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Using computational modeling, we investigate mechanisms of
signal transduction. We focus on the spindle assembly checkpoint,
where a single unattached kinetochore is able to signal to prevent
cell cycle progression. The inhibitory signal switches off rapidly
once spindle microtubules have attached to all kinetochores. This
requirement tightly constrains the possible mechanisms. Here we
investigate two possible mechanisms for spindle checkpoint oper-
ation in metazoan cells, both supported by recent experiments. The
first involves the free diffusion and sequestration of cell cycle
regulators. This mechanism is severely constrained both by exper-
imental fluorescence recovery data and by the large volumes
involved in open mitosis in metazoan cells. By using a simple
mathematical analysis and computer simulation, we find that this
mechanism can generate the inhibition found in experiment but
likely requires a two-stage signal amplification cascade. The second
mechanism involves spatial gradients of a short-lived inhibitory
signal that propagates first by diffusion but then primarily by
active transport along spindle microtubules. We propose that both
mechanisms may be operative in the metazoan spindle assembly
checkpoint, with either able to trigger anaphase onset even with-
out support from the other pathway.

kinetochore | mathematical modeling | signal transduction |
concentration gradients

he question of how a signal emanating from a small, compact

structure in a cell can be amplified and propagated to an
entire cell is fundamental to cell biology (1). An excellent
example is provided by the spindle assembly checkpoint (SAC)
(2), which regulates cell cycle progression from metaphase to
anaphase during mitosis. The segregation of sister chromatids
that occurs during anaphase is permitted only after all of the
kinetochores are attached by microtubules to the mitotic spindle.
Even a single unattached kinetochore can signal to the rest of the
cell and prevent cell cycle progression (3, 4). A fundamental
issue is how a relatively small structure, such as a kinetochore,
can generate sufficient signal to robustly communicate with
distant subcellular locations (1). Moreover, this signal must
switch off rapidly, within a period of minutes, after complete
kinetochore attachment to spindle microtubules (4). These
requirements strongly constrain the possible signal transduction
mechanisms. In this paper, we focus particularly on the SAC in
cases where the nuclear envelope breaks down before SAC
activity (open mitosis), as in metazoan cells. In this context, we
examine two distinct models: a diffusive sequestration model and
a model involving active signal transport along spindle micro-
tubules. We believe that both of these pathways may be in
simultaneous operation in the metazoan SAC.

The metaphase/anaphase transition is triggered by an in-
tricate sequence of events centered around the proteins se-
curin, cyclin B, and separase. The first step is the ubiquitina-
tion of securin and cyclin B by the anaphase-promoting
complex/cyclosome (APC/C) (5), a process that tags securin/
cyclin B for destruction via the 26S proteasome. This degra-
dation allows separase to cleave the cohesin complex that
tethers sister chromatids together. Once the cohesin complex
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has been cleaved, the sister chromatids are pulled apart to
opposite poles by the mitotic spindle. To prevent premature
entry into anaphase, the SAC must prevent securin/cyclin B
ubiquitination by the APC/C until proper attachment of all
chromosomes to the spindle. Evidence has accumulated for a
number of overlapping and therefore possibly redundant
mechanisms for SAC operation. The APC/C is known to be
stimulated by Cdc20 binding; hence, a plausible way to achieve
APC/C inhibition is to inhibit the ability of Cdc20 to bind to
the APC/C. One possibility is that Cdc20 is held and seques-
tered in an inactive form via binding to Mad2, with the
production of Cdc20-Mad2 being promoted by unattached
kinetochores (6-8). Key proteins identified at unattached
kinetochores include Bubl, Madl, Mad2, BubR1 (Mad3 in
budding yeast), Bub3, and Cdc20. Moreover, fluorescence
recovery after photobleaching (FRAP) experiments have re-
vealed that some of these proteins, including Mad2, BubR1,
and Cdc20, turnover rapidly at unattached kinetochores (6, 9).
Furthermore, the available evidence suggests that Mad?2 exists
in two forms: open (O-Mad2) and closed (C-Mad2) (10, 11),
with the closed form adopted when bound to Cdc20. Produc-
tion of C-Mad2-Cdc20 may be catalyzed by the kinetochore-
bound C-Mad2-Madl complex. Intriguingly, refs. 7 and 8
propose that C-Mad2-Cdc20 away from the unattached kinet-
ochore can convert further cytosolic O-Mad2 and Cdc20 into
their bound C-Mad2-Cdc20 state. In this way, the relatively
weak signal coming from an unattached kinetochore can be
amplified, leading to comprehensive Cdc20 sequestration
throughout the cell. Recent experiments have further impli-
cated a protein called p31°°™¢t in switching off this signal after
complete kinetochore attachment (7, 12, 13).

However, the above “Mad template” model is not the only
proposed mechanism for APC/C repression. BubR1 and Bub3
also are known to bind Cdc20 and, thus, repress the APC/C (14).
Indeed, BubR1 appears to be a more potent inhibitor of Cdc20
than Mad2, and both BubR1 and Mad2 may mutually promote
each other’s binding to Cdc20 (15). Furthermore, Bubl is
believed to phosphorylate Cdc20, possibly also repressing the
APC/C (16). In addition, the overall copy number of Cdc20 is
down-regulated until all of the kinetochores are attached (17).
Clearly, reducing the overall number of Cdc20 will impair the
effectiveness of the APC/C before anaphase. Moreover, not only
does Cdc20 form complexes with Mad2 and BubR1, but it also
is believed to form a separate complex called the mitotic
checkpoint complex, consisting of Mad2, BubR1, Bub3 and
Cdc20 (18). This complex also appears to be a potent inhibitor
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of the APC/C (18). In addition, the APC/C is regulated by
phosphorylation through the kinase Cdkl (19). Lastly, the
APC/C itself has intriguing localization properties, localizing,
for example, to unattached kinetochores (20). This positioning
may also have implications for the mechanism of APC/C
inhibition.

Recently, a pioneering paper by Doncic et al. (21) introduced
a careful mathematical analysis to the question of how the SAC
functions. Focusing on yeast, they analyzed various simplified
models of how an unattached kinetochore can signal to the rest
of the cell. Yeast undergoes closed mitosis, during which, even
at the onset of anaphase, the nuclear envelope is still complete.
As a consequence, a diffusive signal from an unattached kinet-
ochore is required only to propagate within the nuclear volume
of a few cubic micrometers. However, one important difference
between yeast and metazoan cells is that the latter undergo open
mitosis, during which the nuclear envelope has broken down by
the time the SAC is active; hence, any freely diffusing signal from
an unattached kinetochore must propagate throughout the
cytoplasm, a volume a thousand times larger than the nucleus of
a yeast cell. Furthermore a considerable amount of data are
available concerning the metazoan SAC in the form of fluores-
cent bleaching data and estimates for the copy numbers of the
relevant molecules. In this paper, we therefore use computa-
tional modeling to analyze the SAC in metazoan cells. We
develop a model that incorporates two-step signal amplification,
a mechanism with close similarities to previously investigated
multistep signal cascades (22, 23). This similarity points toward
a close connection between the SAC and other cell signaling
systems, such as MAPK cascades. Importantly, we find that our
model generates robust inhibition in metazoan cells, unlike
models without an amplification step.

As discussed above, the most popular models of APC/C
inhibition involve transport solely by diffusion. However, these
models are hard to reconcile with the experiments of Rieder et
al. (24). By using cells with two independent spindles, Rieder et
al. (24) found that unattached kinetochores on one spindle did
not block anaphase onset in a neighboring complete spindle.
This experiment appears to indicate that any “wait anaphase”
signal would have to be limited to a single spindle, and not diffuse
throughout the cytosol. This finding is in clear contradiction with
the mechanisms introduced above. For this reason, we develop
a second model in which a short-lived signal from an unattached
kinetochore first diffuses to a nearby microtubule before being
actively transported along spindle microtubules. In this way the
signal is restricted to the spindle. Moreover, we propose that
both the active transport and diffusive mechanisms may be in
simultaneous use in metazoan cells. We suggest that either of the
signaling mechanisms may individually be able to initiate an-
aphase, even without support from the other pathway. With this
assumption, our models are then fully consistent with both the
experiments of Rieder er al. (24) and with a diffusive seques-
tration model (7).

Results

Mechanisms with Diffusive Transport. We analyze the case for
which the kinetochores control the concentration of a freely
diffusing species ¢. When a kinetochore is unattached and
therefore is signaling, a large majority of the species c is in the
c* state, but when the last kinetochore itself switches off, the ¢*
species rapidly decays to the ¢ state, thus communicating the
switch-off (attachment) to the rest of the cell. We will sometimes
refer to the ¢* species as being in the inhibiting state because it
is this state that prevents securin/cyclin B ubiquitination by the
APC/C.

The concentrations of the freely diffusing species are almost uniform. The
time scale for diffusion across the cell is 7p = r%/D, whereas the
mean time for a molecule to collide with the kinetochore is 7¢ =
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ri/(Dry). Here, D is the diffusion constant for the protein; r. is
the distance across the cell (typically a few tens of micrometers);
and r, = 0.2 wm (25) is the radius of the kinetochore. If we
assume that the lifetime for the inhibiting ¢* species is much
longer than 7D, then any gradient in its concentration will clearly
be small. Furthermore, the time scale for diffusion across the cell
is much smaller than that for collisions with the kinetochore,
Tp/Tc = r/re << 1. Hence, each molecule of the ¢ species
crisscrosses the cell many times between kinetochore reactions,
so gradients in its concentration also are small in most of the cell.
If, on the other hand, the lifetime of the inhibiting species is short
with respect to 7p, then its concentration will no longer be
uniform and, instead, density gradients will form. This scenario
will arise later on when we consider models with active transport.
However, for longer lifetimes, we can model the inhibition by
using simple ordinary differential equations.

Inhibitor production only at a kinetochore. In the simplest possible
model, the inhibiting ¢* species is produced only at unattached
kinetochores. We denote the steady-state rate of production of
c* at the final unattached kinetochore by Jo¢. To allow the
inhibition to be switched off at the beginning of anaphase, the
inhibiting ¢* species must be unstable. We model this instability
by a first-order decay c¢* — ¢, with rate constant «. Cdc20 is
known to activate the APC/C, thereby triggering anaphase.
Because Mad2 and BubR1 are known to bind to Cdc20, we can
tentatively identify ¢ as Cdc20, whereas c* is a Mad2-Cdc20 or
BubR1-Cdc20 complex. Because the kinetochore is such a small
structure, we now address the question of whether the flux of ¢*
produced only at a single unattached kinetochore is sufficient to
maintain inhibition. At steady state, the fluxes on and off a
kinetochore must be the same, i.e., Jo, = Jogr. Furthermore, at
steady state, the rate of production of ¢* at the last unattached
kinetochore must equal its rate of decay, i.e., Joir = aN}, where
N is the number of inhibiting ¢* molecules. Experimental data,
largely on marsupial PtK1 and PtK2 cells, gives estimates for
many of the model parameters (6, 26). From this data we will be
able to estimate the value of N} and see whether good inhibition
can be obtained.

Experimental evidence for the flux Jog is available from
FRAP data for the recovery of fluorescence of checkpoint
proteins at unattached kinetochores. These data provide a direct
measure of dissociation rates. Together with an estimate of the
copy number of each kinetochore-bound protein, we can then
derive the off flux Jo¢. For BubR1 (fast phase, see ref. 6) the
FRAP half-life (¢1,2) is 3 s, whereas for Mad2 the half-life is
10-20 s (6, 9), with a kinetochore occupancy Ny of ~1,000
molecules for both (6). These measurements give an off flux of
approximately Jogr = Ny In 2/t1,2 ~ 1,000 X In 2/3 ~ 200 s~ ! for
BubR1 and Ju = 50 s~! for Mad2. Note that these fluxes are
actually the maximum possible, given that not all of the released
molecules will be in the inhibiting form. The lifetime of the
inhibiting species ™! has not been directly measured. However,
anaphase begins ~20 min after the last kinetochore becomes
attached (4). Clearly, the number of inhibiting ¢* molecules must
decrease dramatically over a period of no more than ~10 min,
giving an upper bound of a~! ~ 10 min, a value that is also
consistent with the data of ref. 27. If we sum the fluxes of Mad2
and BubR1 and set ! = 10 min, the number of molecules N« =
Jogt =1 = 150, 000. The total number of Cdc20 molecules is
~800, 000 (6). Thus, with the experimental fluxes and assuming
a decay rate as slow as is reasonable we find that, at steady state,
a single kinetochore can only sequester ~20% of the Cdc20.
Furthermore, if the lifetime of the inhibiting ¢* molecules is
shorter than supposed by our upper bound a~! ~ 10 min or if
the flux Jos is lower, then an even smaller fraction will be in the
inhibiting state. Hence, the formation of Mad2/Cdc20 and
BubR1/Cdc20 complexes solely at an unattached kinetochore
cannot maintain good inhibition.
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