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Abstract

Aurora B kinase, a key regulator of cell division, localizes to specific cellular locations, but
the regulatory mechanisms responsible for phosphorylation of substrates located remotely
from kinase enrichment sites are unclear. Here, we provide evidence that this activity at a
distance depends on both sites of high kinase concentration and the bistability of a coupled
kinase-phosphatase system. We reconstitute this bistable behavior and hysteresis using
purified components to reveal co-existence of distinct high and low Aurora B activity states,
sustained by a two-component Kkinase autoactivation mechanism. Furthermore, we
demonstrate these non-linear regimes in live cells using a FRET-based phosphorylation
sensor, and provide a mechanistic theoretical model for spatial regulation of Aurora B
phosphorylation. We propose that bistability of an Aurora B-phosphatase system underlies
formation of spatial phosphorylation patterns, which are generated and spread from sites
of kinase autoactivation, thereby regulating cell division.
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Introduction

Aurora B, a component of the chromosomal passenger complex (CPC), is an essential kinase
that is highly enriched at different intracellular locations from which it regulates cell
division: it localizes initially at the inner centromere and subsequently at the anaphase
spindle midzone (Carmena et al., 2012). Accumulating evidence indicates that Aurora B is
capable of phosphorylating substrates that are located at a significant distance from its
major binding sites. In anaphase, a long-range phosphorylation gradient is established
around the spindle midzone (Fuller et al.,, 2008; Tan and Kapoor, 2011), but extending well
beyond major sites of kinase localization (Figure 1A). This phosphorylation gradient
controls the stability and length of the central spindle (Ferreira et al,, 2013; Uehara et al,,
2013), chromosome decondensation and nuclear envelope reassembly (Afonso et al,, 2014).
Similar distance-dependent phosphorylation is observed prior to anaphase onset, but at
this stage Aurora B localizes to chromatin with highest concentration at the inner
centromere, where CPC binding sites are enriched. During metaphase the primary targets
for Aurora B, such as the microtubule-binding protein Hec1/Ndc80, are located hundreds
of nanometers away at the outer kinetochore. As in anaphase, phosphorylation is lower on
substrates positioned farther from Aurora B binding sites, indicating existence of a gradient
of Aurora B activity (Keating et al., 2009; Liu et al,, 2009; Welburn et al., 2010; DeLuca et al,,
2011; Suzuki et al, 2014). Interestingly, changes of position of as little as 30-50 nm are
associated with different levels of phosphorylation of both endogenous and exogenous
Aurora B substrates at kinetochores (Welburn et al., 2010; Suzuki et al., 2014), indicating
that the spatial regulation of Aurora B activity is very precise.

One model to explain such well-controlled long-range spatial activity is by a specialized
pool of Aurora B localized in a close proximity to its targets (Krenn and Musacchio, 2015).
At the outer kinetochore, for example, the observed gradient of substrate phosphorylation
could correspond to the outermost region of the localization gradient of chromatin-bound
kinase (Liu et al., 2009), or reflect the ability of Aurora B to reach these substrates by an
elongated INCENP tether, the CPC component that directly binds Aurora B and is important
for its mitotic functions (Samejima et al, 2015). In this view, the less abundant but
proximally located Aurora B pool plays a more physiologically important role than the
distant centromeric pool. Support for the “kinetochore pool” model comes from
experiments in budding yeast, which show that the centromere localized pool of Aurora B
(Ipl1) can be removed without major consequences for mitotic progression (Campbell and
Desai, 2013). In several other systems, however, disrupting CPC targeting to centromeres
leads to strong mitotic defects (Vader et al., 2006; Tsukahara et al., 2010; Wang et al., 2010;
Yamagishi et al.,, 2010; Wang et al., 2012), suggesting that the centromere-localized pool is
essential for normal cell division.

An alternative model to explain how Aurora B activity is controlled at distances away from
its most abundant localization sites is that this pattern depends on a biochemical crosstalk
between the bound Aurora B and its cytosolic pool, which recent quantitative
measurements estimate as ~25% of total Aurora B (Mahen et al., 2014). Cytosolic gradients
of another mitotic regulator, RanGTP, play important roles in regulating spindle assembly
(O’Connell and Khodjakov, 2007; Kalab and Heald, 2008), and a similar mechanism could
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contribute to long-range Aurora B activity. In this reaction-diffusion model, activation of
Aurora B takes place at sites with high kinase concentration, such as the inner centromere
or anaphase spindle midzone (Lampson and Cheeseman, 2011). These sites exchange
quickly with a cytosolic pool (Fernandez-Miranda et al., 2010), so they could serve as a
“source” of active kinase, which has been proposed to spread to distant targets via diffusion
(Fuller et al., 2008; Wang et al,, 2011). However, it is not clear whether a gradient based
only on the diffusion of soluble activated kinase from the inner centromere could account
for changes in Aurora B substrate phosphorylation within the length scale of the
kinetochore (Krenn and Musacchio, 2015). In contrast, bistable reaction-diffusion systems
can in principle exhibit complex spatial patterns and support sharp boundaries of system
components (Kapral and Showalter, 1995; Lobanova and Ataullakhanov, 2003; Liehr,
2013). Bistable homogeneous systems (i.e. with mixing) can switch between the alternative
states, characterized by high and low activity, with no intermediate states. Furthermore,
unlike in regular trigger systems, in bistable systems the high and low states can co-exist,
leading to hysteresis, when the output of the system depends on its prior history (Martinov
et al., 2001; Angeli et al.,, 2004; Tsyganov et al., 2012; Noori, 2013).

Published results indicate that Aurora B kinase could in principle engage in complex non-
linear behaviors. Most importantly, Aurora B can activate itself via phosphorylation of its
activation loop and of a conserved TSS motif in the C-terminus of INCENP (Bishop and
Schumacher, 2002; Honda et al,, 2003; Yasui et al.,, 2004; Sessa et al.,, 2005; Kelly et al,,
2007; Xu et al, 2010). Conversely, phosphatase can inactivate the kinase by
dephosphorylating sites on Aurora B and INCENP (Sessa et al.,, 2005; Kelly et al., 2007;
Rosasco-Nitcher et al., 2008), which could potentially help to shape the spatial gradient of
Aurora B activity. Whether these reactions can lead to bistability in a coupled Aurora B-
phosphatase system has not been investigated. Here, we examine the mechanisms that
control Aurora B activity using cellular and simplified in vitro systems and mathematical
modeling. First, we designed a novel molecular system to control Aurora B localization in
cells, to directly test the importance of the centromeric pool of Aurora B in long-range
activity. Second, we used purified components to reconstitute a simplified coupled Aurora
B kinase-phosphatase system in vitro and showed that it exhibits bistability and hysteresis
in the physiological range of Aurora B concentration. Because the complex, non-linear
dynamics of reaction-diffusion systems and their spatial behavior are not intuitive, we
constructed quantitative models to assist analysis of homogeneous biochemical reactions
and formation of phosphorylation patterns in cells. We then developed experimental
methods to analyze bistability and hysteresis of Aurora B-dependent phosphorylation in
live mitotic cells, linking our biochemical findings with Aurora B regulation in cells. With
these multiple approaches we provide strong evidence for a model in which
spatiotemporal regulation of Aurora B is governed by a bistable reaction-diffusion
mechanism.
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Results

Concentrating Aurora B at centromeres leads to phosphorylation of distant chromatin
substrates

Because experiments in budding yeast have raised questions about whether concentrating
Aurora B at centromeres is necessary for its mitotic function (Campbell and Desai, 2013),
we designed an experiment to measure phosphorylation in live human cells while
manipulating Aurora B localization with temporal control. We made a cell line that
inducibly knocks down endogenous INCENP, while expressing an INbox construct that can
bind and activate Aurora B (Sessa et al, 2005) but does not interact with other CPC
components. The Aurora B-INbox complex is sufficient for enzymatic activity but does not
localize to any particular intracellular structure because it does not form the full CPC. To
control localization, we used rapamycin-based dimerization (Putyrski and Schultz, 2012),
with FRB fused to INbox and FKBP fused to the centromere protein CENP-B (Figure 1 -
figure supplement 1A). FKBP and FRB are domains that dimerize in the presence of
rapamycin. This system allows us to measure immediate effects in live cells within minutes
of concentrating Aurora B at centromeres.

To monitor changes in Aurora B kinase activity at a distance from sites of localization at
centromeres, we used a FRET-based biosensor targeted to chromatin by fusion to histone
H2B (Fuller et al,, 2008). When endogenous INCENP is replaced with INbox, which is freely
diffusing in the cytosol, phosphorylation is uniformly low, indicating that the cytosolic
kinase pool on its own is incapable of maintaining high kinase activity along chromosome
arms. Addition of rapamycin led to INbox recruitment to centromeres within minutes,
accompanied by sensor phosphorylation; importantly the signal was visible all over the
chromatin (Figure 1B). For these experiments cells were arrested in mitosis with a kinesin-
5 inhibitor, so that chromosomes were positioned radially around a monopolar spindle
with centromeres oriented toward the center (Mayer et al., 1999). With this arrangement
of chromosomes, a transient phosphorylation gradient was evident extending from
centromeres, similar to previous experiments in which Aurora B activity was manipulated
by global inhibition (Wang et al., 2011). Similar results were observed for cells arrested
with nocodazole (Figure 1 - figure supplement 1B). Thus, concentrating Aurora B at
centromeres of a mammalian cell is necessary and sufficient to regulate kinase activity at
distal cellular locations, warranting further investigation of the kinetic mechanisms of
Aurora B autoactivation.

Reconstitution of Aurora B kinase autoactivation in vitro demonstrates both cis and trans
components

Highly concentrated centromeric kinase may become a source of active kinase for
establishing spatial patterns if Aurora B can robustly activate itself in trans, i.e.
intermolecularly (Sessa et al., 2005; Kelly et al., 2007; Lampson and Cheeseman, 2011). To
determine the kinetic constants for Aurora B autoactivation, we measured phosphorylation
in vitro in real time using purified recombinant Aurora B kinase with an INbox fragment,
which is sufficient for kinase autoactivation (Sessa et al.,, 2005; Rosasco-Nitcher et al,,
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2008) (see Materials and Methods and Figure 2 - figure supplement 1). With purified
kinase, the INCENP TSS motif, an established autophosphorylation site associated with
kinase activation (Bishop and Schumacher, 2002; Honda et al., 2003; Sessa et al., 2005),
was phosphorylated, as determined by immunoblotting with a phospho-specific antibody
(Salimian et al,, 2011; Figure 2 - figure supplement 1D). This phosphorylated kinase was
highly active, as shown using a chemosensor composed of a peptide containing an Aurora
kinase substrate consensus site conjugated to a sulfonamido-oxine (Sox) fluorescent probe
(Figure 2 - figure supplement 2) (Gonzales-Vera et al., 2009). Phosphorylation-induced
increase in fluorescence of the chemosensor was followed in real time with a
spectrofluorimeter, and the Michaelis-Menten, Lineweaver-Burk and Hanes-Woolf plots
were analyzed (see Materials and Methods), giving Ky = 320 uM and kca: = 19 s, similar to
a previous report for Aurora A kinase (Gonzales-Vera et al., 2009). To examine activity of
Aurora B in the dephosphorylated state, we incubated the kinase with A phage phosphatase,
which has previously been reported to dephosphorylate INCENP (Rosasco-Nitcher et al,,
2008), and observed loss of INCENP phosphorylation (Figure 2 - figure supplement 1D).
Phosphonoacetic acid was then added to inhibit the phosphatase (Reiter et al., 2002) and
chemosensor phosphorylation was measured. The dephosphorylated Aurora B kinase was
two orders of magnitude less active than the phosphorylated Aurora B, consistent with
previous studies (Eyers et al.,, 2005; Sessa et al., 2005), so we refer to this kinase state as
“partially active”.

Next, we sought to determine the Kkinetic parameters of Aurora B autoactivation. At 10-30
nM of partially active kinase, chemosensor phosphorylation was barely detected. This
finding is consistent with our results using INbox replacement in cells with no rapamycin,
since this low concentration range was reported for cytosolic Aurora B (Mahen et al.,, 2014).
At 0.16 - 1.5 uM kinase, chemosensor phosphorylation increased nonlinearly with time,
indicating autoactivation (Figure 2A). During the initial reaction phase, the dependency
was quadratic (Figure 2 - figure supplement 2G). Previous studies have reported that this
autoactivation takes place in trans (Sessa et al., 2005; Rosasco-Nitcher et al., 2008) (Figure
2B), predicting that the coefficient for this increase vs. kinase concentration is close to 2
when plotted on a logarithmic scale. The measured slope in our experiments with low
kinase concentrations was 1.23 + 0.02 (Figure 2C), implying that the partially active Aurora
B can activate itself in cis, i.e. intramolecularly (Figure 2B).

To reveal the in trans component, we carried out experiments using high concentration of
partially active Aurora B, mimicking its clustering at cellular binding sites. At high kinase
concentration the chemosensor becomes depleted quickly, so we modified our assay to
uncouple the Aurora B autophosphorylation reaction from the activity measurement with
the chemosensor (Figure 2D). With 4 pM kinase, kinase activity increased strongly with
time, and the best-fit curve based only on in cis autoactivation provided a poor fit (Figure
2D), confirming the presence of the in trans component. With a computational model
combining both reactions (Figure 2E), we generated a global fit to experimental curves in
Figure 2A,D and determined molecular constants for the two-component autoactivation
mechanism for Aurora B kinase (Table 2, Materials and Methods). This model
demonstrates that kinase autoactivation in cis dominates over the trans-activation during
initial activation at low kinase concentration (Figure 2 - figure supplement 2 panels H and I).
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A coupled Aurora B kinase-phosphatase system exhibits bistability and hysteresis in silico

Our findings above imply that if Aurora B kinase, phosphatase and ATP are mixed together,
two reactions should take place simultaneously: Aurora B autoactivation and its
inactivation by phosphatase. We constructed a quantitative model for such a coupled
kinase-phosphatase system (Figure 3A), which takes into account the determined
molecular constants for two-component Aurora B autoactivation and a Michaelis-Menten
mechanism for a phosphatase with variable enzymatic constants. Solving the differential
equations describing this system in silico (see Materials and Methods) reveals that at high
kinase concentration three steady-state solutions could coexist (Figure 3B). Figure 3C
shows region of bistability in the parametric plane of Aurora B kinase-phosphatase
concentrations. Bistability arises when Aurora B kinase concentration exceeds 4 uM, and
further increasing Aurora B concentration broadens the range of permissible phosphatase
concentrations. In this region, a homogeneous mixture of kinase and phosphatase can exist
in one of two stable states with different kinase activity, “high” or “low”, depending on
initial conditions (Figure 3C). This prediction is important because, as we will show later,
bistable behavior is essential for accurate regulation of Aurora B kinase activity away from
sites of high kinase concentration.

As expected for the bistable regime, increasing concentration of active Aurora B above a
threshold causes this biochemical system to switch between two states with no
intermediate steady-states (Figure 3D,E). The model also predicts hysteresis in the region
of bistability. Hysteresis becomes evident at intermediate levels of phosphatase
concentration (e.g. 0.4 uM in Figure 3F), when almost the entire kinase pool can be either
phosphorylated (high kinase activity state) or dephosphorylated (low kinase activity state)
depending on the prior state of this reaction mixture. Importantly, we find that these non-
linear regimes are determined mostly by the parameters of the two component Aurora B
autoactivation mechanism, but not by the enzymatic constants of the protein phosphatase
(Figure 3 - figure supplement 1; see Materials and Methods). Thus, Aurora B kinase,
coupled with an inactivating phosphatase, is predicted to exhibit robust hysteresis and
bistability.

Aurora B kinase-phosphatase bistability and hysteresis observed in vitro are in a quantitative
agreement with theoretical predictions

Using the reconstituted in vitro system, we next designed an experiment to test the
prediction of our theoretical model that at high Aurora B concentration the same mixture
of kinase and phosphatase will result in different degrees of Aurora B activity depending on
the initial conditions. We combined Aurora B kinase (8 pM), ATP (4 mM) and variable
concentrations of A phage phosphatase, such that both Aurora B activation and inactivation
could take place simultaneously. Importantly, these reactions were carried out for two
different initial conditions: using either the active kinase or active kinase pretreated with
phosphatase (Figure 4A). All other reactants in these two mixtures were adjusted to
achieve the same final concentrations for all components, including the phosphatase. The
progress of these reactions was followed by taking samples at the indicated times;
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phosphatase inhibitor was then added to stop kinase dephosphorylation and kinase
activity was measured via the initial rate of chemosensor phosphorylation. As expected, at
low phosphatase concentration (0.25 uM) the partially active kinase gradually activated
itself, reaching a steady-state with high activity, while the active kinase slightly lost its
activity (Figure 4B, top graph). At high phosphatase concentration (0.5 pM, bottom graph)
the active kinase was overpowered by the phosphatase and became gradually inactivated,
reaching a level close to the fully dephosphorylated kinase. Importantly, the model
accurately predicted the behavior for these two reactions and when intermediate
phosphatase concentration was used (lines in Figure 4B). At 0.45 puM phosphatase the
kinase that was initially active robustly retained its “high” state (red data points, Figure 4B
middle graph), while the activity remained low for the kinase that was initially in the “low”
state (blue data points, Figure 4B middle graph). These outcomes demonstrate bistability
because in both of these enzyme mixtures the final concentrations of all components were
identical and the reactions were allowed to proceed long enough to reach the steady-states
(120 min). Similar experiments were carried out for additional phosphatase concentrations,
and the steady-state levels of active Aurora B were obtained by averaging measurements
for 260 min incubation times. These data, plotted as a function of phosphatase
concentration in Figure 4C, define the bistable region for the homogeneous system in vitro,
in quantitative agreement with model predictions. In this range of concentrations, the
coupled kinase-phosphatase system exhibits hysteresis, with different activity levels
observed depending on the initial conditions.

Evidence for bistability and hysteresis of Aurora B kinase activity in mitotic cells

If the biochemically simplified coupled kinase-phosphatase system in our in vitro
experiment represents the behavior in the more complex in vivo setting, we predict that
complex non-linear regimes should also be observed in mitotic cells, where Aurora B
kinase is highly concentrated at the sites of its localization and various cellular
phosphatases, such as PP1, may inactivate it by dephosphorylation. First, we tested
whether the endogenous Aurora B-phosphatase system can exhibit bistability, using a
FRET-based phosphorylation sensor targeted to centromeres by fusion to CENP-B (Fuller
et al, 2008). If the system is bistable, this sensor should reveal that Aurora B exists in
either a “high” or “low” activity state and that these states can co-exist under the same
experimental conditions. We manipulated Aurora B activity by incubating mitotic cells with
varying concentrations of its specific inhibitor, ZM447439. Cells were imaged live, and the
average FRET ratio was calculated for each individual cell, representing the overall
phosphorylation state of that cell. Analysis of a population of cells expressing the
centromere-targeted sensor shows that the distribution of phosphorylation states is clearly
bimodal, with distinct high and low FRET states (Figure 5A). In the absence of inhibitor, all
cells are in the high phosphorylation (low FRET ratio) state, as expected. As the inhibitor
concentration increases, the distribution shifts so that a greater fraction of cells is in the
low phosphorylation state, but intermediate phosphorylation states are not observed.
Importantly, for some intermediate concentrations of Aurora B inhibitor, both peaks are
observed in the same cell population, likely because individual cells differ slightly in their
parameters, for example in membrane permeability to kinase inhibitor. Similar results
were obtained for the sensor targeted to chromatin by fusion with histone H2B (Fuller et
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al., 2008). Here, cells were blocked in mitosis with either monastrol or nocodazole (Figure
5B), indicating that these results do not depend on which sensor is used or how cells are
arrested.

To further test the bistable kinase-phosphatase system in vivo, we asked whether the prior
history of Aurora B kinase activation affects the level of Aurora B activity in mitotic cells.
We designed an experiment to manipulate Aurora B activity in a similar manner as in our in
vitro experiments, in which hysteresis was observed. Cells were first incubated with low (0
uM) or high (1.5 pM) concentration of the Aurora B inhibitor to establish two different
initial conditions of either high or low kinase activity, respectively. From these initial
conditions, the inhibitor concentration was switched following one of four protocols: low to
high (0 to 1.5 pm) or high to low (1.5 to 0 uM), as experimental controls, and low to
intermediate (0 to 0.6 uM) or high to intermediate (1.5 to 0.6 pM) to reach identical final
conditions. If hysteresis is present, cells that end up at the same intermediate inhibitor
concentration will show different phosphorylation levels depending on their past history,
i.e. whether they we preincubated with initially high or low inhibitor concentration. Cells
were then imaged live to track changes in phosphorylation of the chromatin targeted FRET
sensor. Switching from low to high inhibitor concentration led to kinase inhibition and
sensor dephosphorylation, and conversely switching from high to low led to kinase
activation and sensor phosphorylation, as expected. When the inhibitor concentration was
switched to the intermediate level, however, kinase activity remained in the initial state in
these mitotic cells: “high” if the initial condition was low inhibitor (0 to 0.6 pM) and “low”
activity if the initial condition was high inhibitor (1.5 to 0.6 uM) (Figure 5C,D). In addition,
we found that cellular localizations of Aurora B and PP1y phosphatase were not affected by
treatment with this inhibitor (Figure 5 - figure supplement 1), consistent with a previous
report for Aurora B localization (Ditchfield et al., 2003). Together, these results strongly
indicate that bistability and hysteresis of Aurora B phosphorylation in mitotic cells are
driven by the intrinsic properties of Aurora B kinase coupled with the inactivating
phosphatase(s).

A quantitative model links non-linear behavior of the coupled Aurora B kinase-phosphatase
system with bistability and hysteresis observed in cells.

To gain insight into the physiological significance of the bistability of the Aurora B kinase-
phosphatase system, we built a spatial model of Aurora B kinase activity in cells. This
model simplifies or leaves out many mitotic features while focusing on molecular processes
that are essential for Aurora B kinase activity in cells. Specifically, we used deconvolved
intensity profiles for Aurora B localization at the centromere and along chromosome arms
to define the spatial distribution of Aurora B binding sites on chromatin (Figure 6 - figure
supplement 1). Peak Aurora B concentration at the centromere is estimated at 10 uM,
dropping down to 1.5 uM along chromosome arms and 1-2 pM in the kinetochore area
(Figure 6A). In the model soluble kinase molecules bind and unbind these sites dynamically
to achieve the steady-state fractions of the bound and diffusing soluble kinase pools of 75%
and 25%, respectively (Mahen et al., 2014). Soluble kinase in the model behaves identically
to our in vitro experiments, activating itself via the two component mechanism with the
kinetic constants listed in Table 2. The activity of chromatin-bound Aurora B is not known,

9



359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404

but the elongated flexible structure of the INCENP subunit is thought to permit some
mobility for the tethered Aurora B kinase (Krenn and Musacchio, 2015; Samejima et al,,
2015). We therefore assume that chromatin bound Aurora B kinase can interact with
soluble Aurora B molecules freely (with same kinetic constants as in Table 2), but
phosphorylation in trans between the chromatin-bound molecules is limited (see Materials
and Methods). Both bound and soluble Aurora B molecules can be inactivated by a
phosphatase, which for simplicity is assumed to be soluble and diffusive. This reaction-
diffusion system was described with partial differential equations (eq. 6 in Materials and
Methods) and solved numerically.

With this analytical framework we first tested if this model could reproduce the bistability
and hysteresis observed for the overall state of Aurora B kinase in cell experiments.
Consistent with our theoretical analysis of the homogeneous system, bistability was
predicted for a range of phosphatase concentrations, overlapping with the physiological
kinase concentrations (Figure 6B). Aurora B inhibition was then simulated using the
published relationship between ZM447439 concentration and Aurora B activity (Ditchfield
et al., 2003). The steady-state Aurora B activity was examined starting from two different
initial conditions: when all cellular kinase had enzymatic activity of the fully active kinase
or it was inactive. The inhibitor concentration was varied in 10 nM steps, and the spatial
distribution of Aurora B kinase activity was calculated and averaged to represent the
overall fraction of active kinase for each initial condition and inhibitor concentration
(Figure 6C, lines). As in the homogeneous system (Figure 3 - figure supplement 1), the K¥u
value for phosphatase affected the exact shape and position of this theoretical hysteresis
plot. The enzymatic constant for phosphatase acting on Aurora B kinase in cells is not
known, but KPy = 0.16 pM provided an excellent match with experimental measurements in
cells (Figure 6C). Thus, Aurora B hysteresis in mitotic cells can be reproduced using the
molecular and biochemical features which form the basis for our model and the reasonable
values of model parameters.

To examine whether bistability of the coupled kinase-phosphatase system was essential for
matching the experimental data, we modified our model by changing only one parameter
ks, which characterizes Aurora B kinase autophosphorylation in cis. Importantly, all other
model features and the values of all other parameters were unchanged, such that Aurora B
autoactivation and its inhibition by phosphatase were still present. With this modification,
the bistable region could only be observed at much higher kinase and phosphatase
concentrations, while bistability in the range of physiological Aurora B concentrations was
lost (Figure 6D). When modified model was used to mimic the ZM447439 inhibition
experiment, it predicted a reasonably good match to the gradual decrease in Aurora B
activity in experiments with increasing inhibitor concentration. However, when
calculations were done starting from the inactive kinase and the inhibitor was “washed
out”, the model prediction did not change, indicating a lack of hysteresis (Figure 6E). Thus,
bistability of the underlying biochemical pathways is required to explain hysteresis that we
detected with the Aurora B phosphorylation sensor in cells.

Bistability underlies spatial patterns of Aurora B phosphorylation in mitotic cells
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Next, we investigated model predictions for the regulation of Aurora B phosphorylation of
substrates located remotely from centromeric sites of kinase enrichment. Previous
experiments using cells arrested in mitosis found gradients of Aurora B phosphorylation
spreading from centromeres, along chromosome arms, after Aurora B was inhibited with
ZM447439 and then the inhibitor was washed out (Wang et al, 2011) (Figure 7A).
Analogous images were obtained in this work after inducible clustering of Aurora B at the
centromere (Figure 1B and Figure 1 - figure supplement 1B), emphasizing that these large
scale phosphorylation patterns are triggered by Aurora B localization and activation at the
centromere. We modeled the kinase inhibitor washout experiment to determine the
spatiotemporal distributions of activated Aurora B kinase, then calculated the resulting
phosphorylation patterns for chromatin-bound substrate (see Materials and methods).
Consistent with the in vivo experiment, the model exhibited spatially non-uniform large-
scale distributions with phosphorylation high at the centromere and gradually decreasing
along chromosome arms (Figure 7A). In the model, and in cells, these gradients are
transient, as Aurora B signal propagates from the centromere, eventually leading to
uniformly high Aurora B phosphorylation of all chromatin bound substrates (Figure 7B).
This spreading appeared similar to a trigger wave, a hallmark feature of a bistable medium
(Kapral and Showalter, 1995). Importantly, self-sustained trigger waves propagate at a
constant speed, which discriminates them from other mechanisms of signal propagation in
systems with diffusion. Indeed, the predicted plot for the timing of Aurora B activation as a
function of distance from the centromere was linear, implying a constant rate of spreading
(Figure 7C). To test this model prediction we plotted the time of phosphorylation as a
function of distance from centromeres for the chromatin bound FRET sensor, from
experiments in which ZM447439 was washed out. This dependency was also linear,
strongly suggesting that phosphorylation along chromatin propagates as a trigger wave
(Figure 7C). As expected, the model with no bistability in the concentration range of
chromatin bound Aurora B predicted very different kinetics of phosphorylation spreading
with a non-linear rate (Figure 7A-C).

Finally, we used our model to seek new insights into the spatial distribution of Aurora B
kinase activity at kinetochores, where phosphorylation decreases from prometaphase to
metaphase. Previous measurements in metaphase using Aurora B phosphorylation sensors
targeted to different molecular locations at kinetochore revealed different phosphorylation
levels at sites separated by only 10s of nm, indicating a sharp gradient of Aurora B activity
(Welburn et al., 2010; Suzuki et al., 2014). With our model, we calculated the fraction of
activated kinase as a function of distance from the centroid (midway between the sister
kinetochores) for the unstretched centromere, corresponding to the microtubule-free
kinetochores in prometaphase. Almost the entire chromatin-bound pool of prometaphase
Aurora B kinase is predicted to be active, with the fraction of active kinase decreasing
slightly at the kinetochore (bounded by CENP-A and Ndc80) (Figure 8A). We then
“stretched” this mechano-biochemical system to mimic the ~2-fold increase in distance
between sister kinetochores seen in metaphase HeLa cells (Wan et al., 2009). In stretched
chromatin the distance between Aurora B binding sites decreased correspondingly, as
indicated with the white mesh in Figure 8. As a result, the local concentration of chromatin-
bound kinase decreased, and a region of bistability emerged at the kinetochore, hundreds
of nm away from the centroid (Figure 8 - figure supplement 1). As we have shown earlier,

11



451
452
453
454
455
456

457

458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473

474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

the bistable kinase-phosphatase system exhibits a highly nonlinear behavior. In the
chromatin meshwork, these threshold-dependent reactions created a stable and steep
gradient of Aurora B kinase activity. In contrast, in the model with no bistability, stretching
induced a much more gradual gradient of Aurora B activity, reflecting a gradual decrease in
density of chromatin-bound Aurora B kinase (Figure 8B,D).

Discussion

Our findings address the long-standing question of how Aurora B phosphorylates
substrates at a distance from its major sites of localization. First, we use a rapamycin-
induced targeting system to examine the immediate effects of concentrating Aurora B at
centromeres. This approach represents an advance over previous manipulations of Aurora
B localization, such as depleting CPC components, comparing different mutant forms of
INCENP, or inhibiting mitotic kinases that control CPC localization (Vader et al., 2006;
Tsukahara et al., 2010; Wang et al,, 2010; Yamagishi et al.,, 2010; Wang et al,, 2011). In
experiments reported here, Aurora B localization is controlled by rapamycin addition,
while keeping other components of the system constant, so indirect effects from these
manipulations are less likely. Importantly, in the absence of rapamycin, the cytosolic
Aurora B/INbox protein complex shows little activity toward chromatin-localized targets.
However, recruiting the same complex to centromeric binding sites leads to
phosphorylation of the chromatin-localized probe within minutes, demonstrating that the
highly-concentrated centromeric pool of Aurora B is essential for phosphorylation at other
cellular locations (Figure 1B). This result from mitotic cells suggests that specialized
mechanisms enable long-range regulation of Aurora B kinase activity in mitosis.

Theory of complex non-linear systems suggests a plausible molecular explanation for this
phenomenon, since certain feedback-controlled reactions are known to lead to formation of
a self-sustained source of active components and establishment of well-controlled spatial
activity patterns (Kapral R and Showalter K. 1995). Testing such biochemical models
requires knowledge of the underlying feedbacks and specific enzymatic constants and
parameters values. In this work we build a quantitative foundation for such a mechanism
using a reconstituted system with purified components. First, our work defines a
quantitative biochemical mechanism for Aurora B autoactivation (Table 2). Previous
experiments have suggested that Aurora B is activated in trans (Bishop and Schumacher,
2002; Honda et al,, 2003; Sessa et al., 2005; Kelly et al.,, 2007). We confirm these initial
findings, but we also find that only the active, already phosphorylated Aurora B kinase can
activate in trans. The analogous reaction by the unphosphorylated kinase is not as
productive and is carried out in cis. This newly revealed cis component dominates at initial
stages of Aurora B kinase activation, when the majority of kinase molecules are still
unphosphorylated. The cis step may reflect autophosphorylation of the activation loop, as
shown for Aurora A (Dodson et al., 2013), while the TSS motif of INCENP is phosphorylated
in trans. The significance of in cis reaction is not fully understood, but we show that its rate
has a large impact on the bistable region of the Aurora B-phosphatase system, as discussed
below.
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Second, with a mathematical model we show that the kinetic constants we have defined for
Aurora B kinase autoactivation can lead to non-linear behavior, bistability and hysteresis,
when Aurora B is coupled with a phosphatase (Figure 4). Positive feedback in this system is
provided by the two-component (cis and trans) autoactivation of Aurora B, while protein
phosphatase inactivates the kinase by dephosphorylation. Importantly, we were able to
observe this non-trivial behavior in vitro using purified Aurora B kinase and A phosphatase,
which to the best of our knowledge is the first reconstitution of this kind for any kinase-
phosphatase pair. The experimental results in vitro are in quantitative agreement with
model predictions (Figure 4), implying that we have reached a deep understanding of these
phenomena.

Importantly, our theoretical analyses predicted that bistability depends strongly on the
Aurora B kinase autoactivation mechanism, while Kkinetic constants for the
dephosphorylation reaction have much less impact (Figure 3 - figure supplement 1). Thus,
although our simplified reconstitution in vitro used the non-physiological A phosphatase,
the model suggested that these nonlinear regimes could exist in a physiological cell context,
where Aurora B kinase is coupled with its native phosphatase partner(s). Indeed, we were
able to recreate bistability and hysteresis for Aurora B substrate phosphorylation in live
mitotic cells. Our cellular experiments relied on sensors at different locations (centromere
or chromatin) and used three methods to synchronize cells (monastrol, nocodazole, or the
proteasome inhibitor MG312). Because these different experimental tools led to consistent
results, our findings in cells likely reflect the same basic non-linear mechanisms that we
recapitulated in vitro. We therefore explain the distinct phosphorylation states in mitotic
cells as arising from the threshold-dependent autoactivation of the highly concentrated
pool of centromere-localized Aurora B, propagated at long distance via the chromatin-
bound and cytosolic pools of Aurora B. As in vitro, the high kinase activity state in cells can
be sustained over a range of input signals, which in cells were generated using different
concentrations of a specific Aurora B inhibitor. As the inhibitor concentration was
increased, the system switched to the low kinase activity state (Figure 5 A,B), just as
happened in vitro and in our model when the threshold is crossed. Moreover, these “high”
or “low” kinase activity states persisted in populations of mitotic cells under the same
conditions, depending on the initial state (Figure 5C,D). The consistency between our
findings in vitro and in vivo indicates that we have captured key features of the Aurora B-
phosphatase system that underlie cellular behaviors.

This conclusion is also supported by our ability to describe the in vivo results for bistability
and hysteresis using a spatial model of Aurora B kinase activity in mitotic cells. Since the
cellular environment for Aurora B regulation is complex and many constants for the
underlying biochemical and molecular reactions in cells are not known, it is currently not
possible to provide a detailed quantitative description of Aurora B phosphorylation in cells.
However, using reasonable assumptions and values for unknown model parameters, we
were able to recapitulate our findings of hysteresis in live cells (Figure 6). Moreover, the
model made a strong prediction for the propagation of self-sustained trigger ways of kinase
phosphorylation. Long-range propagation of Aurora B phosphorylation has been observed
previously (Wang et al, 2011), but it was thought to be caused by simple diffusion of
activated Aurora B released from the sites of concentration. We quantified these waves and

13



537
538
539
540
541
542
543

544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581

found that they propagate at constant speed (Figure 7), strongly implying that they are
sustained by a more complex reaction-diffusion mechanism in a bistable system.
Additionally, we demonstrate that a highly similar reaction-diffusion model, which also
includes kinase autoactivation coupled with inactivating phosphatase but lacks bistability
in the range of physiological Aurora B concentrations, fails to reproduce the trigger waves
and other results in cells. We conclude that bistability of the coupled kinase-phosphatase
system is an essential feature of Aurora B kinase regulation in cells.

Different non-linear mechanisms operating in excitable media have been shown to play
important roles in developmental biology and cell division (Turing, 1952; Caudron et al,,
2005; Maini et al,, 2006; Karsenti, 2008; Chang and Ferrell, 2013), the cardiovascular
system and blood clotting (Lobanova and Ataullakhanov, 2003; Sharma et al., 2009), kinase
signaling gradients (Kholodenko, 2009) and intracellular patterning and size control
(Meyers et al., 2006; Fischer-Friedrich et al., 2010; Hachet et al., 2011; Subramanian et al,,
2015). Based on our findings, we propose that bistability of a coupled Aurora B-
phosphatase system enables formation of an excitable medium, in which a source of
localized active kinase can trigger complex spatial patterns, orchestrating Aurora B
phosphorylation in a time and location-dependent manner. Specifically, our work offers a
plausible physico-chemical mechanism to explain long-distance regulation of
phosphorylation at the mitotic kinetochore in response to tension. We view the
centromeric chromatin as a mechanical medium that is capable of sustaining biochemical
reactions via a spatially non-uniform distribution of Aurora B kinase. Activity of this kinase
in different chromatin areas depends on both the local concentration of chromatin-
tethered Aurora B molecules and on the activity of the soluble Aurora B pool. Importantly,
our work clearly shows that the level of Aurora B activity in each local area also depends on
Aurora B activity in more distant locations of this mechano-biochemical medium. This is
because in areas with higher kinase concentration, such as the inner centromere, kinase is
strongly activated due to the two component autoactivation mechanism. This activity then
propagates to more distant areas with lower kinase concentration via phosphorylation in
trans by neighboring chromatin-tethered kinase molecules and via their cross-talk with
diffusing soluble kinase. Since the concentration of chromatin-bound kinase decreases
from the inner centromere to the outer kinetochore, this reaction-diffusion system can
establish a gradient of kinase activity even if the underlying biochemical pathways are not
bistable (Figure 8 and Figure 8 - figure supplement 1). However, we demonstrate that
when the bistable coupled kinase-phosphatase system is incorporated into this stretchable
mechanical matrix, the resulting phosphorylation gradients can be much steeper. Moreover,
the steep part of the gradient arises only upon kinetochore stretching and coincides with
the outer kinetochore area, where the concentration range for Aurora B kinase causes its
bistability. Thus, bistability affords versatile control of the position and steepness of the
resulting gradient, which is thought to be essential for regulation of kinetochore-
microtubule interactions (Funabiki and Wynne, 2013; Krenn and Musacchio, 2015).

Bistability is also likely to play an important role in establishing a gradient of Aurora B
activity around the spindle midzone in anaphase, though the mechanistic details may be
different and need to be examined separately. In addition to the bistable system described
here, other mechanisms may also regulate spatial patterns of Aurora B activity, such as
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changes in Aurora B enrichment at centromeres as chromosomes align (Salimian et al,,
2011) and localized phosphatase activity at different cellular locations, such as
kinetochores or centromeres or on chromatin (Trinkle-Mulcahy et al., 2003; Kitajima et al.,
2006; Riedel et al., 2006; Tang et al., 2006; Trinkle-Mulcahy et al., 2006; Liu et al., 2010;
Foley et al, 2011). Localization of both PP1 and PP2A at kinetochores depends on
microtubule attachment and tension, and changes in these local phosphatase activities may
modulate the location of the bistable region of Aurora B activity or exert direct effects on
substrates located in the immediate vicinity. These additional mechanisms are not
mutually exclusive, and future experiments, building on our developed in vitro system and
quantitative model, should examine how these mechanisms contribute to the
establishment and maintenance of gradients at the appropriate spatial scales.

Materials and Methods
I. Experimental procedures in vivo
Cell culture

HeLa cells were purchased from ATCC and identity was not further authenticated. Cells
were cultured at 37°C and 5% CO: in growth medium: DME (Mediatech) with 10% FBS
(Atlanta Biologicals) and Penicillin/ Streptomycin (Invitrogen). Cells were shown to be free
of mycoplasma contamination by DNA staining. For transient transfections, either Fugene 6
(Promega) or Lipofectamine 2000 (Invitrogen) were used, following manufacturer’s
instructions. A HeLa cell line expressing GFP-Aurora B was generated as described
previously (Salimian et al. 2011), and the expression level of GFP-Aurora B was shown by
immunoblotting to be low compared to endogenous Aurora B. Other stable cell lines were
generated by recombinase-mediated cassette exchange (RMCE) using the HILO RMCE
system (Khandelia et al., 2011) as previously described (Ballister et al., 2014). For live
imaging, cells were grown on 22 x 22 mm glass coverslips (no. 1.5; Thermo Fisher
Scientific) coated with poly-d-lysine (Sigma-Aldrich), and coverslips were mounted in
magnetic chambers (Chamlide CM-S22-1, LCI) for imaging. Alternatively, cells were grown
on poly-D lysine coated coverslip bottom dishes (MatTek). Before imaging, cells were
transferred to L-15 medium without phenol red (Invitrogen) supplemented with 10% FBS
and penicillin/streptomycin. Inhibitors were used at the following concentrations: 100
ng/mL nocodazole, 10 uM MG132 (proteasome inhibitor), 175 nm reversine (Mpsl
inhibitor), 10 puM S-trityl-L-cysteine (STLC) or 100 puM monastrol (kinesin-5 inhibitors).
The concentration of the Aurora B inhibitor ZM447439 was varied as described in the text.

Live cell imaging and analysis

For live imaging of anaphase, a stable cell line was generated expressing the chromatin-
targeted Aurora B FRET sensor (Fuller et al, 2008), and the cells were transiently
transfected with Aurora B-mCherry (mCherry at the C-terminus of human Aurora B).
Images were acquired with a spinning disk confocal microscope: an inverted microscope

15



622
623
624
625
626
627
628
629
630

631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666

(DMI4000; Leica) equipped with a 100x 1.4 NA objective, an XY Piezo-Z stage (Applied
Scientic Instrumentation), a spinning disk (Yokogawa), an electron multiplier charge-
coupled device camera (ImageEM; Hamamatsu Photonics), and a laser merge module
equipped with 444, 488, and 593-nm lasers (LMMS5; Spectral Applied Research) controlled
by MetaMorph software (Molecular Devices). Temperature was maintained at ~35°C using
an environmental chamber (Incubator BL; PeCon GmbH). For FRET imaging, CFP was
excited at 444 nm, and CFP and YFP emissions were acquired simultaneously with a beam
splitter (Dual-View; Optical Insights). Anaphase was induced by addition of reversine, and
images were acquired at 80 sec intervals, 5 z-slices with 1 um spacing at each time point.

For rapamycin-induced recruitment of Aurora B to centromeres, a stable cell line
(pERB261) was created with the following components: (1) the DNA binding domain of
CENP-B (CENP-BPBD) fused to a tandem trimer of FKBP, constitutively expressed; (2) a
miRNA targeting the 3 UTR of endogenous FKBP (Ballister et al., 2014), constitutively
expressed; (3) a miRNA-based shRNA targeting endogenous INCENP, inducibly expressed;
(4) mCherry-INbox-FRB: mCherry fused to INbox, a C-terminal fragment of INCENP (amino
acids 818-918 of human INCENP) that binds and activates Aurora B (Adams et al., 2000;
Bishop and Schumacher, 2002; Bolton et al., 2002; Sessa et al., 2005), and to FRB, inducibly
expressed. The following oligos were used for the miRNA targeting the
sequence CAGAGGAACCAGATGCTCAT in the endogenous INCENP transcript: 5’-
TGCTGATGAGCATCTGGTTCCTCTGCGTTTTGGCCACTG-ACTGACGCAGAGGACAGATGCTCAT-
3 and 5’-CCTGATGAGCATCTGTCCTCTGCGTCAGTCAG-
TGGCCAAAACGCAGAGGAACCAGATGCTCATC-3'. FKBP and FRB are dimerization domains
that bind rapamycin, and endogenous FKBP depletion improves rapamycin dimerization
efficiency (Ballister et al., 2014). 125 ng/mL doxycycline was added to the growth medium
2 days prior to experiment to induce expression of mCherry-INbox-FRB and the miRNA
against endogenous INCENP. INCENP depletion was confirmed by immunofluorescence
(data not shown). For live imaging, cells were treated with the kinesin-5 inhibitor S-trityl-
L-cysteine (STLC) at least 2 h before imaging, or with nocodazole at least 1 h before
imaging. Cells were imaged using the spinning disk confocal microscope described above.
Rapamycin was added on the microscope by medium exchange to induce Aurora B
recruitment to centromeres. Images were acquired at 5 min intervals, 3 z-slices with 0.5
um spacing at each time point. Cells that were not treated doxycycline, in which INCENP is
not depleted, were used to measure maximal phosphorylation.

For bistability experiments in vivo, cells were transiently transfected with the Aurora B
FRET sensor targeted either to chromatin (Fuller et al., 2008) or to centromeres (Liu et al,,
2009). In the latter case, mTFP1 is used as the FRET donor rather than CFP. For the
centromere-targeted sensor, cells were incubated with MG132 for 30 min, then ZM447439
was added at the indicated concentrations and cells incubated for a further 1 h. Cells were
transferred to L-15 + MG132 +/- ZM447439, and images of ~25 cells were acquired for
each condition within 25 min of mounting the coverslip on the microscope. For the control
case (no ZM447439), cells were imaged after the initial 30 min MG132 incubation. CFP and
YFP images for FRET were acquired with a spinning disk confocal microscope as described
above. Five z-slices were acquired for each cell with 0.5 pm spacing. For the chromatin-
targeted sensor, cells were incubated with the indicated concentration of ZM447439,
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together with either nocodazole or MG132 and monastrol, for 1 h before imaging. Images
were acquired using a 100x 1.4 NA objective on an inverted widefield fluorescence
microscope (DMI6000, Leica Microsystems) equipped with an automated XYZ stage (Ludl),
an electron multiplier charge-coupled device camera (QuantEM, 512 SC; Photometrics),
and a SPECTRA X light engine (Lumencor), controlled by Metamorph Software (Molecular
Devices), and a stage top incubator (ZILCS; Tokai Hit) heated at ~35°C. For FRET imaging,
CFP (438/32 nm) and YFP (542/27) emissions were acquired sequentially using CFP
excitation (438/24 nm).

For hysteresis experiments in vivo, cells were transiently transfected with the chromatin-
targeted Aurora B FRET sensor (Fuller et al., 2008). Cells were treated with nocodazole and
either 0 uM or 1.5 pM ZM447439 for 100 min and imaged live on the widefield microscope
described above. After the first set of images was acquired, the concentration of ZM447439
was either increased (from 0 to 0.6 or 1.5 uM) or decreased (from 1.5 to 0 or 0.6 uM).

For analysis of FRET images, the YFP/CFP emission ratio was calculated using a custom
MatLab script, and projection images were prepared as described (Fuller et al, 2008).
Images represent the mean FRET ratio calculated over a z-stack. For the rapamycin-
induced recruitment experiments, cells with FRET ratio less than 1.7 at the first time point,
likely due to poor knockdown of endogenous INCENP in a minority of cells, were excluded
from the analysis. For the bistability experiments, FRET measurements under three
different experimental conditions (see text for details) produced bimodal distributions, but
the relative positions of the peaks with “low” and “high” FRET ratios were different in
different experiments due to different probe locations (H2B or CENP-B) and imaging
conditions. To plot these FRET values together (Figure 5B), the data points for each
experimental condition were split into two groups (“low” and “high”). The mean FRET
values were calculated for each group (Miow and Mhign) and the absolute FRET values (Fabs)
for each cell and experimental condition were then normalized using the following
expression: (Fabs = Miow)/(Mnigh — Miow). To plot the normalized sensor phosphorylation
values in Figures 1A, 5D and 7B, inverse normalization of FRET signal was performed using
the following expression: (Mmax - Fabs)/(Mmax — Mmin), Where mmax and mmin are the
maximum and minimum FRET values in this dataset. The normalized values for each
concentration of ZM447439 were averaged before plotting.

For analysis of wave propagation of FRET sensor phosphorylation, cells expressing the
chromatin-targeted sensor were arrested with monastrol (Figure 7C). A line on each visible
chromosome was drawn starting from the centromere, extending towards the periphery
along the chromosome arm. The time when each position along this line reached 50%
FRET ratio between the maximal FRET ratio (before washout) and minimal FRET ratio
(after sensor phosphorylation stopped changing) was recorded. The time point when the
FRET ratio reached 50% at the centromere (x = 0) was setas t = 0.

Fixed cell analysis

To measure Aurora B and PP1ly localization and phospho-INCENP at different
concentrations of ZM447439, cells were incubated for two hours with nocodazole with the
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indicated ZM447439 concentration, then fixed for 10 min with 4% formaldehyde
(Amresco) in DPBS (Corning). The following antibodies were used: 1:100 mouse anti-
Aurora B (AIM-1, BD Biosciences), 1:1,000 rabbit anti-phospho-INCENP (Salimian et al.,
2011), and 1:200 Alexa Fluor 488 and Alexa Fluor 594 secondary antibodies (Invitrogen).
For PP1 localization, a cell line expressing PP1y-GFP was used (Liu et al., 2010). Images
were acquired on the spinning disk confocal described above.
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II. Experimental procedures in vitro

Aurora B kinase purification

A bicistronic construct containing the DNA sequence of Aurora B60-361and INCENP790-856
(Figure 2 - figure supplement 1A) from Xenopus Laevis was amplified by PCR using the
following primers: 5’-GGGCCCGGATCCTCCTCCAGCGTTCCAGG-3 and 5’-
CCCGGGGCGGCCGC-TTAAGGGGAGTGCCATACAGC-3'. The template for the PCR reaction
was a PGEX-6P plasmid containing a bicistronic message of full length Aurora B and
INCENP790-856 (3 gift of Dr. Stukenberg). The resulting PCR product was cloned into the
BamH1/Notl sites of a pRSF duet vector customized to have a GST tag in frame with
Aurora B, separated by a TEV cutting site. The Aurora B:INCENP790-856 complex was
expressed in E. Coli strain BL21 (pLys) and purified in two steps. First, conventional affinity
chromatography was used with glutathione beads, and the protein complex was eluted by
cutting with TEV protease (as in Sessa et al., 2005). Second, size exclusion chromatography
with a Superdex S-200 column was used. Aurora B:INCENP790-856 eluted ina single peak
from the size exclusion column (Figure 2 - figure supplement 1B); the eluted protein
complex was concentrated, supplemented with 50% glycerol and stored at -20°C after
diluting to final protein concentration 50 pM (in Tris-HCI (pH 7.5) 12 mM, NaCl 150 mM,
DTT 2 mM and 50% glycerol). The Aurora B:INCENP790-856 protein complex was used for all
in vitro studies and for simplicity we refer to it as “Aurora B kinase”.

Measurement of kinase activity

The Aurora B kinase activity was measured using a commercial chemosensor (Omnia;
Thermofisher KNZ1161). This sensor contains a peptide with the consensus recognition
sequence for Aurora kinases (RRF-S-L) conjugated with a Sox fluorescent probe. Upon
phosphorylation of serine residue, the Sox probe binds soluble magnesium and experiences
chelation-enhanced fluorescence. Emission at 485 nm was monitored (Figure 2 - figure
supplement 2B) with a Fluoromax 3 spectro-fluorimeter (Jobin Yvon) or with a 814
Photomultiplier Detection System (Photon Technology International) using a quartz
fluorimeter cuvette (Hellma Analytics 105.251-QS); the excitation wavelength was 400 nm.
In routine experiments, the fluorescence of 10 uM chemosensor was measured for at least
10 min in 50 pl “kinase assay” buffer: Tris-HCL (pH 7.5) 50 mM, NaCl 50 mM, MgCl; 12 mM,
ATP 4 mM, phosphonoacetic acid 10 mM (Sigma-Aldrich, cat#284270), DTT 2 mM, Brij23
0.01%, EGTA 0.5 mM, BSA 0.5 mg/ml. Aurora B kinase was added at 10 nM final
concentration (unless stated otherwise) and the cuvette was sealed to avoid evaporation.
Final concentration of glycerol did not exceed 1%. To determine fluorescence intensity of
the phosphorylated chemosensor (product), the phosphorylation reaction was observed to
reach a plateau, such that the product concentration was assumed to equal the initial
concentration of the unphosphorylated chemosensor. Standard curves for substrate and
product were used to convert fluorescence intensity counts per second (cps) into peptide
concentrations; the slopes of these curves were 6,520 + 80 and 15,000 * 400 cps/uM,
respectively (Figure 2 - figure supplement 2C). The phosphorylation curves were analyzed
to extract the initial rates of phosphorylation; these rates were plotted as a function of
substrate concentration and fitted to the Michaelis-Menten equation with Prism

19



760
761
762
763

764
765

766

767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802

(GraphPad) software (Figure 2 - figure supplement 2D). The Lineweaver-Burk plot (Figure
2 - figure supplement 2E) and Hanes-Woolf plot (Figure 2 - figure supplement 2F) for
these data show good linearity, confirming Michaelis-Menten mechanism for chemosensor
phosphorylation (Bisswanger, 2008). The value of V_,_was determined from the Michaelis-

Menten curve in Figure 2 - figure supplement 2D; the value of Kk, was calculated from V__
for 10 nM of Aurora B (Table 2), as used in our experiments. The slope of the linear fit for

K
the Lineweaver-Burk plot was used to calculate —2-. The initial rate for 10 pM
M

chemosensor phosphorylation by active Aurora B (5 nM) was 140 times faster than by the
partially active Aurora B (5 nM); number of independent experiments = 3.

Characterization of Aurora B autoactivation

To evaluate kinetics of Aurora B autoactivation, purified Aurora B was first treated with A
protein phosphatase (8 - 108 units/g; New England BioLabs P0753S) to obtain the
“partially active” Aurora B. Activity of the phosphatase (units) was converted to
concentration (M) using the conversion factor 5 - 10-14# moles/units. Aurora B (16 uM) was
incubated for 2 h at 30°C with 0.2 uM phosphatase in the “inactivation” buffer, which was
same as “kinase assay” buffer but with no ATP, phosphonoacetic acid, EGTA, BSA, and
supplemented with MnClz 100 pM. Since the partially active kinase was highly inefficient in
phosphorylating the chemosensor substrate, at low kinase concentration the changes in
kinase activity due to autophosphorylation were examined directly in the presence of
chemosensor. Partially active Aurora B kinase was diluted to 0.16, 0.5 or 1.5 uM in the
“kinase assay” buffer without BSA and EGTA (“activation” buffer), which caused full
phosphatase inhibition (Figure 2 - figure supplement 1C). The reaction mixture was then
supplemented with Omnia chemosensor 20 uM, and phosphorylation kinetics were
measured (Figure 2A).

At high Aurora B kinase concentration the chemosensor substrate becomes rapidly
depleted, so we performed activation reaction separately from the chemosensor
phosphorylation. The partially active Aurora B (4 pM) was incubated in “activation” buffer
to allow autoactivation to take place (Figure 2D). As a control, the fully active kinase was
first preincubated in the “inactivation” buffer with no phosphatase, then incubated in the
“activation” buffer, as done with the partially active Aurora B. Both, experimental and
control samples were subjected to dialysis in 3,500 MWCO mini dialysis units (Slide-A-
Lyzer, Thermo Fischer) at 30°C in 100 ml of activation buffer with glycerol 3% and MnCl.
25 pM. Dialysis was required to avoid ATP depletion during Aurora B autoactivation. The
degree of Aurora B activation at different times was determined by taking an aliquot of the
autoactivation reaction diluted in “kinase assay” buffer to obtain 10 - 80 nM of final Aurora
B concentration. This dilution essentially stopped all autoactivation reactions, so the initial
rate of chemosensor phosphorylation (< 10% phosphorylation), could be determined. The
initial rate in samples with partially active kinase was compared with the initial rate in
control samples taken at the same time, and the concentration of active kinase was
determined (Figure 2D).

20



803

804
805
806
807
808
809
810
811
812
813
814
815

816

817
818
819
820
821
822
823

824
825

826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844

Hysteresis experiments

In one set of experiments, purified Aurora B, which is fully active, was used (“initially high”
experiment); in the second set, the partially active Aurora B was used (“initially low”
experiment). For the “initially high” experiment, 8 uM Aurora B was mixed with the
phosphatase (0.25 - 0.8 pM range) in “hysteresis” buffer: Tris-HCL (pH 7.5) 25 mM, NaCl
100 mM, MgCl; 5 mM, ATP 4 mM, DTT 2 mM, MnCl; 100 uM, Brij23 0.01%. Immediately
after mixing, 12 pl of the reaction mixture were placed in mini dialysis units in 100 ml of
“hysteresis” buffer, final glycerol concentration from adding enzyme stock was 9%. At
different times, small aliquots of the reaction mix were taken and diluted to the final kinase
concentration of 5 nM. The kinase assay was carried out, as described above, using 10 uM
of custom made chemosensor, which contained the same peptide as the commercial sensor
but the Sox fluorescent probe was conjugated via cysteine bond (Gonzalez-Vera et al,
2009). Aurora B kinase phosphorylates this chemosensor faster than the commercial one,

with K, =55 uM and Kk, = 19 s'L. The initial rate values in Figure 4C were determined after

the Aurora B-phosphatase coupled system reached steady state (= 60 min). Prior to
plotting, these steady-state rates were normalized to the initial rate measured with the
fully active kinase in the absence of phosphatase. For the “initially low” experiments,
purified Aurora B was pretreated with phosphatase (0.15 - 0.5 uM range) for 30 min in
“hysteresis” buffer lacking ATP. Then, ATP at 4 mM was added and the reaction mixture
was incubated in mini dialysis units. The initial rates for Aurora B kinase reactions were
determined and plotted as in “initially high” experiments.

II1. Theoretical modeling of experiments in vitro

General model description

All biochemical reactions were described using equations of enzyme Kinetics with reactants,
enzymes and products denoted using symbols in Table 1 and rate constants in Table 2. We
modeled a stable Aurora B complex consisting of Aurora B kinase and its regulatory
subunit INCENP. This complex can be phosphorylated at several sites (Sessa et al., 2005),
but all modeling graphs in this paper show results obtained with a simplified model that
incorporates a single phosphorylation site. Below, we also provide analysis of the model
with 2 phosphosites and show that the main conclusions from our in vitro experiments do
not change. The single site model assumes that:

1. Aurora B kinase has two states: the non-phosphorylated state (A) that is partially
active, and the phosphorylated state (A*) with maximal activity.
2. Partially active Aurora B kinase can activate itself in cis. This assumption is justified

by our findings in Figure 2C. We also assume for simplicity that this reaction is single-step
and not reversible.

3. Phosphorylated active Aurora B kinase can phosphorylate the partially active
Aurora B with Michaelis-Menten kinetics.
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4. Phosphorylated active Aurora B Kkinase can phosphorylate its substrate (e.g.
unphosphorylated chemosensor) with Michaelis-Menten kinetics.

5. Partially active Aurora B has no activity towards the substrate. This assumption is
justified by our finding that partially active Aurora B has > 100-times lower activity than
the active Aurora B.

Following system of equations described Aurora B activation in the presence of substrate:

At 5 A
At A R STAAT K s AT AT (1)

S+ A Kl [N ] ke s Py A

This reaction scheme is fully described by the following system of ordinary differential
equations (ODEs):

dA" /dt = Ak, +[AA]-(2kE, +k*)— A"- A k& +[SA']- (k +k )—S- A"k,

d[AA™]/dt = A" A k2 —[AA"]-(KE, + k) )
d[SA"]/dt=S-A"-k, —[SA']-(k, +Kg)

dS/dt =-S- A" -k, +[SA']-k,

dP/dt =[SA']-k,,

See Tables 1 and 2 for details; subscripts f and r correspond to forward and reverse
reactions, respectively; kra is the rate constant for the reverse reaction of in trans

autoactivation; K, is the rate constant for the dissociation of the kinase-substrate complex.

Determination of parameters of Aurora B autoactivation

Several enzymatic constants for system (2) could be determined from the literature. We
used K, =50 uM-1s1 based on the known correlation between the rate of enzyme-substrate

complex formation and complex size (Wassaf et al., 2006; Schreiber et al., 2009). The value
of k. =(k;K,,)—k_, - For the K{ rate constant of enzymatic complex formation for the in
trans reaction, we used the value reported for the enzyme-substrate pair with the closest

radius of gyration to Aurora B, which we estimated to be 1.97nm based on the PDB 2BFY
structure (Schlosshauer and Baker, 2004; Sessa et al. 2005; http://www.scfbio-

iitd.res.in/software/proteomics/rg.jsp). Based on these calculations, k?=0.1 uM-1 s-1, We

determined constants for Aurora B phosphorylation of chemosensor substrate as described
in the section “Measurement of kinase activity”.

To determine the Ky, k2, and k, rate constants for Aurora B autoactivation we fitted
experimental data in Figures 2A and 2D by numerically solving equation system (2) with
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custom made software “Parameter Estimation and Fitting Tool” (PEFT, described below),
leading to solid lines in Figure 2A and 2D. The value of k* was determined analogously to

Kk

-
Theoretical analysis of bistability and hysteresis in a coupled kinase-phosphatase system

To describe the coupled Aurora B kinase-phosphatase system, we assume that active
Aurora B kinase is a substrate for phosphatase and is dephosphorylated with Michaelis-
Menten kinetics. We also assume that Aurora B kinase in the enzyme-substrate complex
cannot be dephosphorylated. The following reaction scheme was used:

A kis § A"
A+ A R AN TR s AT A (3)
A"+ PPase+ <« A"PPase] &5 A+ PPase

This reaction scheme led to the following ODEs system:

dA"/dt = Ak, +[AA']-(2K2, +k*)+[A'PPase] kP — A - A-k® — A" - PPase kP
d[AA']/dt = A- A" K2 —[AA]- (K3, +K?) (4)
d[A’PPase]/dt = PPase- A" - k? —[A"PPase] - (k" + k)

See Tables 1 and 2 for details; k,p is the rate constant for the dissociation of the
phosphatase-kinase complex.

First, we studied the steady-state solutions for A* by solving system (4) numerically with
Mathematica software (Wolfram Research). Figure 3B shows the steady-state
concentration of active Aurora B as a function of phosphatase concentration for several
total Aurora B concentrations. When phosphatase concentration is low, nearly all kinase is
active, as expected for autoactivation. With increasing phosphatase concentration, the
steady-state concentration of active Aurora B decreases. When total concentration of
Aurora B is low this decrease is monotonic. However, for total concentration of Aurora B >
3.9 uM, 3 steady state solutions can be seen, demonstrating bistability. The region of
parameters for which three steady states coexist (region of bistability) is shown in Figure
3C.

The presence of the unstable steady state in this system suggests that its kinetic behavior
should depend on a threshold. Kinetic behavior of the system of equations 4 was analyzed
using different Aurora B kinase and phosphatase concentrations and ODEs solver of PEFT
software. In the region of bistability, the steady-state concentration of active Aurora B
depends on the relationship between initial conditions and threshold value. Presence of the
threshold is evident from the behavior of this system when initial conditions are chosen
close to threshold (Figure 3D) and in response to perturbations of the steady state (Figure
3E). Calculations for Figure 3E started from 8 puM of partially active Aurora B and the
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systems achieved the steady state with low Aurora B activity. We then simulated additions
of small amounts of active Aurora B of different concentration (indicated with arrows in
this graph). The first two additions of active Aurora B (0.3 and 0.4 pM) did not increase the
fraction of active Aurora B, as the injected active kinase was rapidly inactivated. The last
addition of 0.5 uM active Aurora B pushed the system above the threshold, and it rapidly
transitioned into the steady state with high activity (Figure 3E). To examine theoretically
whether this system exhibits hysteresis, solutions for system (4) were found for various
levels of phosphatase. Calculation with active Aurora B started from 0 uM phosphatase.
Phosphatase concentration was then gradually increased up to 1 uM, then decreased down
to 0 uM with the same speed (shown with arrows in Figure 3F). The slow speed of these
transitions ensured that the system reached quasi steady state at all phosphatase
concentrations. The total calculation time for one such cycle equaled 100 h of the reaction
time. The resulting graph in Figure 3F shows that trajectories for the motion toward high
and low phosphatase concentrations superimpose completely in the areas where the
system has a single steady state. In the bistable region, the trajectories bifurcate: when
phosphatase concentration is increasing, the system follows the upper branch, but it
follows the lower branch when phosphatase is reduced, giving rise to a hysteresis loop.

Analysis of the bistability dependence on phosphatase catalytic constants.

Since kinetic properties of the phosphatase(s) that inactivate Aurora B kinase in cells are
not yet known, we investigated how model behavior depends on catalytic constants for

phosphatase, K}} and k?,. Calculations with varying phosphatase concentration were
carried out with ODEs solver using “initial high” and “initial low” starting conditions, and
hysteresis loops were observed for all tested values of K}, (Figure 3 - figure supplement
1B). The bistability regions were present in a similar range of phosphatase concentrations,
but the region became slightly more narrow with increasing K, . Changes in catalytic rate
k., as expected, did not change the overall shape of these curves but shifted them to a

different range of phosphatase concentration. When these curves are plotted versus the

phosphatase concentration divided by the corresponding k?,, they overlap completely

(Figure 3 - figure supplement 1C). These data indicate that difference in catalytic constants
for phosphatase can be compensated by adjusting phosphatase concentration, such that the
major model predictions remain unchanged. We conclude that bistability of coupled Aurora
B kinase-phosphatase system can be observed for various phosphatases, and the presence
of non-linear regimes depends mostly on the biochemical properties of Aurora B kinase.

Modeling of experiments with bistability and hysteresis in vitro

System (4) was solved with PEFT assuming the initial condition with 100% active Aurora B
concentration to simulate the “initial high” experimental scheme, and that 100% of total
Aurora B kinase was partially active to simulate the “initial low” experiment. All
parameters that describe Aurora B autoactivation were fixed as in (Table 2). Initially,
concentrations of all enzyme-substrate complexes were zero, and total Aurora B
concentration was 8 uM. ODEs solver was applied independently for each phosphatase
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concentration in the range of 0.01 pM to 0.8 uM with 0.01 pM step. Total simulation time
was 1.5 h per each phosphatase concentration and initial condition. To obtain the fraction
of active Aurora B kinase we computed the sum of concentrations of active Aurora B kinase
in a free form and as a part of the enzymatic complex with partially active Aurora B, then
divided this sum by the total Aurora B concentration. For these calculations we used the

value for kP catalytic rate constant of enzymatic complex formation 0.6 uM-1s-1, which we
calculated analogously tok{ constant for Aurora B (see section “Determination of

parameters of Aurora B autoactivation”). The radius of gyration for A phosphatase was 1.7
nm (PDB structure 1G5B; Voegtli et al., 2000). The values of K|} and k2, were chosen to

match experimental data in Figure 4C. The value of k" was determined analogously to K, .

Model of Aurora B autoactivation via two phosphorylation sites

Work by (Sessa et al,, 2005) suggests that at least two phosphorylation sites are involved in
Aurora B kinase autoactivation: one located in the Aurora B kinase autoactivation loop and
the second site in the INCENP INbox domain. We constructed a model in which full Aurora
B activation requires phosphorylation at two sites based on the following assumptions:

1. The phosphorylation is sequential, i.e. the second site (e.g. in INbox domain)
becomes phosphorylated only after the first site has been phosphorylated.
2. Aurora B kinase has three activity levels corresponding to the (i) fully

unphosphorylated state A, which is partially active, (ii) state A# with intermediate activity,
which requires phosphorylation at the first site, and (iii) state A#*# with maximal activity
and both sites phosphorylated.

3. Kinase A can activate itself via in cis reaction to convert into the intermediate form
A# but does not phosphorylate kinase of any other state in trans.

4. Kinase A can be phosphorylated by the A# and A## kinases via Michaelis-Menten
reactions.

5. Kinase A# can be phosphorylated by the A# and A## kinases via Michaelis-Menten
reactions. The catalytic rate constant of the A## kinase is 7-fold greater than of A# kinase,
but their Michaelis constants are the same (based on Sessa et al., 2005).

Substrate (chemosensor) phosphorylation was described as in the model with one
phosphosite (2) with constants listed in Table 2, leading to the system of ODEs (5). This
model was solved numerically with ODEs solver. Predicted chemosensor product
concentration P as a function of time is shown in Figure 2 - figure supplement 3A. As
expected, the two sites model provides a good description to these experimental data with
unconstrained best fit constants (Table 3). To describe autoactivation of 4 uM Aurora B
without chemosensor, we put S = 0 and calculated concentration of active Aurora B as a
sum of concentrations of A# and A#*# forms (Figure 2 - figure supplement 3 panel E). To
model hysteresis experiments in vitro we supplemented the two sites model (5) with
phosphatase reactions. Here, we assumed that kinase forms A# and A#*# could be
dephosphorylated by a phosphatase with Michaelis-Menten like kinetics and that these
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reactions took place in the reverse order relative to the reactions of phosphorylation: A##
could only be converted to A%, which was then converted to A:

—> . . A#PP.
A*+PPase = [A*PPase]—s>A+ PPase with reaction rate constants | /*772%; | /PFese, | AiPPase

| A##PPase
r

)

A#*#+PPase =— [A#*#PPase] —A*+ PPase with reaction rate constants |/,

| Attt PPase
cat )

For these calculations, the fitted values of all parameters listed in Table 3 were used with
| frHPPase - | MPPe® - (),6 UM -1 5715 | MPPEe | APPA® g g -1, | AtPPase | APPa () 12 51, also leading

to a good match with experimental data (Figure 2 - figure supplement 3F).

#
(9% Al + 20AAPIIAY — AAPIAAE 4 [AAILAAY 4 [AAMTIAAPE + (AR AMIIAAY —

_Z(A#A#l;l#A# — [A#A#]l;q#A#) _ A#A##l;l#A## +

+[A*AMF|LAFARE 1 [SARNIZEE + [SA*]IIA* — AR124%S
ddA_::# — [AA##]léléclt## _ AA##l]’ch## + [AA##]ZT{lA## + [A#A#]l‘cqj{l# + Z[A#A##]lglj{l## _

_A#A##l;g#A## + [A#A##]lf#A## + [SA##]lgaq##

+[SA##]Z,§A## _ A## l}_S'A##S

#
ditA = —[AAMFIEAH + A IAARE — [AARF] 1A%

d[4*a*] _ _[A#A#]IA#A# + A#A#l;l#A# _ [A#A#]IA#A#
—_— T

dt cat
) dA**A (5)
— — —[AA##]lgl(ft## + AA##l]zc‘lA## _ [AA##]Z;?A##
d A#A##
[ - 1 _ _[A* A##|AAn 4 A#A##l}fl#A## _[A* At Arars
d[sa*
WAL — _[saryisar — [sa")isar 4 arisats
d[sat*
[dt 1 _ _[SAH|ISARE _ [SA##] SAH A##l]fA##S

as
E — [SA#]Z;S:A# + [SA##]IEA## _ A#l]‘fA#S _ A##l]‘fA##S

Gr = [SAMIEE + [sA™ e
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Here, |, and |, are the rate constants for enzyme-substrate complex formation and

dissociation, respectively; | . is the catalytic rate constant. Upper indices of the rate

cat

constants indicate the corresponding enzyme-substrate complex.

To examine the relationship between the one site and two sites models of Aurora B
phosphorylation, we examined changes in concentration of different Aurora B forms during
the autoactivation time course. Figure 2 - figure supplement 3C shows that the
intermediate form with one phosphosite A# appears transiently as an intermediate product,
which later becomes converted into the completely phosphorylated form A##. We therefore
tested if the one site model can be considered as a limiting case of the two sites model. We
significantly (500-fold) increased the rate of conversion of A# into A##, thereby reducing the
maximal concentration of the intermediate kinase form down to few percent of the total
(Figure 2 - figure supplement 3D). We then identified the set of model parameters (limiting
case, Table 3) that produced a good match to experiments in Figure 2 - figure supplement 3
panels B and E. Remarkably, the limiting case parameter values were nearly identical to
those we obtained with a one site model (Table 2). This analysis strongly justifies our use
of a simplified model with only one phosphorylation site, as this model can be interpreted
as a two site model with a rapidly converting Aurora B form with one phosphorylated site.

IV. Theoretical modeling of experiments in cells

Description of the spatial model of Aurora B phosphorylation

The spatial model is based on the homogeneous model of the coupled kinase-phosphatase
system described above (Materials and methods section III). Additionally, it incorporates
spatial distribution of Aurora B binding sites to mimic Aurora B localization to chromatin in
prometaphase and metaphase cells. Aurora B distribution along the centromere-
kinetochore axis was derived from the Aurora B fluorescent intensity profile seen at
metaphase kinetochores (Figure 2B in Liu et al., 2009). The experimental distribution was
deconvolved using a point spread function with a width 0.51/NA = 210 nm, where A = 594
nm is the excitation wavelength and NA = 1.4 is the objective numerical aperture.
Normalized fluorescence intensity was converted into concentration using the estimated
average concentration of the chromatin-bound Aurora B pool, as described below in
section “Choice of model parameters”. The resulting function profile1(x) is shown in Figure
6 - figure supplement 1B. Aurora B distribution along the chromosome arms, profileZ(x)
(Figure 6 - figure supplement 1C) was obtained by measuring intensity of chromatin-
bound signal in monastrol-arrested HeLa cells expressing GFP-Aurora B (Figure 6 - figure
supplement 1 panels D and E).

The following model postulates were used:

1. Both partially active and fully active Aurora B molecules could bind to chromatin
binding sites and unbind with kinetic constants ko, and ko
2. Soluble Aurora B kinase diffused with diffusion coefficient D.
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3. Both soluble and chromatin-bound Aurora B kinase could phosphorylate itself in cis
and in trans.

4, Phosphatase was soluble and could dephosphorylate soluble and bound Aurora B
kinase. Catalytic rate constant for this reaction were as in the homogeneous in vitro model
(Table 2). Phosphatase diffused with diffusion coefficient D.

Thus, the spatial model equations incorporate equations for the homogeneous system,
reactions for the chromatin-bound Aurora B kinase and the diffusion term for soluble
components:

OA"Jot = A Ky, +[AA']-(2KE, +k) = A" - Ak} — A -B-k? +[AB"]-kZ, +
+[BA']- (k3 +k) +[A'PPase]- kI — A" - PPase- kP + B -k — A" - Stes-k,, + D- 9’ A*/9x* = F (x,t)

0B’ /ot =B -k, +[BB"]-(2k%, +k")~B"-A-k? —=B"-B-k? +[BA’]- k2, +[AB"]- (k2 +k?)+

+[B"PPase]-k/ —B" - PPase-kP —B" -k + A" - Stes-k,, = F,(x,t)
OAOt = —A -k, +([AA]+[AB'])-k? — A- (A" +B")-k? +[A'PPase] -k, +

+B-ky — A-Stes-k,, + D-9°A/ox’

0B/ot=-B K, +[BA']-k? +[BB"]-k? —B- A" -k} + B-B" -k} +[B"PPase] - k:, — B -k, + A- Stes-k,,
O[AA"]/ot= A- A" -kZ —[AA"]- (K%, +k?)+D-9°[AA"]/ox’
J[BA"]/ot=B-A"-k? —[BA']-(kZ, +k?)
J[AB"]/dt=A-B"-k? —[AB"]- (k% +k?)
J[BB']/0t=B-B"-k? -[BB"]-(k2, +k")
o[ A'PPase]/ot = PPase- A" - kP —[A'PPase]- (kP + k%, )+ D -9’[A"PPase]/ox’
J[B"PPase]/ot = PPase-B" - kP —[B"PPase]- (k” +k2,) (6)
oStes/ot = (B+B") ky —(A+ A")- Stes-k,,

See Table 1 and 2 for details; B* (B) is concentration of bound active (partially active)
Aurora B; [XY] is enzyme-substrate complex between X substrate and Y enzyme; “Sites” is
concentration of free Aurora B binding sites.

For simplicity, simulations were carried out in one dimension and two spatial axes were
examined independently: along the chromosome arms axis and along the centromere-
kinetochore axis (Figure 6A). Boundary conditions were chosen to avoid the flow of soluble
components:

0A" / 9x
0A/0X]
a[AA*]/ax‘X}RR =0

=0

x=—R,R

0

x=—RR

(7)

a[A*PPase]/ax‘X}RR =0

oPPase/dx| . =0
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where x corresponds to the size of the simulated spatial interval from - R to R.

System of equations (6) was solved numerically using Mathematica software (Wolfram
Research) with boundary conditions (7). Initial conditions were varied for different types
of experiments, as described below. For each spatial direction we solved the one
dimensional problem using distance from centroid (x) as the one dimensional coordinate
and initial conditions for Aurora B binding sites profile1(x) or profile2(x).

Choice of model parameters

To quantify the spatial distribution of Aurora B kinase binding sites on chromatin, we used
the reported soluble Aurora B concentration in cells Cso; = 8.6 nM (Mahen et al,, 2014) and
the estimated volume of 46 centromeres (as in human cells) V&, =46 - 0.5 pum - 0.5 pm - 2
um = 23 um3. About 75% of total cellular Aurora B is in the bound form (Mahen et al,
2014); therefore 75 + Csor + Vet = 25 + Chound * Vt°tcent, Where Chound is average concentration of
bound Aurora B, Ve = 5,800 pum3 is cell volume (Mahen et al., 2014). Therefore, Cpound = 6.4
uM, leading to quantitative profiles in Figure 6 - figure supplement 1 panels B and C with a
peak Aurora B concentration 10 uM.

Kinetic parameters of the autoactivation of soluble Aurora B kinase were the same as in the
homogeneous model (Table 2). Autoactivation parameters for bound Aurora B were the
same as for soluble kinase, except the value of k# = 0.01 k# to account for the sterically
limited interactions between bound Aurora B kinase molecules. Dissociation constant kog =
0.014 s1 for Aurora B was based on the previously measured CPC turnover time of 50 s
(Murata-Hori and Wang, 2002). Using Kp = 4.8 nM for the CPC complex (Mahen et al,, 2014),
the association rate kon for Aurora B kinase was kon = kog/ Kp = 2.9 uM-! s-1. The diffusion
coefficient for Aurora B was chosen based on the known Stokes radius of the CPC complex,
10 nm (Cormier et al., 2013), which corresponds to D = 1 um?/s (Luby-Phelps, 2000). Size
of the spatial interval for calculations was R = 3 pum, corresponding to the linear size of
chromosome arms. Simulations for the model with no bistability in the range of
physiological Aurora B concentrations were done with kes = 7.3 + 10-4 s-1, and all other
model parameters were the same as in the main model that exhibited bistability in this
concentration range.

Modeling of bistability and hysteresis experiments in cells

For bistability plots in Figures 6B and 6D, we calculated the steady-state solutions of
system (6) for the indicated range of phosphatase and total Aurora B kinase concentrations
(bound and soluble). The resulting total fraction of active Aurora B for each phosphatase
and kinase concentrations was averaged over the entire spatial interval. The bistability
region corresponds to concentrations that led to different solutions obtained using
different initial conditions: Aurora B kinase active or partially active.

To model inhibition of Aurora B activity the following initial conditions were used:
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A*‘IZO — Atota]
{A B,B",[AA"],[BA"],[BB"],[AB"],[A PPase], [B' PPase]} \IZO =0 (8)
Stes|,_, = Profilel(x)

For this simulation Aurora B autoactivation constants were calculated based on inhibitor
concentration: k¢is?M = ks - exp(- z/0.33) and k%M = k%, - exp(- z/0.33), where z is
ZM447439 concentration; exponential factor 0.33 was chosen in agreement with the
published range 0.19 - 0.55 (Ditchfield et al., 2003).

In the “inhibitor added” scenario (corresponding to “initially high” Aurora B activity), the
inhibitor was titrated from 0 pM to 2 uM with 10 nM increments. For the “inhibitor washed
out” scenario (corresponding to “initially low” Aurora B activity), the inhibitor
concentration was titrated from 2 uM to 0 pM with 10 nM decrements. For each initial
condition, the steady-state fraction (at tma = 1,000 s) of active Aurora B kinase (bound and
soluble) was calculated as:

R(A*(x, ")+ B (X, ") Jdx
JR 9)

(A )+ B0 ™) 4 A (1, 07 4 B (7 i

-R

This approach averages the active Aurora B kinase across the entire spatial interval (-R, R)
and reports on the total fraction of active Aurora B kinase, analogous to the normalized
integrated FRET ratio in experiments with cells (Figure 6C).

Modeling the propagation of Aurora B substrate phosphorylation along chromosome arms

To simulate the propagation of substrate phosphorylation after ZM447439 washout, we
supplemented system (6) with the reactions of substrate phosphorylation/
dephosphorylation:

0A"[ot = F(x,t)— A"-S-k, +[SA"](K, +Kg)

oB"/ot=F,(x,t)=B"-S-k, +[B"1(k, +k_,)

0S/ot = ([SA"]+[SB]) -k, —S- (A" +B")-k, + Pk, (10)
oP/ot = ([SA']+[SB"]) -k, — Pk

J[SA"]/ot=A"-S-k, —[SA"]-k,
o[B"1/ot=B"-S-k, -[B"]-k

r

where P and S are concentrations of phosphorylated and unphosphorylated substrate;
other symbols are as in system (6).
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The substrate was assumed to be distributed evenly over the chromatin with concentration
Stotai= 1 pM, mimicking the chromatin-targeted FRET sensor. Rate constants of substrate
phosphorylation/dephosphorylation were kce: = 0.8 - 103 st and k, = 0.4 - 103 s°1.

The following initial conditions were used:

Ntzo — Atotal
{A",B,B",[AN],[BA'],[BB"],[AB"],[ A PPase], [B'PPase]} | =0 (11)

Stes,_, = Profile2[x]

Thus, initially Aurora B kinase was inactive, as in cells incubated with 2 pyM ZM447439
(Figures 5A and 7A). The spatial distribution of the phosphorylated substrate P(x,t) was
calculated along the chromosome arms axis and plotted in Figure 7B, and represented with
color-coded images in Figure 7A. To quantify the kinetics of signal propagation in Figure 7C,
to was set as 0 when 50% of substrate was phosphorylated at location x = 0, so P(0,ts) = 0.5
- Stotal. All subsequent time points corresponded to time t when P(x,t) = 0.5 * Stotal.

Modeling Aurora B activity gradient at kinetochores

The spatial distribution of the fraction of active Aurora B kinase in metaphase was
calculated along the centromere-kinetochore axis using the following initial conditions:

* total
A\ = A"
t=0

{A B,B',[AA'],[BA'],[BB'], [AB'], [A'PPase], [B'PPase]} | =0 (12)

Siteg,_, = Profilel(x)

To achieve the steady state, the reaction-diffusion system (6) was solved numerically for
time interval from 0 to tmax = 1,000 s. For each coordinate x we calculated the concentration
of total Aurora B kinase (soluble and bound): A*(x, tmax) + B*(x, tmax) + A(X, tmax) + B(x, tmax)
(plotted in Figure 8 - figure supplement 1C-F in grey). Next, we calculated the fraction of
active Aurora B kinase as (4*(x, tmax) + B*(x, tmax)) / (A*(x, tmax) + B*(x, tmax) + A(x, tmax) + B(x,
tmax)) and plotted it as function of x, resulting in black curves in Figure 8 - figure
supplement 1C-F. The fraction of active Aurora B kinase was also plotted in color-coded
Figure 8, overlaid with the mesh representing local Aurora B concentration (bound and
soluble). For the Aurora B activity gradient in prometaphase, a similar procedure was used,
but the distance from centroid to Ndc80 was 1.75-times shorter than in metaphase. This
corresponds to interkinetochore distances 1.4 pm and 0.8 pm in metaphase and
prometaphase, as in HeLa cells (Wan et al., 2009). The distribution of Aurora B binding
sites was changed accordingly, profile?M(x) = 1.75 profile1(1.75 x), such that the total
number of binding sites remained unchanged. Graphs in Figure 8 - figure supplement 1A,B
were calculated analogously to Figure 6B, but for fixed phosphatase concentration (0.1 pM).
Red and blue curves in Figure 8 - figure supplement 1A,B correspond to the initial Aurora
B kinase in active or partially active forms, respectively.
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V. Parameter Estimation and Fitting Tool (PEFT)

PEFT was used to fit experimental results for kinase autoactivation, hysteresis and
bistability. This program optimized the score function value - a sum of normalized squared
differences between experimental and modeled data points. The software tool was
developed in Mathematica software (Wolfram Research) similarly to the systems biology
software in (Zi, 2011) and it contained the following modules: 1) experimental data parser,
2) ODEs solver, 3) score function calculator, and 4) numerical optimizer.

Experimental data parser

Experimental data for autoactivation experiments (Figure 2) were loaded into the PEFT in
tables, where each table contained data from individual experiment {t; Dj}, Djwas the
value obtained in experiment i for time point ¢;. D;jin each experiment was normalized to
(Dmax - Dmin) to avoid the interference from different reactant scales when different
experiments were fitted together. Each table also included metadata with the set of
experimental conditions. The independent ODEs solver calculations shared same rate
constants but had different initial conditions, assuring that different experiments were
solved via the same system of ODEs.

ODEs s solver

To solve numerically the ODEs systems (2) and (4), the Runge-Kutta 4th order algorithm
implemented in NDSolve function of Mathematica was used. Initial values for the set of

model parameters 6= {K},k2 ,k .} for system (1) and the complete set of parameters

cat ? "Ncis
from Table 2 for system (4) were used. Parameter values were obtained using Numerical
optimizer (see below) or set manually as needed. The initial reactant concentrations were
given by the experimental data parser, as described below. ODEs solver was implemented
with self-validation via the conservation laws and non-negative concentration values. The
integration step was < 0.02 s; we verified that calculations using 0.02 s step yielded less
than 10-¢ uM difference in the computed reactant concentrations relative to calculations

with 0.0002 s step.
Score function calculator

Score function was calculated as the sum of weighted sub-scores taken for all time-points
of all individual experiments used in global fitting:
X T D —ci(t::,0 2
f(0)= 3 0y -city, OF (13)
i=1j=1 Gij
where T; is a number of time-points in experiment i, ci(tij,e) is the model solution

corresponding to experiment i obtained with specific ODEs solver instance for time point ¢;
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and set of model parameters 6. Weight coefficients o; were used to equalize the influence

of experiments with different number of data points.

Numerical optimizer

The best-fit values of model parameters were found by multidimensional optimization of
the objective function (13) with the set of model parameters . The overall goodness of
model fit with experiment was assessed by the minimal score function value found by
optimization (Moles et al., 2003; Zi and Klipp, 2006; Zi, 2011).

0°PiM3l = are min[f(6)] (14)

Levenberg-Marquardt algorithm implemented in Mathematica “FindArgMin” function was
used with a default configuration and precision control. The optimization was started from
random initial values of model parameters, and the good convergence was found for more
than 500 launches, implying that final parameter values corresponded to the global
minimum of the score function. Solutions of the system of equations (2), corresponding to

the set of optimal values of the fitting parameters goptima , were displayed as solid lines in
Figures 2A and 2D.
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Figure legends

Figure 1. Spatial phosphorylation patterns in mitotic HeLa cells.

(A) A HelLa cell expressing the chromatin-targeted Aurora B sensor and Aurora B-mCherry
was imaged in anaphase, 10 min after addition of an Mps1 inhibitor, reversin, to increase
occurrence of lagging chromosomes. The FRET ratio image shows the YFP/CFP emission
ratio, color coded as indicated. Scale bar is 5 pm. The plot shows normalized sensor
phosphorylation (left axis) calculated from the FRET ratio data (see Materials and
Methods) and Aurora B localization signal (right axis) along the white lines which were
drawn along spindle axis in images on the left.

(B) HeLa cells expressing CENP-B-FKBP, mCherry-INbox-FRB and miRNAs to deplete
endogenous FKBP and INCENP, and the chromatin-targeted Aurora B sensor. Cells were
treated with the kinesin-5 inhibitor STLC to generate monopolar spindles, then imaged live
during rapamycin addition to induce INbox and Aurora B recruitment to centromeres.
Images show INbox recruitment (bottom panels) and the YFP/CFP emission ratio (top
panels) for one cell. Graph shows the FRET emission ratio averaged over chromatin in
multiple cells (n210) treated at 3 min (arrow) with or without rapamycin. FRET ratio = 1.3
(horizontal dotted line) represents maximal Aurora B activity in cells with no INCENP
depletion. The experiment was repeated three times with similar results.

The following figure supplements are available for Figure 1:
Figure 1-figure supplement 1. Phosphorylation of the chromatin-targeted Aurora B sensor
after INbox recruitment to centromeres.

Figure 2. Aurora B kinase autoactivation in vitro.

(A) Phosphorylation of 20 uM chemosensor by the indicated concentrations of partially
active Aurora B kinase. Data are averages of N = 2 experiments for each kinase
concentration; error bars are SEMs. Black lines are theoretical fittings with the reaction
scheme in panel E.

(B)Molecular scheme for Aurora B autoactivation in trans or in cis. A and A* denote
partially active (dephosphorylated) and active kinase; S and P indicate substrate and
product (unphosphorylated and phosphorylated chemosensors, respectively).

(C) Coefficient k for the quadratic phase of chemosensor phosphorylation by partially
active Aurora B kinase vs. kinase concentration (A) plotted on a log-log scale. Line is linear
fit.

(D) Diagram of the experimental procedure to evaluate Aurora B autoactivation at high
kinase concentration. Experimental graph on the right shows changes in concentration of
active Aurora B, calculated as described in Materials and Methods. Data points are mean *
SEM for N = 4 experiments. Solid line is theoretical fitting with the reaction scheme in panel
E. Dashed line is theoretical fit using the analytical solution for A*(t) for the reaction
scheme with only in cis activation of Aurora B.

(E) Molecular scheme for the Aurora B kinase two component autoactivation in the
presence of chemosensor and the corresponding reactions, see system eq. 2 in Materials
and Methods. All other symbols are listed in Tables 1 and 2.

The following figure supplements are available for Figure 2:
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Figure 2-figure supplement 1. Bicistronic construct of Aurora B-INbox and its
dephosphorylation.

Figure 2-figure supplement 2. Aurora B activity towards chemosensor.

Figure 2-figure supplement 3. Modeling results for Aurora B two sites phosphorylation
model.

Figure 3. Theoretical analysis of the coupled Aurora B kinase-phosphatase system.
(A) Molecular scheme for the coupled system and the corresponding reactions. For
reactions 1 and 2 see Figure 2E; see Tables 1 and 2 for more details.

(B) Steady-state solutions for concentration of active Aurora B kinase as a function of
phosphatase concentration (eq. 4 in Materials and Methods). For 8 uM Aurora B, three
steady states can co-exist: two stable states with high and low activities and one unstable
state (dashed line), corresponding to the region of bistability.

(C) Bistability region in the parametric plane of phosphatase and total (phosphorylated
and not) Aurora B kinase concentrations. In this region the model has two coexisting stable
steady-state solutions, while enzymatic concentrations outside this region lead to only one
steady state. Colored lines correspond to the solutions shown in panel B for active kinase.
(D) Theoretical predictions for the changes in concentration of active Aurora B kinase,
plotted as a fraction from total kinase concentration, for two different initial conditions.
The initial concentration slightly higher than the threshold (horizontal line) has a steady-
state solution with a larger fraction of active kinase (high state). Fraction of active Aurora B
kinase declines when its initial concentration is below the threshold (low state).
Calculations were done for 8 uM total Aurora B kinase and 0.47 puM phosphatase.

(E) Simulation of perturbations to reaction with 0.47 puM phosphatase and 8 puM total
Aurora B kinase. Active kinase is added 3 times as indicated (vertical arrows). The system
returns to the steady state with low Aurora B kinase activity until the threshold is exceeded.
(F) Hysteresis loop in the kinase-phosphatase system with 8 uM kinase. Phosphatase
concentration was initially low, so almost entire Aurora B kinase was active. As the
phosphatase concentration was gradually increased up to 0.8 pM, the steady-state
concentration of active Aurora B kinase decreased (top line with downward arrow).
Different solutions were obtained when phosphatase concentration was decreased
gradually back to 0 uM (lower line with two upward arrows).

The following figure supplements are available for Figure 3:
Figure 3-figure supplement 1. Aurora B hysteresis dependency on phosphatase.

Figure 4. Reconstitution of the coupled Aurora B kinase-phosphatase system in vitro.
(A) Diagram of the experimental procedure to study bistability and hysteresis. Active
kinase was preincubated with phosphatase (PPase) in the absence of ATP to generate
partially active kinase, and ATP was added at time = 0 (“initially low” experiment). In a
parallel experiment, same reagents were used but active kinase, phosphatase and ATP
were mixed together at time = 0 (“initially high” experiment). Samples were taken to
analyze kinase activity until the corresponding steady states were reached.

(B) Experimental results (dots) for changes in kinase activity vs. incubation time for 8 uM
kinase and 0.25, 0.45 or 0.5 pM phosphatase, as indicated. Each point shows mean + SEM
(N = 2) for experiments with active (red) or partially active (blue) Aurora B kinase.
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(C) Fraction of active kinase at steady state as a function of phosphatase concentration.
Points are mean * SEM for N > 4 independent experiments. These data are in close
agreement with the model built using our experimentally determined kinetic constants
(solid lines in panels B and C).

Figure 5. Bistability and hysteresis of Aurora B Kinase in dividing cells.

(A) Cells expressing the centromere-targeted Aurora B sensor were arrested in mitosis
with the proteasome inhibitor MG132 and incubated with various concentrations of the
Aurora B inhibitor ZM447439, then imaged live. Images show representative cells at 0.75
UM of Aurora B inhibitor: top images CFP emission, bottom images YFP/CFP emission ratio.
Histograms below show fraction of cells with the indicated FRET ratio (average YFP/CFP
over a single cell), N > 50 cells for each Aurora B inhibitor concentration.

(B) Data from (A) are plotted together with similar experiments for cells expressing the
chromatin-targeted sensor, arrested in mitosis with either nocodazole or monastrol and
incubated with different ZM447439 concentrations. Each data point represents the FRET
ratio for one cell normalized as described in Materials and Methods.

(C) HeLa cells expressing the chromatin-targeted Aurora B sensor were arrested in mitosis
with nocodazole and treated with either 0 or 1.5 pM ZM447439 for 100 min. Then cells
were imaged live and ZM447439 concentration was changed as indicated at t = 0. Results of
a single experiment are plotted with each line representing an individual cell; "low”,
“intermediate” and “high” correspond to ZM447439 concentrations 0, 0.6 and 1.5 pM,
respectively.

(D) Normalized steady-state sensor phosphorylation as a function of ZM447439
concentration. Each data point (mean * SEM) is calculated from the average of final FRET
ratios for cells imaged as in panel (C) (see Materials and Methods). When final FRET ratio
is at minimum (as in 0 pM inhibitor), the normalized sensor phosphorylation is maximal
because phosphorylation decreases FRET in this biosensor. Data were averaged over two
independent experiments, N > 9 cells per condition in each experiment.

The following figure supplements are available for Figure 5:
Figure 5-figure supplement 1. Aurora B and PP1y localizations are not affected by Aurora B
inhibition.

Figure 6. Spatial model of Aurora B activity in the cell.

(A) Schematics of the essential features of our spatial model, see Materials and Methods for
details.

(B) Parametric plane of phosphatase and total Aurora B kinase concentrations analogous to
the plot in Figure 3C but calculated using spatial model. Grey area shows region of
bistability; KPx» = 0.16 pM.

(C) Simulated (right axis) and experimental (left axis) results for the hysteresis experiment
in cells (data points reproduced from Figure 5D). Calculations are for K’y = 0.16 uM,
phosphatase concentration 0.1 pM.

(D-E) These plots are analogous to those in panels (B-C), but they were calculated for ks =
7.3 - 10* s1, all other model parameters were not changed. With this autoactivation
constant, the model predicts no bistability in the physiological range of kinase
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concentrations (D), and, the kinase activity vs. inhibitor concentration curve does not
depend on the system’s history (E, blue and red curves are slightly offset for clarity).

The following figure supplements are available for Figure 6:
Figure 6-figure supplement 1. Theoretical model for spatial regulation of Aurora B kinase
phosphorylation.

Figure 7. Wave propagation of Aurora B activity.

(A) Color-coded plots showing spatial patterns of Aurora B phosphorylation. Top row:
HeLa cell expressing the chromatin-targeted FRET sensor and arrested with monastrol is
shown before (t<0) and after Aurora B inhibitor washout. Time 0 min corresponds to FRET
signal reaching half of its maximum level at the centromere. Lower FRET signal
corresponds to higher sensor phosphorylation. Other two rows: color-coded substrate
phosphorylation calculated in the models with and without bistability. Scale bar, 5 um.

(B) Profiles of average substrate phosphorylation along chromosome arms in cells
observed at different time after inhibitor washout and analogous model predictions.
Signals were normalized to maximum level of substrate phosphorylation.

(C) Time of 50% sensor phosphorylation as a function of distance along chromosome arms.
Closed symbols: experimental data with a linear fit. Open symbols correspond to model
solutions with and without bistability.

Figure 8. Predicted gradient of Aurora B Kkinase activity at Kinetochore during
prometaphase (left) and metaphase (right).

Color-coded plots of the profile of Aurora B kinase activity along the axis connecting the
centromere centroid (midway between the sister kinetochores) and the outer kinetochore.
Arrow for Ndc80 corresponds to the location of the N-terminus of Hecl (Wan et al., 2009).
Density of the white mesh indicates concentration of Aurora B kinase; local Aurora B
concentration is lower when mesh holes are larger. (A) and (B) show model predictions for
prometaphase kinetochores that are not under tension (smaller centroid to Ndc80
distance). In metaphase (C and D) this distance increases due to forces generated by the
end-on attached kinetochore microtubules. In the model without bistability (B-D), the
fraction of active Aurora B kinase simply reflects the total Aurora B kinase concentration.

The following figure supplements are available for Figure 8:
Figure supplement 1. Quantification of Aurora B activity gradient during mitosis.
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1674  Table 1. Glossary of symbols used in this work. Unless stated otherwise, symbols refer

1675  to concentrations of enzymes or enzyme-substrate complexes (LM).
1676

Symbol Description

A partially active Aurora B kinase

A* active Aurora B kinase

PPase phosphatase

[A*PPase] enzyme-substrate complex for the phosphatase and active Aurora B
kinase

[AA*] enzyme-substrate complex for the active and partially active Aurora B
kinase molecules

S chemosensor (substrate)

P phosphorylated chemosensor (product)

[SA*] enzyme-substrate complex for the active Aurora B kinase and
chemosensor

1677
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Table 2. Enzyme Kinetic constants used in this work. Values in brackets correspond to

measurements with the custom made chemosensor.

Symbol | Description Value Units Source
catalytic rate constant for active Fi 5 _fi
Keat Aurora B kinase towards 19(19) s lsure lsure
supplement 2D
chemosensor
K. catalytic efficiency of active 6 x102 (3 e Figure 2 - figure
K, Aurora B towards chemosensor x10-1) s'uM supplement 2E
Michaelis constant of active
K, Aurora B _kinase t_owards 320 (55) uM this work
commercial Omnia (or custom
made) Sox chemosensor
rate constant for the formation of estimated based on
K the enzyme-substrate complex of 50 Mgt Wassaf et al,, 2006;
f active Aurora B kinase and H Schreiber et al.,
chemosensor 2009
rate constant for the formation of estimated based on
the enzyme-substrate complex of 01 Schlosshauer and
k? active and partially active Aurora ) uM-1gs-1 Baker, 2004;
B kinase molecules Schreiber et al.,,
2009
Michaelis constant of active
Ko Aurora B kinase towards partially 51 uM fitting (Figure 2A,D)
active Aurora B kinase
catalytic rate constant for active 27 % 102
K, Aurora B kinase towards the ' s fitting (Figure 2A,D)
partially active Aurora B kinase
k.. ratg copstant fgr Aurora .B kinase | 7.29 x 106 o1 fitting (Figure 2A,D)
activation by cis mechanism
rate constant for the formation of estimated based on
the enzyme-substrate complex of 0.6 Schlosshauer and
kf A protein phosphatase and active uM-1s-1 Baker, 2004;
Aurora B kinase Schreiber et al.,,
2009
Michaelis constant of the A
Ko protein phosphatase towards 1.95 uM Figure 4C
active Aurora B kinase
catalytic rate constant for A 24 5
kS tein phosphatase towards A x 10 sl Figure 4C
cat pro phosp g
active Aurora B kinase
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1683 Table 3. Aurora B autoactivation model with two phosphorylation sites. Fitted values
1684  were obtained using unconstrained fitting, limiting case values correspond to the model in
1685 which Aurora B kinase with one phosphosite is converted rapidly into the fully
1686  phosphorylated Aurora B form.

1687
. Limiting case
Reaction Rate constants ( Fl\l/lt_tlegl‘_lz_lr esi) values
" T (uM-1s1; 515 5°1)
A— A* | s 6.0 x 105 7.29 x 10-6
A+A% = [AAF]—A+A* | AR, | AN ) A 0.1;10; 1.1 x 102 | 0.1; 5.1; 3.9 x 103
AF+A* = [APA¥]—> AF#+AY | A% | AT M 0,15 10; 1.1 x 102 50; 5.1;1.95
A+A# = [AA]—AP+AR* | A A1 A8 101, 9.8; 8.0 x 102 | 0.1;5.1; 2.7 x 102
AP AR = [APAR ] —> APPHARE | | MRS | AR | A 01, 0.8, 8.0 x 102 | 0.1; 5.1; 2.7 x 102
StA* = [SA*]—P+A* | 4, 13, 3 50; 1.6 x 104 4.7 | 50; 1.6 x 104 4.7
S+A# == [SA#]—P+A# | A | 3| S 50; 1.6 x 104 19 | 50; 1.6 x 10% 19
1688
1689
1690
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Figures supplements legends

Figure 1 - figure supplement 1. Phosphorylation of the chromatin-targeted Aurora B
sensor after INbox recruitment to centromeres.

(A) Schematic of the experiment in which the Aurora B-INbox complex labeled with
mCherry (mCH) is recruited to centromeres by addition of rapamycin, see Materials and
Methods for details.

(B) Cells were treated as in Figure 1B, but arrested with nocodozole instead of STLC; scale
bar is 5 um. Graph on the right shows FRET emission ratio averaged over chromatin in n =
11 cells, N = 3 independent experiments. FRET ratio = 1.24 (horizontal dotted line)
represents maximal Aurora B activity in cells with no INCENP depletion.

Figure 2 - figure supplement 1. Bicistronic construct of Aurora B-INbox and its
dephosphorylation.

(A) Schematic of a bicistronic DNA construct for the Aurora B-INbox complex (top) and the
expected protein product.

(B) Elution profile from size-exclusion chromatography and SDS gel (below) show that
D60N Aurora B and INbox co-purify. Predicted molecular weights for D60N Aurora B and
INbox are 36 and 7 kDa, respectively.

(C) Dephosphorylation of purified Aurora B-INbox complex by Lambda protein
phosphatase (25 nM) added at time 0; phosphatase was inhibited by 10 mM
phosphonoacetic acid. A phospho-specific antibody to INCENP (Salimian et al.,, 2011) was
used for western blots; dilutions of purified Aurora B-INbox complex with no phosphatase
were used to confirm linearity of detection procedure. Fluorescent signals were quantified
as described in Materials and Methods.

(D) Western blot using the phospho-specific antibody to INCENP was done for 8 uM Aurora
B before and after treatment with 0.2 uM phosphatase for 90 min at 30°C.

Figure 2 - figure supplement 2. Aurora B activity towards chemosensor.

(A) Molecular scheme for the reaction of chemosensor phosphorylation by Aurora B
kinase; see Tables 1 and 2 and legend to Figure 2 for details.

(B) Example trace for phosphorylation of commercial Omnia sensor. Recording is
interrupted when Aurora B kinase is added; shaded area shows time interval with a
roughly linear slope, from which the initial rate was calculated.

(C) Standard curves for chemosensor substrate and product florescence. Lines are linear
fits.

(D) Initial rate of chemosensor phosphorylation by Aurora B kinase as a function of
chemosensor concentration. Solid lines are Michaelis-Menten fittings. Here and in panels
(E) and (F) green color depicts data for the commercial Omnia chemosensor, and orange is
our synthesized chemosensor. Graphs represent data from 2 independent experiments;
error bars are SEM.

(E) Lineweaver-Burk plot of the inverse phosphorylation rate as a function of the inverse
chemosensor concentration. Solid lines are linear fits.

(F) Hanes-Woolf plot of the ratio of substrate to the reaction rate as a function of substrate
concentration. Solid lines are linear fits.
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(G) Enlargement of the initial stage for chemosensor phosphorylation curves from Figure
2A. Dashed lines are best fits with quadratic functions, yielding coefficient k plotted in
Figure 2C.

(H) Phosphorylation of 20 uM chemosensor by 0.5 pM partially active Aurora B kinase.
Orange line - experimental data from Figure 2A, solid black line - calculated concentration
of the chemosensor product phosphorylated by Aurora B activated in cis, dashed black line
- by Aurora B activated in trans.

(I) Time course for the fraction of active Aurora B kinase; initial concentration of partially
active Aurora 0.5 pM. Solid line -fraction of Aurora B phosphorylated in cis, dashed line -
autoactivation in trans.

Figure 2 - figure supplement 3. Results for Aurora B two sites phosphorylation model.
(A) Results of the unconstrained fitting for chemosensor phosphorylation curves;
experimental data same as in Figure 2A.

(B) Same experimental data as in panel (A) but fitted using limiting case model parameters
for the rapid conversion of kinase A%,

(C) Changes in concentrations of three Aurora B forms during autoactivation at 4 uM total
Aurora B concentration using unconstrained fitted parameters.

(D) Same calculation as in panel (C) but using limiting case parameter values.

(E) Fitting of the experimental data from Figure 2D. Solid line - unconstrained fitting,
dashed line - limiting case values.

(F) Fitting of the experimental data from Figure 4C. Solid lines - unconstrained fitting with
two site model.

Figure 3 - figure supplement 1. Aurora B hysteresis dependency on phosphatase.

(A) Kinetics of the fraction of active Aurora B kinase in simulations to study hysteresis.
Horizontal dashed line shows the steady-state level for active Aurora B; results are for total
Aurora B concentration 8 pM and phosphatase 0.45 pM.

(B) Hysteresis loop was calculated for four different Michaelis constants Ku” for
phosphatase (PPase). Hysteresis is observed for all tested parameters but it requires
slightly lower PPase concentration for smaller Ky".

(C) Hysteresis loops for three different PPase catalytic rate constants k.’ plotted vs.
normalized PPase concentration (PPase concentration divided by ke’); three curves
overlap completely, illustrating that hysteresis in this coupled system does not depend on
the catalytic rate of phosphatase.

Figure 5 - figure supplement 1. Aurora B and PP1y localizations are not affected by
Aurora B inhibition.

(A) Cells were incubated for 2 h with nocodazole and the indicated concentrations of
ZM447439 to mimic conditions of the in vivo bistability and hysteresis experiments (Figure
5B, C). Cells were then fixed and stained for Aurora B and phospho-INCENP. Intensity of the
phospho-INCENP, but not Aurora B, signal decreases in response to adding the inhibitor in
an abrupt manner, consistent with bistability of the Aurora B kinase activity, but not its
localization.

(B) Cells expressing PP1y-GFP were treated as in (A) and stained for Aurora B.
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Figure 6 - figure supplement 1. Theoretical model for spatial regulation of Aurora B
kinase phosphorylation.

(A) Molecular and biochemical reactions in the spatial model of Aurora B kinase
phosphorylation, see Tables 1,2 and Materials and Methods for details.

(B) Estimated Aurora B kinase concentration profile along the axis connecting sister
kinetochores. Origin corresponds to centroid, i.e. the midpoint between sister kinetochores.
(C) Estimated Aurora B kinase concentration profile along the chromosome arm. Origin
corresponds to centroid, i.e. the midpoint between sister kinetochores.

(D) GFP image of a HeLa cell expressing GFP-Aurora B kinase and arrested with monastrol.
Scale bar 5 um.

(E) GFP-Aurora B signal along chromosome arms averaged over N > 16 chromosomes that
were aligned at their centromere positions (distance = 0) and normalized to maximal
Aurora B signal at centromeres; points are mean + SEM.

Figure 8 - figure supplement 1. Quantification of Aurora B activity gradient during
mitosis.

(A) and (B). Calculated concentration of active Aurora B as a function of total Aurora B
concentration in the model with and without bistability. Red and blue curves correspond to
the initially active and partially active Aurora B, correspondingly. In the model with
bistability (A), Aurora B kinase remains largely inactive (“low” state) until total kinase
concentration reaches ~ 1.2 pM. With higher kinase concentration, the active kinase
increases roughly proportionally to the total concentration, but in the range of 1.2 - 1.5 pM
both “low” and “high” activity states are possible (bistable region). In the model with no
bistability (B), kinase activity increases roughly proportionally to total kinase
concentration and the curves for different initial conditions overlap completely (shown
with slight offset for better visualization).

(C) - (F). Graphs show the calculated fraction of total Aurora B kinase that is active (black
solid lines, right axes) as a function of distance along the centromere-kinetochore axis.
Shown in grey (left axes) is estimated total concentration of Aurora B kinase. In the model
with bistability (C and E), different concentration areas are colored as in panel (A),
indicating predicted activity states. Graphs for the less stretched centromere (C and D)
correspond to distances observed at the microtubule-free kinetochores in prometaphase.
Since total Aurora B (grey areas) is constant during prometaphase and metaphase,
centromere stretching (E and F) reduces Aurora B concentration everywhere, and
bistability becomes possible at the outer kinetochore (E, yellow colored area), where active
Aurora B concentration drops below threshold. In the spatial region with bistability, a steep
gradient of Aurora B activity can form.
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