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uses force-generating microtubules and motor proteins
to align and segregate chromosomes.9,10,28,33,35,45,46
The alignment of chromosomes at the center of the
mitotic spindle during metaphase is accomplished by
dynamic kinetochore microtubules. In budding yeast, a
single kinetochore microtubule binds to each kinetochore, which is the essential linker between the
microtubules, which segregate duplicated sister chromosomes, and the chromosomes themselves27,48
(Fig. 1a, green). During metaphase, kinetochore
microtubules dynamically grow and shorten, thus
acting to align their end-attached chromosomes at the
spindle equator32,36 (Fig. 1a). Metaphase kinetochore
alignment at the spindle equator is achieved through
the precise regulation of kinetochore microtubule
dynamics.13,14 It has been previously proposed that
kinetochore microtubule dynamics may be regulated in
part by chromosome stretching tension.11,38 When
kinetochore microtubules shorten, they pull on their
end-bound chromosomes, leading to stretching tension
between sister chromosomes. This stretching tension
may then act to regulate tension-dependent kinetochore microtubule dynamics.1–5,13,24,25,37,38,44 Additionally, low tension may act as a signal to activate a
mitotic checkpoint, which halts mitosis until incorrect
attachments are corrected, and proper tension is
restored.21,37
Environmental insults can stochastically aﬀect
DNA and chromosomes, potentially altering their
mechanical properties, including stiﬀness. For example, the anti-cancer drug Cisplatin (cis-diamminedichloroplatinum(II)) stochastically creates covalent
bonds within a DNA strand, between DNA stands,
and between DNA and nearby proteins.22,31 This could
cause differences in stiffness between chromosomes.
Intriguingly, if Cisplatin is applied to cells where the
tension-sensing checkpoint protein Aurora B4,8,37 is
inhibited, cell survival is much lower, suggesting that
tension may be aberrant after Cisplatin application.50

Abstract—The chemotherapy drug Cisplatin (cis-diamminedichloroplatinum(II)) induces crosslinks within and between
DNA strands, and between DNA and nearby proteins.
Therefore, Cisplatin-treated cells which progress into cell
division may do so with altered chromosome mechanical
properties. This could have important consequences for the
successful completion of mitosis. Using Total Internal
Reﬂection Fluorescence microscopy of live Cisplatin-treated
Saccharomyces cerevisiae cells, we found that metaphase
mitotic spindles have disorganized kinetochores relative to
untreated cells, and also that there is increased variability in
the chromosome stretching distance between sister centromeres. This suggests that chromosome stiffness may become
more variable after Cisplatin treatment. We explored the
effect of variable chromosome stiffness during mitosis using a
stochastic model in which kinetochore microtubule dynamics
were regulated by tension imparted by stretched sister
chromosomes. Consistent with experimental results,
increased variability of chromosome stiffness in the model
led to disorganization of kinetochores in simulated metaphase mitotic spindles. Furthermore, the variability in
simulated chromosome stretching tension was increased as
chromosome stiffness became more variable. Because proper
chromosome stretching tension may serve as a signal that is
required for proper progression through mitosis, tension
variability could act to impair this signal and thus prevent
proper mitotic progression. Our results suggest a possible
mitotic mode of action for the anti-cancer drug Cisplatin.
Keywords—Cisplatin, Tension, Chromosome stiffness, Stochastic modeling, Metaphase.

INTRODUCTION
For successful cell division, cells must faithfully
contribute a copy of their genetic material to each
daughter cell without error. For eukaryotes, this
requires a microtubule-based mitotic spindle, which
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Therefore, it may be that Cisplatin leads to changes in
chromosome stiffness during mitosis, thus altering the
chromosome stretching tension that is sensed by dynamic kinetochore microtubules.
Here, we examined the mitotic eﬀects of Cisplatin on
budding yeast (Saccharomyces cerevisiae) cells. Budding
yeast is an excellent model for studying the effects of
Cisplatin during mitosis, because budding yeast has a
single microtubule associated with each kinetochore in
the spindle, thereby simplifying observations of the
relationship between chromosome stiffness and tensiondependent kinetochore microtubule dynamics. In the
more complex spindles of higher eukaryotes, there are
multiple microtubules per kinetochore, so that, although
similar principles may apply, the effect of chromosome
stiffness and tension on individual kinetochore microtubule dynamics may be more difﬁcult to discern.30,48
In this work, we found that after Cisplatin treatment, the kinetochores in budding yeast metaphase
spindles were disorganized. In addition, there was
increased variability in chromosome stretching distances between individual sister kinetochore pairs,
suggestive of increased variability in mitotic chromosome stiﬀness. Through stochastic modeling, we found
that substantial chromosome stiﬀness variability can
explain kinetochore disorganization during metaphase.
Therefore, Cisplatin could disrupt proper cell cycle
progression by stochastically modifying chromosome
mechanical properties.

RESULTS AND DISCUSSION
Metaphase Kinetochore Organization is Disrupted
with Cisplatin Treatment
To ascertain the eﬀect of the DNA-crosslinking agent
Cisplatin on metaphase spindles, wild-type cultures of S.
cerevisiae were treated with increasing doses of Cisplatin. Kinetochore organization phenotypes were
observed using a cell line with two ﬂuorescent fusion
genes: (1) Spc110-mcherry, which labels spindle poles,
and (2) Nuf2-GFP, which labels outer kinetochores
(Fig. 1a). Although cells reproduced more slowly after
4 h of Cisplatin treatment, as previously shown,6,18 cells
which continued through the cell cycle could be
observed during metaphase. We found that with
increasing doses of the drug, metaphase mitotic spindles
exhibited a dose-dependent loss of kinetochore organization (Fig. 1b). This implies that kinetochore microtubule lengths were also becoming more variable,
because kinetochore location reports the plus-end
locations of kinetochore microtubules.
To ensure that cisplatin was not substantially
altering the kinetochore structure, we measured the
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total kinetochore ﬂuorescence in the spindle after
background subtraction. We did not observe a decrease in total nuf2-GFP background-corrected spindle ﬂuorescence after cisplatin treatment as compared
to controls [mean ± SD Nuf2 ﬂuorescence AU, control: 14,101 ± 4532 (n = 70), 1 mM: 17,935 ± 5192
(n = 66), 2 mM: 16,018 ± 4285 (n = 32)]. Therefore,
we conclude that Cisplatin does not signiﬁcantly alter
the binding afﬁnity of Nuf2-GFP for the kinetochore.
By averaging kinetochore ﬂuorescence along the
spindle axis, quantitative analysis of the kinetochoreassociated spindle ﬂuorescence demonstrated that, on
average, Cisplatin treatment led to increased kinetochore ﬂuorescence in the spindle equator and at the
poles, without obviously changing the peak ﬂuorescence location (Fig. 1c). This quantitative result supported our qualitative observation that Cisplatin
treatment leads to a kinetochore disorganization phenotype during metaphase.
To further quantify the kinetochore disorganization, we reasoned that the ﬂuorescent kinetochore
signal would have the highest standard deviation along
the spindle axis when kinetochores were highly organized into two clusters (Fig. 1d, left) and a lower
standard deviations when kinetochores became disorganized, due to the increase in uniformity of the ﬂuorescence signal (Fig. 1d, right). Therefore, we denoted
this standard deviation as ‘‘kinetochore organization,’’
and used it as a single metric with which to compare
organization among spindles. Note that this metric
speciﬁcally reports the variability in kinetochore location, and does not assess whether the kinetochores are
correctly positioned relative to the poles. For example,
this metric will give a value of ‘‘organized’’ if the
kinetochores are all clustered at the center of the
spindle. Nevertheless, as suggested from the images
and the average ﬂuorescence distributions (Figs. 1b
and 1c), kinetochore organization is signiﬁcantly
decreased after 4 h of Cisplatin treatment (Fig. 1e,
F2,214 = 33.2, p  0.0001, one-way ANOVA).
Kinetochore organization could decrease for two
reasons: sister kinetochores could have more variable
distances between each other (suggestive of variations
in chromosome stiﬀness) or equidistant sister kinetochore pairs could be less aligned at the metaphase
plate. To examine whether sister kinetochores had
more variable distances between each other, we
examined the distances between centromeres of sister
chromosome pairs using a cell line with a lacO array
integrated near to the centromere (‘‘lacO spots’’), and
which simultaneously expressed lacI-GFP and Spc110mcherry.43 Although the lacO spots did not appear to
cross the spindle equator with greater frequency in
cisplatin treated cells (Fig. 1f), we found that lacO
separation distances were more variable after 4 h in 1
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FIGURE 1. Cisplatin causes disorganized kinetochores and increased variation in chromosome stretch distances during budding
yeast mitosis. (a) Cartoon showing three properly oriented chromosomes in a S. cerevisiae metaphase spindle. (b) Live S. cerevisiae cells grown in increasing concentrations of Cisplatin for 4 h before imaging (scale bar = 1 lm). (c) Normalized fluorescence
distributions averaged over all cells after binning into equal spindle lengths (error bars = SEM). (d) Method for measuring kinetochore organization by examining the standard deviation of fractional fluorescence along metaphase spindles. (e) Kinetochore
organization in S. cerevisiae metaphase cells as a function of Cisplatin concentration. Horizontal lines indicate arithmetic means.
(f) Kymographs showing sister LacO spot dynamics in untreated or Cisplatin-treated cells (blue = spindle poles, green = lacO
spots). (g) Distances between sister lacO spots, indicative of chromatin stretching distance. Note that distances less than 200 nm
were not measured due to the diffraction limit of the microscope. Control n cells = 175, 1 mM n = 152, 2 mM n = 153. (h) Three
representative images of sister lacO spots after treatment with nocodazole to depolymerize microtubules, in order to estimate
chromosome spring rest length (blue = spindle poles, green = lacO spots). All Cisplatin treatments lasted 4 h before imaging.
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or 2 mM Cisplatin (Fig. 1g). We calculated the standard deviation of lacO separation distance across
many cells (control n = 175, 1 mM n = 152, 2 mM
n = 153) and found that the standard deviation of
lacO separation distance in control cells was 158 nm
compared to 292 nm and 252 nm in 1 mM and 2 mM
Cisplatin-treated cells, respectively. This increase in
lacO separation distance variability after Cisplatin
treatment was statistically signiﬁcant when compared
using Levene’s Test for Homogeneity of Variance
(F2,477 = 17.3, p  0.0001). The histograms showing
increased variability of lacO separation distance appear right-tailed, perhaps because it is experimentally
intractable to measure separation distances smaller
than the diffraction limit of our microscope (Fig. 1g).
We then performed experiments to determine whether the rest lengths of the chromosome spring had
changed after cisplatin treatment. Four hours after
initiating Cisplatin and control treatments, we applied
nocodazole treatment to cells. This treatment depolymerizes microtubules, and thus removes tension from
the chromosome spring. In nocodazole, the sister lacO
spots collapsed to a single diﬀraction-limited spot
under all treatments (Fig. 1h), suggesting that the rest
length of the chromosome spring was not changed
after cisplatin treatment. Thus, the increased variability in lacO separation distances suggests that Cisplatin
treatment leads to an increased variability in mitotic
chromosome stiffness.
As far as we are aware, the potential eﬀects of
Cisplatin in increasing the chromosome stiﬀness variability during mitosis have not been previously
explored. Therefore, we investigated the potential effects of chromosome stiﬀness variability on mitotic
phenotypes using a stochastic model.
Simulations Suggest that Stochastic Variation
in Chromosome Stiﬀness Could Disrupt Kinetochore
Organization
To evaluate the potential eﬀect of variations in
stiﬀness from chromosome to chromosome on kinetochore congression during metaphase, we modiﬁed a
previously published model,13 in which dynamic kinetochore microtubules in a yeast metaphase spindle
stochastically grow, shorten, rescue, and catastrophe.
Importantly, the frequency of rescue in the model (i.e.,
the frequency of a microtubule transitioning from
shortening to growing) depended on chromosome
stretching tension, where increased stiffness (j) led to
increased rescue frequency (kR) beyond baseline rescue
(kR,0) due to tension imparted by chromosome
stretching (Dx) (see Eq. (2), Materials and Methods).
The previously published model explored how proper
kinetochore alignment during metaphase depended
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FIGURE 2. Kinetochore organization measured using fluo- c
rescence is stable in simulated spindles except when chromosome stiffness varies by large amounts. (a) Simulated
images created by convolving the microscope’s point-spread
function with the 3-dimensional locations of the spindle poles
and kinetochores at the end of simulation runs. Here, the
images were generated from simulations where Pjchange = 0.6.
(b) Normalized fluorescence distributions from simulations,
with data from simulations varying along all three dimensions. Not all levels Pjchange are visible due to extensive
overlap. The experimental fluorescence curves from Fig. 1c
are overlaid here: The control cell fluorescence distribution is
overlaid as the black dotted line in the top–middle, the 1 mM
Cisplatin-treated fluorescence distribution is the finer black
dotted line in the middle–middle, and the 2 mM Cisplatintreated fluorescence distribution is the finest black dotted line
in the bottom-middle. (c) Kinetochore organization in simulated spindles with varying stiffness conditions. Dots are results from individual replicates and horizontal lines indicate
arithmetic means of all replicates. Color is Pjchange, as in (b).

upon a tension-dependent microtubule rescue frequency, but examined only ﬁxed levels of stiffness
among chromosomes within a spindle.13 Therefore, we
used this model to explore how variability in stiffness
could affect proper kinetochore alignment during
metaphase. To compare simulation results to experimental microscope ﬂuorescence images, we convolved
modeled particle locations with the point-spread
function of the microscope15 (Fig. 2a). Thus, by simulating kinetochore-labeled images, we were able to
measure kinetochore organization as we did in live
cells.
Using this model, we examined the eﬀect of the following parameters on the simulated metaphase kinetochore organization: (1) the baseline chromosome
stiﬀness (j in pN/lm), (2) the probability that a chromosome in a simulated spindle would have altered j
(Pjchange), and (3) the step size for the change in j in
chromosomes with altered j (step change). This was
applied as follows: if a chromosome was assigned a
change in j (because a uniformly distributed random
number between 0 and 1 was less than Pjchange), then that
chromosome’s j was randomly modiﬁed by ± step size.
In each treatment, we simulated 50 spindles for
~15 min real-time. We tested the eﬀects of nine levels
of j, ten levels of Pjchange, and six levels of fold j
change, resulting in 540 treatments and 27,000 simulated spindles (complete simulation dataset shown in
Fig. S1).
The initial simulated phenotype we examined was
the average ﬂuorescence distribution of kinetochores
after ~15 simulated minutes, determined from model
convolution of the simulated microtubule plus-end
locations (Figs. 2a and 2b). A few salient points are
evident in this data: First, as j increases (moving from
left to right), the peaks of the half-spindle ﬂuorescence
move closer to the spindle equator, in contrast to our
experimental Cisplatin-treated cells, whose peak location remains constant. Second, as Pjchange increases
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(from colder to warmer colors), the width of each peak
increases, which brings up both the valley between the
peaks and also the spindle pole ﬂuorescence, similar to
the experimental Cisplatin-treated cells. Third, the
magnitude of this effect depends in large part upon
both the step change in j, as well as on the baseline j,
such that the greatest kinetochore disorganization is
observed in spindles with high baseline j that is able to
signiﬁcantly ﬂuctuate from chromosome to chromosome with a high probability. Lower amounts of variability in stiffness among chromosomes did not
noticeably cause changes in the normalized ﬂuorescence distributions (Fig. 2b).
Similar to our analysis of the Cisplatin-treated
experimental data, we next quantitatively compared
kinetochore organization in our modeled spindles by
determining the kinetochore organization metric from
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the kinetochore-associated ﬂuorescence distributions
in each case. Here, we analyzed the eﬀect of the baseline j, step-change in j, and Pjchange on kinetochore
organization. Using a 3-way ANOVA, we found signiﬁcant main effects and interaction terms for all variable combinations (Table S1; Fig. S2). Our
interpretation of the kinetochore organization data is
as follows.
It is evident that in cells where the step-change in j
is low (Fig. 2c, upper row), kinetochore organization is
determined by j and depends very little on Pjchange.
Extreme organization occurs at the extremes of stiffness—with j = 0 or j = 52 pN/lm, as most kinetochores are stuck either at the spindle poles or very near
to the spindle equator. However, as the step-change in
j increases (Fig. 2c, moving down), we see that kinetochore organization decreases, and, importantly, the

FIGURE 3. Increased variability in chromosome stiffness causes an increased standard deviation in kinetochore microtubule
lengths and tension. The results here are from the same models as in Fig. 2, with fewer parameter combinations shown for clarity.
(a) Average kinetochore microtubule length, (b) standard deviation of kinetochore microtubule length within spindles, (c) average
tension, and (d) standard deviation of chromosome-stretching tension within spindles after 15 min of simulation time. Dots are
data from individual spindle simulations (n = 50 spindles per treatment) and horizontal lines are the arithmetic mean within a
treatment.
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kinetochore organization also decreases with Pjchange.
Interestingly, the cell–cell variability in disorganization
(as shown by the spread of points in each case)
increases with higher baseline j, higher step-change in
j (Fig. 2c, bottom-right), and higher Pjchange (warmer
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colors), even as the average organization decreases.
This suggests a counterintuitive prediction: observations of variable kinetochore organization among cells
(i.e., the range of observations from highly organized
to very disorganized) may be evidence of more extreme

FIGURE 4. Increased variability in centromere separation distance results from increasing the probability of changes in stiffness
and the size of the stiffness changes. Similar to Fig. 1g, we captured one simulated sister centromere separation distance from
each simulated spindle after 10 min of simulation time and plotted histograms of these separation distances from 150 simulated
spindles. Three baseline stiffnesses are shown (top, middle, bottom).
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chromosome stiffness variability than would observations of constant kinetochore disorganization across
cells.
Simulations Suggest that Stochastic Variation
in Chromosome Stiﬀness Leads to Increased Variability
in Metaphase Kinetochore Microtubule Length
and Chromosome Stretching Tension
Mitotic metaphase spindles may sense chromosome
stretching tension and use this tension both to regulate
microtubule dynamics, and perhaps also as a signal to
satisfy a metaphase checkpoint.3,4,21,34 Therefore,
small variations in kinetochore microtubule length and
tension may be important even if gross kinetochore
disorganization phenotypes are not observed. Thus, we
examined kinetochore microtubule lengths and tension
in our model. In cells, one consequence of uniformly
altered chromosome stiffness may be a change in
spindle length.39 By keeping spindle length constant in
our model, we evaluated how microtubule lengths and
tension change as a function of chromosome stiffness
and stiffness variability, disentangled from effect of
dynamic spindle lengths. This assumption is reasonable given that Cisplatin treatment did not consistently
change average experimental metaphase spindle
lengths.
With constant spindle length, average kinetochore
microtubule lengths predictably increased with
increasing j and were signiﬁcantly but only moderately
affected by the step-change in j, and by Pjchange
(Fig. 3a). However, the standard deviation of kinetochore microtubule lengths increased signiﬁcantly with
Pjchange, especially at high values of the step-change in
j (Fig. 3b).
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The eﬀects of chromosome to chromosome variations in stiﬀness on kinetochore microtubule lengths as
described above are mirrored by the eﬀects of variability in chromosome stiﬀness on chromosome
stretching tension. Mean tension on chromosomes
within a spindle increases as baseline j increases and
starts to plateau at higher levels of j (Fig. 3c). Maintenance of mean tension within a baseline j is relatively
robust to increasing j variability and the amount by
which j can ﬂuctuate, although at extremes of both
(Fig. 3c, bottom-right), mean tension begins to vary
across spindles.
However, while mean tension within a spindle is not
strongly aﬀected by variability in chromosome stiﬀness, the standard deviation of tension within simulated spindles increases with Pjchange, especially when
the step-change in j is high (Fig. 3d). Therefore, when
kinetochore organization decreases due to an increase
in chromosome to chromosome variations in stiffness,
chromosome stretching tension is inconsistent between
different chromosome pairs in the spindle.
Importantly, by allowing the simulated chromosome stiﬀness to vary, we were able to recapitulate the
increased variability in sister lacO spot separation
distances as was observed inside of cells (Fig. 1g). For
any given baseline level of simulated chromosome
stiffness (Fig. 4, three stiffnesses shown), as we allowed
the probability of stiffness change to increase and/or
the stiffness step change to increase (Fig. 4, moving
down-right), the simulated variability in lacO separation distance was increased (Fig. 4). Thus, varying the
chromosome stiffness recapitulates both the kinetochore ﬂuorescence distributions and the lacO separation distributions observed in vivo after cisplatin
treatment.

FIGURE 5. Hypothetical model showing the inability of mitotic spindles to maintain normal chromosome stretching tension when
chromosomes are variably stiff. Here spindle poles are red, kinetochore microtubules are gray, and chromosomes are represented
by a black sawtooth in which stiffness is abnormally high when bolded and abnormally low when dashed. When the chromosomes
in a normal cell (left) become uniformly stiffer (top) or softer (middle), the mitotic spindle may compensate by changing its length to
maintain normal chromosome stretching tension with low variability. In contrast, if the chromosomes within a cell have variable
stiffness (bottom), no global compensatory mechanism can work to maintain proper tension in all chromosomes, perhaps
resulting in increased tension variability.
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Overall, chromosome stretching tension was variable when chromosome stiﬀness was large and variable. However, is also important to note that, in
general, our sensitivity analysis showed that the mitotic
spindle can exhibit relatively consistent tension values
over a wide range of parameter values, only showing
abnormalities at extreme parameter levels. This suggests that dynamic, tension-sensing microtubules could
eﬃciently compensate for minor ﬂuctuations in mitotic
chromosome stiﬀness.

variable between different chromosomes in one mitotic
spindle, cells may not be able to completely compensate
for this variability. Thus, tension-based signaling may
become impaired, leading to negative consequences for
cell cycle progression (Fig. 5). This effect could produce a
mitotic mode of action for the anti-cancer drug Cisplatin,
in addition to its well established role in activating the
DNA damage checkpoint. Indeed, combination therapy
of Cisplatin with the anti-mitotic drug paclitaxel
increases cell mortality.31

CONCLUSIONS

MATERIALS AND METHODS

In summary, we found that metaphase kinetochore
congression was disrupted in cells after treatment with
the chemotherapy drug Cisplatin, which stochastically
crosslinks DNA to itself and to proteins. In addition,
metaphase chromosomes are stretched more variably
with Cisplatin treatment. Computational modeling
results suggested that kinetochore disorganization and
variations in tension could occur when there was signiﬁcant variability in stiﬀness between chromosomes.
Therefore, the observations we made in live cells after
Cisplatin treatment are consistent with a change in
chromosome stiﬀness variability (Fig. 5).
Intuitively, it seems paradoxical that a crosslinking
agent such as Cisplatin could increase the variability in
chromosome stiﬀness, rather than just increasing the
stiﬀness itself. For example, previous in vitro studies
have reported that cisplatin treatment led to a reduced
persistence length of naked DNA, which would have
the effect of increasing tensile stiffness.19,20,26 However, in cells the chromosomes are composed of DNA
and also DNA binding partners such as histones,
topoisomerase complexes, and cohesin and condensin
complexes, all of which may contribute to chromosome stiffness.17,23,29,42,49 Speciﬁcally, cisplatin has
been shown to interfere with the catalytic activity of
topoisomerase 2,7 which, according to previous reports, may lead to decreased chromosome stiffness.47
Therefore, the net effect of Cisplatin on chromosomes
could be either to stiffen or to soften the chromosomes,
or a mixture of these effects.
Metaphase spindles read out chromosome stretching
tension as a signal to allow proper progression of the cell
from metaphase into anaphase, and also as a way to
directly regulate kinetochore microtubule lengths.1,4,21,40
When chromosome stiffness is globally and uniformly
altered in a cell, the mitotic spindle may respond by both
by adjusting kinetochore microtubule lengths, and also
by passively changing spindle length as a consequence of
the balance of forces in the spindle between molecular
motors and chromosome stretching tension.39,47 However, our results suggest that when stiffness becomes

Yeast Microscopy
We visualized live S. cerevisiae cells using a Nikon
Eclipse Ti microscope equipped with 488 and 561 nm
lasers directed using a Ti-TIRF-PAU system for total
internal reﬂectance microscopy. We captured images
using an Andor iXon3 EM-CCD camera after magniﬁcation with a Nikon CFI Apochromat 1009 1.49 NA
oil objective and 2.59 projection lens.
Two yeast strains were used in this experiment. To
visualize spindle poles and kinetochores, we used strain
MGY55 (MAT alpha ade2-1oc ade3-delta can1-100
his-11,15 leu2-3,112 NUF2-GFP::HISMX SPC110mCherry::hphMX trp1-1 ura3-1). To visualize spindle
poles and the centromere of chromosome 3, we used
strain MGY5 (MATa ura3-1 ade2-1 his3-11,-15 leu2-3,112 can1-100 trp1-1 CEN3 lacO (Kan) GFP-lacI:HIS3
SPC110-mCherry::hphMX HIS2).
Cells were grown overnight at 26 C in YPD media
supplemented with adenine, then diluted into SD
complete media supplemented with adenine and grown
at 30 C for four additional hours prior to imaging to
encourage log-phase growth. Cisplatin was kept in
DMSO aliquots. For Cisplatin and control experiments, yeast dilutions were also treated with Cisplatin
or the same amount of DMSO lacking Cisplatin for
4 h. For nocodazole experiments, after the 4-h Cisplatin (or control) treatment, cells were resuspended in
SD and Cisplatin or DMSO that in each case was
supplemented with 15 lg/mL nocodazole. Imaging
commenced after 15 min of nocodazole treatment to
allow for microtubule depolymerization. To image
cells, the cells were afﬁxed to concanavalin-A-coated
coverslips and imaged in the same media within which
they were grown.
Yeast Image Analysis
All image analysis was done using custom-made
programs in Matlab. The pixel size of our images
(based on the camera and objective combination) was
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64 nm. All analysis began similarly: images were loaded into Matlab then ﬁltered with a ﬁne-grain noise
ﬁlter using fspecial() with a diameter = 7 pixels and
standard deviation = 1 pixels. Then, background was
removed by subtracting an image created by using
fspecial() on the original image with a diameter = 210
pixels and standard deviation = 30 pixels (thus, this
removed background green autoﬂuorescence ﬁlling the
nuclei without affecting kinetochore ﬂuorescence).
Precise spindle pole locations were then found along
the spindle axis by ﬁtting a two-Gaussian mixture
model to the pole ﬂuorescence using gmdistribution.ﬁt().
To measure kinetochore ﬂuorescence along the
spindle, for each x-position along the spindle from
pole to pole the ﬂuorescence was averaged in a
15-pixel column centered on the spindle axis. To
facilitate across-cell and across-treatment comparisons, this ﬂuorescence vector was binned into 24 bins
and mirrored, such that bins 1 and 24 both equaled
the average value of those bins, bins 2 and 23
equaled their average value, etc. To compare kinetochore organization among cells, we found the
standard deviation of the binned, mirrored, ﬂuorescence vector for each cell and used this as a single
metric.
To ﬁnd the distance between centromere spots in
strain MGY5, gmdistribution.ﬁt() was used to ﬁnd the
mean locations of a 2-Gaussian mixture model of the
centromere ﬂuorescence.
To create the kymographs in Fig. 1f, after rotating
spindles in Matlab as described above, images were
saved and brought into Image-J to make a kymograph
using the reslice function.

Stochastic Modeling
We used a previously described simulation13 to
better understand the effect that variable chromosome
stiffness could have on kinetochore organization. This
simulation models a metaphase budding yeast spindle
with a ﬁxed spindle length and 32 dynamic microtubules bound singly to kinetochores on 16 elastic
chromosomes. It is a Monte Carlo model with a ﬁxed
time step.
Microtubules grew and shortened in the x plane.
Their z–y origin location was chosen randomly within
a circle of radius 125 nm (approximating the size of a
spindle pole48). Microtubule dynamics had three main
components: ﬁxed growth and shortening rates
(2 lm min1), ﬁxed baseline probabilities of catastrophe kC,0 = 0.14 s1 and rescue kR,0 = 0.25 s1, and
the ability for catastrophe and rescue to increase beyond their baseline. This worked as follows:
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A kinetochore microtubule’s chance of catastrophe
increased linearly with its length12:
kc ¼ kc;0 þ aLMT

ð1Þ

With LMT = microtubule length in lm and a = a
free parameter relating microtubule length to catastrophe that was constrained using wild-type experimental data.
Also, when a kinetochore microtubule was under
tension due to stretching of its elastic chromosome, the
microtubule’s chance of rescue increased:
kR ¼ kR;0 eðjDxÞ

ð2Þ
1

and Dx = the
with kR = rescue frequency in s
amount by which the chromosome is stretched in lm.
Rescue depends on the stiffness of the chromosome
with j* = j/F0, a free parameter that is chromosome
stiffness j in pN/lm modiﬁed by F0, the characteristic
force that increases rescue e-fold.
We constrained the free parameters in the model by
comparing simulated images created from simulations
with diﬀerent parameter sets to experimental
images.15,41 We ran simulations using the same set of
spindle lengths as observed experimentally in our
DMSO control, kinetochore-labeled cells (Fig. 1a),
convolved simulated ﬂuorescent images from the simulations using labeled poles and outer-kinetochores,
and created average, mirrored, binned kinetochore
ﬂuorescence distributions which we overlayed on the
experimental ﬂuorescence distribution to compare
visually. The best match was observed when we ran
simulations using a = 120 lm1 and F0 = 11.75 lm/
pN. Deviations in a by more than 10 lm1 or F0 by
more than 0.5 resulted in a poor ﬁt. This level of
constraint resulted in a wild-type j = 26 pN/lm,
which is consistent with previous data.16
The primary use of the model was to ascertain the
eﬀect of chromosome-to-chromosome variability in
stiﬀness on kinetochore organization. To do this, we
ran simulations using the above constrained parameters on spindles with a ﬁxed spindle length of
~1300 nm, which equaled the average spindle length in
our wild-type cells. However, we varied three major
parameters: (1) baseline j (pN/lm), which could equal
[0, 6.5, 13.0, 19.5, 26.0, 32.5, 39.0, 45.5, 52.0], (2)
Pjchange, the probability that a particular chromosome
would have its baseline j modiﬁed, which could equal
[0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9], and (3) step
change, which is the fractional amount by which a
chromosome’s baseline j would change if a random
number compared against Pjchange determined that
chromosome’s j would be modiﬁed, and which could
equal ±[0, 0.2, 0.4, 0.6, 0.8, 1.0]. Factorial variation of
these three parameters resulted in 540 simulation
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treatments, each of which was run independently 50
times. Simulated spindles were convolved at the end of
each run to create the simulated spindle images which
were then used to create ﬂuorescence distributions as
seen in Fig. 2a. Kinetochore microtubule lengths and
tension were taken directly from the model data.
To examine the eﬀects of baseline j, Pjchange, and
step change on different response variables we used a
3-way ANOVA with each independent variable treated
categorically, and all interactions included in the
models. Response variables examined included kinetochore organization, mean kinetochore microtubule
length, standard deviation of microtubule length
within a spindle, mean tension, and standard deviation
of tension within a spindle.

ELECTRONIC SUPPLEMENTARY MATERIAL
The online version of this article (doi:10.1007/
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