In all time lapse
series taken (11/11), sister telomeres are asymmetrically positioned on the mitotic
spindle and sister separation initiated between the spindle pole bodies. Upon sister
separation, one of the sisters exhibits rapid recoil to the distal spindle pole. Kymograph
based on images taken at 10 sec intervals. Scale bar represents 2 mm.
compaction in stretching and elastic recoil, we studied telomere
separation in cells deficient in several proteins involved in higher-
order chromatin structure, the histone deacetylase, Sir2 and top-
oisomerase I. Both of these proteins have been implicated in either
establishment and/or maintenance of chromosome condensation
[16,17]. In both strains lacking these proteins (sir2D and top1D),
the lacO array on a single sister chromatin exhibited substantial
stretching in anaphase (Fig. 5). Stretching occurred just after the
initial separation of sister telomere-proximal lacO arrays. sir2D cells
showed this phenotype in e14% (1/6) cells where top1D showed
stretching ine40% (3 / 7) of cells (Fig. 5). Single sister lacO spot
stretching was not observed in telophase nor G1 in these strains.
Additionally, single sister telomere lacO spot stretching was not
observed in wild type cells (0 / 11). This phenotype indicates that
SIR2 and TOP1 play a role in chromatin condensation at telomeres.
These observations also suggest that during anaphase the ends
of the chromatid polymer (telomeres) are under tension, and that
tension is of sufficient magnitude to decompact chromatin in these
mutant cellular backgrounds.

3.2. Computational modeling of the mitotic spindle

We constructed a Simulink block that behaves like WLC (see
Materials and Methods). When nucleosomal disruption events
were taken into consideration, the force curve took on a sawtooth
conformation. This was similar in shape to nucleosome disruption
curves observed in vitro [9], confirming the behavior of the model
(Fig. 6).

When the WLC spring block was inserted into the larger model
of the mitotic spindle, the overall dynamics of the model were
unaffected. In both situations, overall spindle length grew steadily.
The average total force exerted by the chromatin “spring” was
greatly reduced in theWLCmodel. However, this can be rectified by
adjusting parameters within the WLC equation.

The damped-spring-mass system used to examine the role
of feedback within a process demonstrated oscillatory behavior.
Parameters could be adjusted to damp oscillations or create oscil-
lations that grow out of control. This model was not built with the
intent of connecting it to the model of the mitotic spindle.

3.3. Polymer modeling of chromatin

A linear regime was previously observed in MSD traces for
both spindle pole bodies and lacO spots in KBY2531 (Stephens and
Bloom, unpublished). Five photo series were taken at 5 second time
steps to most accurately capture the linear portion of these analysis
curves. The linear portion of these curves reflects consistent mode
of motion over time and allows one to deduce the physical behavior
over this time period. Note that these curves appear linear on
logelog plots, so the geometric average was taken to find
a consensus line for both the spindle pole bodies and the DNA spots.
This revealed a slope of 0.5 (decades of microns) / (decades of
seconds) for the averaged spindle pole bodies and a slope of 0.25
(decades of microns) / (decades of seconds) for the averaged DNA
spots when the square root of MSD was plotted against time step
(Fig. 7).

Non-Gaussian parameters were calculated for all possible values
of s and plotted against s for the spindle pole bodies and the DNA
spots for the five photo series taken at 5 second time steps. Not all
exhibited similar behavior, so average curves were not calculated.
However, for low values of s, neither the spindle pole bodies nor the
DNA spots had steady values of 0, indicating that they were not
undergoing random diffusion [18] (Fig. 8). Note that some DNA
plots exhibit radically different behavior, suggesting that there may
be several distinct modes of motion for the DNA spots.



Fig. 4. Recoil dynamics of a broken chromosome. DNA between two centromeres on a single chromosome (dicentric chromosome) can extend to its B-form length when the two
centromeres on the same sister chromatid are attached to opposite spindle pole bodies. The DNA is visualized via multiple arrays of the lacO DNA binding site inserted between the
two centromeres and bound by lac repressor-GFP. The yellow box in the first panel of (A) is blown up for panels 2e10. Panel 2 shows the chromatin polymer just prior to breakage.
Arrows in panels 3e10 mark the end of the recoiling polymer. The length of the recoiling polymer in each panel is shown in (B). Images were taken at 1 min intervals. The rapid
phase of recoil is approximately 2 microns/minute.
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4. Discussion

4.1. Polymer recoil in mitosis

In previous works, the observation of bi-orientation of a chro-
mosome in mitosis was used as an indicator of tension [19]. In this
study, our observation of chromatin recoil indicates that chromatin
is indeed under tension during cell division and that the chromo-
somes recoil elastically when perturbed. Thus, observations of
chromatin recoil demonstrate that it is indeed under tension
and that chromatin can act as a force-providing spring within the
construct of the mitotic spindle. Furthermore, the increased inci-
dence of lacO stretching in cells where chromatin structure is
altered indicates that chromatin structure is essential to defining
the characteristics of chromatin as a spring.

4.2. Computational modeling of the mitotic spindle

Computational modeling of any biological process is highly
dependent on proper parameterization to attain amodel that is both
biologically relevant and predictive of future experiments. However,
models must be simple enough to present the process in an easily-
understood framework. Thus there are two important paradoxes:
models must be simple enough to understand but must be complex
enough to be realistic, and models must be based on experimental
evidence but also predict the outcome of future experiments.

Creating a computational model of the mitotic spindle is truly
a monumental task. Even though many parameters are defined
(such as the force required to stall a kinesin motor protein), many
of these experiments were conducted in vitro. It is impossible to
accurately replicate the intracellular environment in vitro. At best,
these quantities can be used only as rough estimates of their
counterparts within a cell. With a high level of uncertainty in
parameters, a model can only be used to make general behavioral
observations.

Although inserting the WLC behavior for chromatin into the
model of the mitotic spindle did not significantly alter model
behavior, theWLCmodel was able to recreate a previously observed
force-extension curve for nucleosome disruption (Fig. 6C and D).
This suggests that the model could certainly be more accurate than
a simple linear spring. However, the lack of response by themodel of
the mitotic spindle suggests that the exact method of how chro-
matin responds to and/or generates force is inconsequential. This is
obviously untrue, as chromatin is a highly ordered and regulated
structure. Any perturbation of chromatin (i.e. the application of
force) could potentially damage it. Thus, this result suggests that the
model of the mitotic spindle is underdeveloped and that it may not
yet be sensitive enough to utilize more complicated models of
chromatin.

Although this model is not yet fully developed, it provides
a valuable framework withinwhich to examine the relationships of
known components of the mitotic spindle. Although it may not be
able to predict experimental results, points of weakness within the
model point to experiments that can be done to better characterize
the mitotic spindle.

The damped-spring-mass system provides an interesting
framework within which to consider the movement of chromo-
somes. Although the parameters used to explore this system were
not necessarily biologically relevant, it demonstrates a system
in which a perturbation can be applied to an object, causing that



Fig. 5. Telomere Stretching Sets of three sequential images taken at 10 sec intervals
depicting sister telomere-proximal lacO arrays immediately following lacO array
separation. In a wild type background, sister telomeres separate without either sister
lacO array displaying stretching (AeC). In a sir2D mutant (DeF), one of the lacO array
stretches (bottom), becoming two spots 10 sec after the sister lacO arrays appear
separated (E). In a top1D mutant (GeI), one of the sister lacO arrays (bottom) stretches
to form a bar (H).

Fig. 6. (A) Plot of Force v. Extension curve for a simple linear spring. (B) Plot of Force v.
Extension for a Worm-Like Chain meant to simulate DNA. (C) Plot of Force v. Extension
for a Worm-Like Chain with adjustable contour length. Each dip simulates the release
of one nucleosome from DNA. (D) Experimental data from Brower-Toland B D et al. 9

showing the Force v. Extension curve for DNA and nucleosomes.
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object to oscillate. The dynamics of those oscillations are controlled
by the object’s intrinsic properties, the properties of the
surrounding environment, and feedback.

In the context of the mitotic spindle, a chromosome would
represent the object while microtubules provide the perturbation
[12]. Unlike a linear spring model or even the WLC model, the
chromosome would not necessarily respond symmetrically to
a perturbation if there was an outside damping force applied to the
chromosome such as viscous drag. Thus, this model can be used to
explain asymmetry observed in the mitotic spindle at a basic level
and should be expanded upon and incorporated into future models
of chromatin.

Feedback is found in most biological processes, so it follows that
it could be an integral part of regulation of the mitotic spindle and
of the mitotic spindle cell cycle checkpoint. Although common
feedback loops in biology are chemically based, it is also possible for
feedback to be physically or mechanically based. One important
element of a feedback loop is a reference input-an ideal value toward
which the feedback loop attempts to guide the process that is being
regulated. In many biological processes this value is usually an ideal
concentration of a substrate or biomolecule. In the case of themitotic
spindle, however, this input could be tension. Proper tension has
already been implicated as a pre-requisite for anaphase onset, and
Ndc80, a protein in the kinetochore, has been shown to change
conformation in the presence of tension [20,21]. A similar tension-
sensing mechanism could potentially trigger chromatin remodeling
complexes, resulting in a tension-based feedback loop. This feedback



01 0 01 1 01 201 2-

01 1-

01 0

)s(petsemiT

D
is

ta
nc

e 
(m

ic
ro

ns
)

5.0=m

52.0=m

Fig. 7. Plot of root mean square displacement v. time step (s) for the linear consensus
region as determined from Stephens and Bloom, unpublished. Linear fits overlay the
average values from five different data sets. The red line indicates the geometric average
of lacO spot movement (at 1.1 kilobases from cen11) while the blue line indicates the
geometric average of spindle pole body movement. Overlaid dotted lines represent
linear fits, with slope (m) given in decades of microns per decades of seconds.

M.E. Larson et al. / Biochimie 92 (2010) 1741e1748 1747
loop could partially explain chromatin spot movement and spindle
length fluctuation within the mitotic spindle. It can reasonably be
predicted that any perturbation to this feedback loop, such as the
removal of chromatin structural proteins, would cause exaggerated
fluctuations, much like the perturbation of a parameter in our
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Fig. 8. Plots of non-Gaussian parameter v. time step. Blue lines indicate the non-Gaussian
parameter of the indicated fluorescent spot while red lines indicate the expected non-
Gaussian parameter for a diffusive process18. (A) Plot of non-Gaussian parameter v. s for
spindle pole bodies. (B) Plot of non-Gaussian parameter v. s for DNA spots.
damped-spring-mass feedback model can cause exaggerated
oscillations.

4.3. Polymer modeling of chromatin

The linear fits to the spindle pole spots and DNA spots are
indicative of the type of motion that these spots undergo (Fig. 7).
These slopes indicate that the spindle pole bodies are undergoing
diffusive motion while the motion of the DNA spots is sub-diffusive.
However, the non-Gaussian parameter plots suggest that the
spindle pole bodies are in fact not undergoing completely random
diffusion (Fig. 8). This suggests that further analysis must be done to
fully describe that mode of motion that the spindle pole bodies
undergo. It has been shown that processes that appear to be diffu-
sive at first glance may not actually be diffusive, thus these results
are not particularly troublesome [10].

The sub-diffusive nature of the DNA spots relative to their
respective spindle pole bodies is indicative of some sort of restoring
force on the DNA. Under the assumption that these spots are discrete
points of noweight, this restoring force could be attributed to tension
across the chromosome. This is a fair hypothesis because it is known
that there are mechanical linkages connecting the sister chromatids
to their respective spindle pole bodies (microtubules and kineto-
chores) as well as to one another (cohesin). It has commonly been
thought that the cohesin linking sister chromatids dissociates at the
onset of anaphase. Recent evidence, however, suggests that there are
persistent mechanical linkages between the sisters during anaphase
[12]. If such linkages exist, we can reasonably predict that the DNA
spotswill presentwith a smaller slopewhen compared to the spindle
pole bodies in anaphase.

Sub-diffusive behavior has also been observed in molecules that
experience molecular crowding [22]. Due to the incredibly dense
nature of the intracellular environment, it is very reasonable to
infer that molecular crowdingmay be the cause of the sub-diffusive
nature of these lacO spots. However, the close proximity of these
spots to the centromere cannot be ignored. It is very possible that
tensile forces on chromatin near the centromere could cause spot
motion that is greater than diffusion (directed motion). If the array
of lacO formed a loop that was somehow exempted from the tensile
forces running through the chromatin near the centromere,
molecular crowding could explain the sub-diffusive nature of these
spots regardless of the behavior of the chromatin under tension.

The non-Gaussian parameters also suggest that not all DNA
spots undergo the same behavior. This may indicate that not all
DNA spots are being acted upon in the same manner by the cell.
Thus, the non-Gaussian parameter plots may be able to be used to
group the DNA spots by mode of behavior. Biologically, this can
be explained by the dynamic nature of the microtubules. A kinet-
ochore microtubule can be growing (rescue), shrinking (catas-
trophe), or stable (pause). Each chromosome is affected by two
microtubules, resulting in six distinct permutations of microtubule
behavior. Further work needs to be done determine the effect of
microtubules on the DNA spots. Alternatively, cells could be imaged
in the presence of a microtubule stabilizing drugs to negate the
effects of microtubule dynamics.

4.4. The role of chromatin within the mitotic spindle

At this point in time, it is impossible to explain chromatin’s exact
response to force. The structure of chromatin is largely unknown.
This research, however, is consistent with the hypothesis that
chromatin does not necessarily respond as a linear spring when
force is applied. In simple models of the mitotic spindle, a linear
spring model of chromatin may be sufficient to yield usable results.
However, as our understanding of the mitotic spindle grows, this
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assumptionwill become invalid and the exact behavior of chromatin
will become increasingly more important to future models.

Characterizing chromatin as a polymer is a simplisticway to create
a model of chromatin without having to consider every protein
complex associated with it individually. Eventually, this may lead to
amathematical formula that can be used to describe chromatin,much
like the WLC equation has been used to describe DNA. Systematic
mutations could then be made to proteins that are implicated in
chromatin structure. The polymer model would provide a framework
within which to characterize each of these complexes.

The implication of tension in the pericentric chromatin during
metaphase as a trigger for cell cycle progression makes metaphase
the optimal phase in which to build preliminary models of peri-
centric chromatin. However, the structure of chromatin is impor-
tant throughout the cell cycle. Understanding of chromatin
structure in metaphase will lead to insights about chromatin
structure throughout all of mitosis and throughout the entire cell
cycle.
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