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Abstract 

 

For successful mitosis, metaphase has to be arrested until all centromeres are properly attached. The 

onset of anaphase, which is initiated by activating the APC, is controlled by the spindle assembly 

checkpoint MSAC. Mad2, which is a constitutive member of the MSAC, is supposed to inhibit the 

activity of the APC by sequestering away its co-activator Cdc20. Mad1 recruits Mad2 to unattached 

kinetochores and is compulsory for the establishment of the Mad2 and Cdc20 complexes. Recently, 

based on results from in vivo and in vitro studies, two biochemical models were proposed: the 

Template and the Exchange model. Here, we derive a mathematical description to compare the 

dynamical behaviour of the two models. Our simulation analysis supports the Template model. Using 

experimentally determined values for the model parameters, the Cdc20 concentration is reduced down 

to only about half. Thus, although the Template model displays good metaphase-to-anaphase 

switching behaviour, it is not able to completely describe MSAC regulation. This situation is neither 

improved by amplification nor by p31comet inhibition. We speculate that either additional reaction 

partners are required for total inhibition of Cdc20 or an extended mechanism has to be introduced for 

MSAC regulation. 

 

Keywords: mitotic control; Cdc20 sequestering; p31comet inhibition; kinetochore modeling; Template 

model; Exchange model 

 

 

 

Introduction 

 

Successful mitosis requires accurate chromosome segregation [1]. In eukaryotic cells, a cellular 

surveillance mechanism, the MSAC, suspends premature anaphase onset until all chromosomes are 

properly attached and have aligned on the mitotic spindle to guard the fidelity of chromosome 

segregation. Malfunction of the MSAC can generate aneuploidy [2,3] and contributes to cancer [4,5]. 
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Anaphase is initiated by formation of the APC:Cdc20 complex [6], starting a cascade of enzymatic 

reactions [7,8], in the end cutting the cohesin rings [9].  The APC:Cdc20 complex cannot form during 

metaphase, because the APC (Anaphase Promoting Complex) is bound to the MCC (Mitotic 

Checkpoint Complex), and, in addition, Cdc20 (cell division cycle 20 homologue) concentration is 

low [1,10]. The latter is achieved by binding Cdc20 to Mad2, which is facilitated by Mad1, a positive 

regulator of the spindle checkpoint [10] (Mad: Mitotic arrest deficient). As the APC:Cdc20 complex is 

only allowed to form after the last kinetochore has attached, it is a fundamental question for a proper 

MSAC description, how APC:Cdc20 formation is suppressed until this moment.  

Cdc20 appears in two forms, as free Cdc20 and bound to Mad2 [11]. APC is present as free APC and 

as part of the APC:MCC complex. As no inhibition mechanism is known to prevent APC:Cdc20 

formation from free Cdc20 and free APC, both components cannot exist during metaphase at the same 

time. It is a generally accepted hypothesis that free Cdc20 is completely sequestered away, and for that 

reason the APC:Cdc20 complex is assumed to be unable to form.  

The formation of the Cdc20:Mad2 complex has been recently described biochemically, leading to two 

different models: The “Exchange” model [11] and the “Template” model [12]. In the Exchange model 

it is assumed that Mad1 recruits open Mad2 (O-Mad2) at the kinetochore and transforms its 

conformation from O-Mad2 to closed Mad2 (C-Mad2). C-Mad2 then dissociates from Mad1 and binds 

Cdc20. This model portrays Mad1 as a catalyst of the structural transition of O-Mad2 into C-Mad2. 

Already this purely biochemical description gave rise to several criticisms [13,14]. Especially the 

question remained, why and how Mad2 first binds (as O-Mad2) to Mad1, but then dissociates off (as 

C-Mad2) [15]. In a subsequent sophisticated experimental investigation, [12] could precise the 

reaction mechanism further and developed a second model, the biochemical Template model. Here, it 

is assumed that Mad1 and C-Mad2 form a stable core complex at unattached kinetochores. This core 

then binds additional molecules of O-Mad2 through formation of conformational heterodimers 

between the C-Mad2 subunit of the Mad1:C-Mad2 complex and O-Mad2. Cdc20 binding to this 

complex leads to the conversion of O-Mad2 to C-Mad2 resulting in the formation of Cdc20:C-Mad2, 

which in turn is assumed then to dissociate off Mad1:C-Mad2 [16]. But even with this refined 
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description, many questions remained open [17,18], and a decision for one of the models to be more 

realistic could not be met [19]. 

To address the question, how Cdc20 concentration relates to anaphase onset and how it is regulated, 

we investigated the role of Mad1 in eliciting the formation of the Cdc20:Mad2 complex on the basis of 

these two biochemical models. To this end, we derived the reaction equations from the description in 

[11,12]. Using standard principles of chemistry and thermodynamics, we converted the reaction 

equations into non-linear ordinary differential equations for the concentrations of the reactants. To 

simulate their dynamics in the course of time, the differential equations were integrated for different 

values of the kinetic constants involved. To find a behaviour in concordance with experimental results, 

we employed a minimization procedure. 

The purpose of this paper is threefold. First, we show how to derive a mathematical model for the 

biochemically described Exchange and Template models. Then, as the main purpose, we compare the 

two models by mathematical simulations and show that the Exchange model is not able to realistically 

describe the metaphase-to-anaphase transition. Though the Template model in principle can show 

correct switching behaviour for this transition, it is not able to sequester away Cdc20 completely 

whenever physiologically realistic kinetic constants are used. Therefore, in a third step, we investigate 

six further extensions of the Template model, based on recently described biochemical amplification 

and inhibition effects, especially considering the role of p31comet. As total inhibition of Cdc20 activity 

during metaphase is the basis of most models for metaphase-to-anaphase transition [20,21,22], it is an 

important question, whether additional reaction partners are required for total Cdc20 inhibition or an 

extended  MSAC regulation mechanism has to be introduced. 

 

 

Methods: Definition and Simulation of the Models 

 

For each model, we describe briefly the basic biochemical pathways and experimental findings. These 

experimental foundations are turned into chemical reaction equations. In some cases, reactions depend 

on the attachment of the microtubules to the kinetochore, which is described by a switching parameter 
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u: before attachment, we set u=1; and after attachment, u=0. Formation of the Mad1:C-Mad2:O-

Mad2* complex in the classical Template model is an example for this dependence (see Eq. (6)). The 

corresponding kinetic parameter αT is therefore multiplied by u. Biochemically, the switching 

parameter u may represent the function of dynein, which after microtubule attachment removes the 

Mad1:C-Mad2 2:2 complex from the kinetochore site. 

The reaction equations are converted into ordinary differential equations (ODEs) using the mass action 

kinetics (c.f. Supplement A-E). Starting from initial concentrations for all reaction partners taken from 

literature (cf. Table 1), the ODEs are integrated until steady state is reached before attachment (using 

u=1). After switching u to 0, the equations are again integrated, until steady state is reached. The 

minimum concentration of Cdc20 before attachment and the recovery after attachment (level of Cdc20 

increase and recovery time) are criteria to compare the models. 

As far as documented in the literature, experimental values are used for the kinetic constants. In all 

other cases, we select representative values for each parameter (cf. Tables 2 and 3) exemplifying its 

whole physiologically possible range. The resulting concentration curves show the influence of the 

kinetic parameter on the behaviour of the model. It can be clearly seen that the variation of the curves 

depends in a continuous manner on the variation of the parameters. Their influence on the behaviour 

of the models is described in detail in the respective sections. In a more global approach, we fit 

optimal values to the model parameters by minimizing a Cdc20 concentration objective functional 

describing a minimal Cdc20 concentration before and a maximal concentration after switching (see 

Supplement F). Minimization was performed by statistical approaches by selecting randomly starting 

values within the whole range of parameters. For the Cdc20 concentration functional, a minimal 

solution is in general not unique, as can be seen from the graphs with the example parameter settings. 

On the other hand, due to the continuous behaviour of the system in dependence of the parameters, in 

some cases parameters tend to an asymptotic, often physiologically unrealistic, value. In other cases, 

the velocity of Cdc20 recovery after switching can help to define a possible parameter set. The details 

are explained in the respective model sections. 

 

(( Tables 1 and 2 may appear here +/- three paragraphs )) 
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Biochemical Basis of the Models 

 

The biochemical basis of the models are the binding kinetics of Mad1, Mad2, and Cdc20. Mad1 forms 

a tight 2:2 complex with Mad2 [23]. Binding of Mad2 to Mad1 triggers a conformational change of 

Mad2, in a similar way as does Cdc20 binding: Mad2 binds to Mad1 and Cdc20 in the same pocket 

with similar affinities [24]. Mad2 can adopt two conformations, O-Mad2 and C-Mad2, differing in the 

structure of its 50 residue C-terminal segment [24]. The O-Mad2 is the physiological state of cytosolic 

Mad2 in the absence of Mad1 or Cdc20 [11]. O-Mad2 refolds to C-Mad2 when bound to the 

kinetochore receptor Mad1 or the APC activator Cdc20 [11]. Upon microtubule attachment, Mad1 

[25] remains detectable at kinetochores whereas Mad2 [26] depletes from the kinetochores. 

 

(( associate Table 3 to following section )) 

 

 

The Mad2 “Exchange” model   

 

In order to explain the formation of the Mad1:Cdc20 complex, Luo et al. [11] suggested the Mad2 

Exchange model, based on a series of in vitro and in vivo experiments. It assumes that Mad1 recruits 

open Mad2 (O-Mad2) at the kinetochore and transforms its conformation from O-Mad2 to closed 

Mad2 (C-Mad2). C-Mad2 then dissociates away from Mad1 and binds Cdc20. This model portrays 

Mad1 as a catalyst of the structural transition of O-Mad2 into C-Mad2. The reaction rules governing 

the Exchange model are (cf. Figure 1b): 
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O-Mad2 C-Mad2                                                                                                (1)   

Mad1 + O-Mad2 Mad1:C-Mad2          (2)

Mad1:C-Mad2

E u

k
k

k
k

k

α
−

−

4

C-Mad2 + Mad1 (3)
3

C-Mad2 + Cdc20 Cdc20:C-Mad2                                                                        (4) 

Cdc20:C-Mad2 Cdc20 + O-Mad2                         E

k

η
⎯⎯⎯→

⎯⎯⎯⎯→

−

                                             (5)

 

which lead to the set of time dependent nonlinear ODEs listed in Supplement A, Eqs. (S13-S18). 

The only parameter dependent on the kinetochore attachment status is αE which therefore is multiplied 

by the switching parameter u. The reaction scheme contains the background reaction for O-Mad2 

conversion to C-Mad2 (Eq. (1)) with very low rates k1 and k-1 [11]. For αE, k-2, k3, and k-3 we used 

quantitative experimental data from [11] (see Table 3). The remaining two parameters γE and ηE were 

varied within a realistic range [11,12,16]: γE between 105 M-1 s-1 and 109 M-1 s-1 and ηE between 3*10-5 

s-1 and 10-2 s-1. When analysing this set of ODEs, we found that only for very small ηE (10-3 s-1) the 

initial Cdc20 concentration is clearly reduced to about half the initial value (Figure S5a) while for the 

higher values of ηE (10-2 s-1) the Cdc20 concentration hardly changed (Figure S5d). Our data indicate 

that the switching of u from 1 to 0 has little influence on Cdc20 concentration, smaller ηE (Figure S5a) 

showing slightly larger effects than larger ηE (Figure S5d). A large influence of u on Cdc20 

concentration, however, is required for checkpoint function. While the MSAC is activated, the 

concentration of Cdc20 should be low, and should switch to large values when the kinetochores are 

attached. The Exchange model does not describe this behaviour. 

 

 

The “Template” model 

 

In the Exchange model it remained unclear, how Mad2 first binds to Mad1 and then dissociates off by 

just adopting another conformation. In an experimental study, [12] provided information about the 

detailed reaction mechanism, which was finally condensed into the Mad2 Template model. It assumes 

that Mad1 and C-Mad2 form a stable core complex at unattached kinetochores [12]. This core then 

binds additional molecules of O-Mad2 through formation of conformational heterodimers between the 
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C-Mad2 subunit of the Mad1:C-Mad2 complex and O-Mad2. Cdc20 binding to this complex leads to 

the conversion of O-Mad2 to C-Mad2 resulting in the formation of Cdc20:C-Mad2, which in turn is 

assumed then to dissociate off Mad1:C-Mad2 [16]. Upon Mad1:C-Mad2 binding, O-Mad2 adopts an 

intermediate conformation (O-Mad2*) that can quickly and efficiently bind Cdc20 and switch to the 

C-conformation (see Figure 1a). The reaction rules covering the Template model are (cf. Supplement 

B for ODEs): 

.
Mad1:C-Mad2 + O-Mad2 Mad1:C-Mad2:O-Mad2* (6)

.Mad1:C-Mad2:O-Mad2* + Cdc20 Cdc20:C-Mad2 + Mad1:C-Mad2 (7)

Cdc20:C-Mad2 Cdc20 + O-Mad2                                          

T

T

T

T

u

u

α
β

γ

η
⎯⎯⎯→

⎯⎯⎯→                           (8) 

 

The kinetic constants αT, βT, and γT depend on the attachment state of the kinetochore and are thus 

multiplied by the variable u. We used quantitative data from FRAP experiments for αT and βT [19]. 

The remaining two parameters γT and ηT were varied widely within realistic frames [11,12,16]: ηT 

between 5*10-4 s-1 and 10-1 s-1, and γT between 105 M-1 s-1 and 109 M-1 s-1 (c.f. Table 2). Characteristic 

Cdc20 concentration curves were obtained as displayed in Figures 2 and S4. 

For ηT values smaller than 10-1 s-1, we observed a clear dependence of the Cdc20 concentration on the 

switching parameter u with the effect being larger for larger γT. In early mitosis (u=1), for ηT values in 

the order of 10-3 s-1 (clearly smaller than 10-2 s-1) and γT values larger than 106 M-1 s-1, the Template 

model sequesters about half of the Cdc20 concentration (Figure 2) in quantitative agreement with 

experimental findings [11,16]. However, within this frame of realistic parameter variations, Cdc20 is 

never completely inhibited as would be required for checkpoint function. ηT determines the rate of 

Cdc20 concentration recovery after u is switched to zero: small ηT values of about 10-3 s-1 display slow 

recovery while values of 10-2 s-1 and above show fast recovery (Figures 2 and S4). 

Already Fang [16] increased the Mad2 level 100fold (to 22.5 μM) to gain maximal Cdc20 inhibition. 

In our Template model simulation, an 8fold increase of free Mad2 concentration showed complete 

Cdc20 disappearance for small ηT (<10-1 s-1) and large γT (>106 M-1 s-1) (see Figure S4). In addition, the 

rate of Cdc20 recovery becomes fast for larger values of ηT. However, this Mad2 concentration is far 

above experimentally observed values [16]. 
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Variations of the Template model 

 

In the Template model, for realistic parameter ranges, Cdc20 inhibition is not as high as anticipated. 

We therefore modified the model according to recent experimental results. 

 

Amplification Effects 

 

DeAntoni et al. [12] hypothesized that in analogy to the reactions in Eqs. (6) and (7) based on Mad1, 

Cdc20:C-Mad2 can also be formed by the reactions in Eqs. (9) and (10) below based on Cdc20. This 

additional pathway for the production of Cdc20:C-Mad2 results in a signal amplification for the MSAC 

since Cdc20:C-Mad2 now is produced not only at the location of Mad1 at the kinetochore but at a 

larger number of locations everywhere in the cell. To check the effect of this additional pathway, we 

added two reactions (9-10) to the Template model (see Figure S3a, ODEs Supplement C): 

4

4

5

Cdc20:C-Mad2 + O-Mad2 Cdc20:C-Mad2:O-Mad2* (9)

Cdc20:C-Mad2:O-Mad2* + Cdc20 2Cdc20:C-Mad2 (10)

k
k

k
−

⎯⎯→

 

The Mad2 heterodimer formation at the Mad1 location is considered to be as fast as at Cdc20, so that 

k4 and k5 would be as large as αT and γT, respectively. For k4 and k5 both equal to 105 M-1 s-1, η=10-3s-1 

and γ in the range between 105 M-1 s-1 and 109 M-1 s-1. Our calculations indicate that the switching 

parameter u has little to no effect on the Cdc20 concentration (Figure S6b). Small k4= k5=103 M-1 s-1 

have vanishing  influence on the model and roughly show the Template model behaviour as observed 

before (Figure S6a). Furthermore, using our fitting procedure for optimal parameters, the values of k4 

and k5 tend to zero: the amplification is discarded from the reaction scheme. 

The additional amplification reactions could contribute to the model behaviour, in case the reaction 

Eq. (9) did not take place all the time, but instead would also be controlled by the switching parameter 

u (k4 replaced by k4.u). With the same parameter values as in the previous calculation (Figure S6d), we 

obtained Cdc20 concentrations nearly independent from γT: low Cdc20 concentrations were reached 
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now also for small values of γT (Figure S6c). However, we have no experimental indication for such an 

influence of microtubule attachment to kinetochores on k4. 

 

Inhibition Effects 

 

Another way to vary the Template model is the introduction of the Mad2 ligand p31comet (formerly 

CMT2), which is a negative regulator of the spindle checkpoint. It prevents further Mad2 turnover on 

Mad1 and neutralizes the inhibitory activity of Cdc20-bound Mad2, leading to activation of APC 

followed by degradation of Securin and Cyclin B [27]. Its negative effect on the MSAC is based on its 

competition with O-Mad2 for C-Mad2 binding [27,28]. It forms triple complexes with C-Mad2 and 

either Mad1 or Cdc20 [28]. If p31comet is activated at microtubule attachment to the kinetochores, it 

might be a cellular factor contributing to the checkpoint switching behaviour. Therefore, we 

introduced an additional reaction (11) into the Template model reactions (6-8) describing the effect of 

p31comet (ODEs Supplement D): 

.υ
Mad1:C-Mad2 + p31 Mad1:C-Mad2:p31 (11)T

T

δ
ζ

 

The activation of p31comet is taken care of by the introduction of the switching parameter v which is 

equal to zero until the kinetochores are attached and switches to one afterwards. In fact, the function of 

the switching parameter u can be totally replaced by p31comet inhibition, as the p31comet system with 

u=1 all the time shows the same dynamic results as the unmodified Template model (Figure 2). 

Combining both effects (u and v switching) still show the same dynamics. 

 

Amplification plus Inhibition Effects 

 

Including both, amplification and p31comet inhibition, into the Template model, we obtain the chemical 

reaction scheme (see Figure S3b), consisting of Eqs. (6-8), (9-11), and an additional equation (12), 

(ODEs Supplement E): 

.υ
Cdc20:C-Mad2 + p31 Cdc20:C-Mad2:p31 (12)T

T

ξ
σ
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For u=1 before and after attachment (all the time), the model behaviour is not influenced before 

switching (v=0). After switching (v=1), for low ξT=103 M-1 s-1, the new additional reaction mechanism 

is slightly less effective in Cdc20 recovery, whereas for high ξT=105 M-1 s-1, Cdc20 cannot recover 

since it is incorporated into the triple complex with C-Mad2 and p31comet. Combining u and v 

switching does not change the dynamics. 

 

 

Discussion 

 

The mitotic checkpoint proteins Mad1, Mad2 and Cdc20 play an essential role in cell cycle control by 

contributing to the regulation of the MSAC mechanism [12]. Their interactions have been studied 

experimentally (e.g. [11,12,16]) resulting in two alternative models describing their behaviour, the 

“Exchange” [11] and the “Template model” [12]. Recently, experimental data questioned the validity 

of the Exchange model while they supported the Template model [17,18,19]. Here, the two models 

were described by sets of chemical reactions, which were transformed into sets of nonlinear ordinary 

differential equations (ODEs). The ODEs quantitatively display the dynamic behaviour of the models. 

Where experimental results were available, parameters were chosen according to these data. The 

unknown systems parameters were optimized according to the known behaviour of the Cdc20 

concentration at the metaphase to anaphase transition (Supplement F). 

  

The Exchange model was suggested by Luo et al. [11] in order to explain their experimental data. This 

model however had been criticized because it is unable to explain additional experimental data from 

other groups [1,17,18,19] and since it assumes that Mad1 competes with Cdc20 for Mad2 binding. We 

identified an additional weakness of the Exchange model: it is hardly able to show switching kinetics. 

This property is model inherent since those reactions involving Cdc20 are kinetochore uncontrolled 

and are not influenced by microtubule attachment. Moreover, the steady state is reached very slowly 

(about 100 times slower than in the Template model). In addition, when applying experimentally 

determined parameter values, the Exchange model is not able to sequester Cdc20 sufficiently as would 
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be required for MSAC regulation. Even a free parameter optimization did not result in a satisfying 

model switching behaviour. 

 

In contrast, the behaviour of the Mad2 Template model [12] is in accordance with experimental 

observations [16,17,19] and shows robust switching behaviour. However, the Cdc20 concentration is 

only reduced down to about half when experimentally determined values are used for the model 

parameters. This observation is in agreement with Fang [16], and Luo et al. [11] in HeLa cells. 

Complete sequestering of Cdc20 is obtained for higher Mad2 concentrations, as observed by Fang (for 

a 100fold higher Mad2 concentration). When increasing the free Mad2 concentration 8fold in the 

Template model, we found complete reduction of Cdc20 concentration. However, there is no 

experimental indication for such a high Mad2 concentration in HeLa cells. Thus, although showing 

robust switching behaviour when using experimentally determined parameter values, the Template 

model as listed is unable to result in complete inhibition of Cdc20. This conclusion is in agreement 

with statements of Fang [16]. Contributions from additional reaction partners are required for 

complete Cdc20 sequestering. Such a reaction partner seems to be the checkpoint protein BubR1 

which also binds Cdc20 [16,29,30] and cooperates to form the mitotic checkpoint complex MCC [29]. 

 

Mad2 heterodimers can bind to either Mad1 or Cdc20 [12,15]. Thus, C-Mad2:Cdc20 complexes can 

be formed not only at Mad1 kinetochore sites but in the whole cell, amplifying complex formation. To 

investigate the amplification mechanism, we extended the Template model by the appropriate 

reactions. When the newly introduced reaction rates are small, these reactions do not contribute to the 

model behaviour. If however the rates are high, there is hardly any Cdc20 recovery after switching 

since these amplification reactions are not influenced by mitotic progression. Thus, these additional 

reactions do not improve Template model behaviour. 

 

The checkpoint inhibitor p31comet competes with O-Mad2 for C-Mad2 binding, thus preventing the 

binding of O-Mad2 to C-Mad2 [17,27,31]. It binds to the surface of C-Mad2 opposite to Mad1 and 

Cdc20 [17,19], forming triple complexes with these proteins. If p31comet is activated at metaphase to 
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anaphase transition, our model calculations clearly show that p31comet is able to introduce switching 

behaviour into the model and would be even able to replace the function of the switching parameter u: 

The Template model behaviour is very similar when u is removed and p31comet reactions are added to 

the model. The situation is slightly different in the presence of the amplification reactions. Now, 

removing u and introducing the p31comet reactions, we found no improved Cdc20 recovery for small 

reactions rates ξT, however, strongly reduced recovery for large ξT rates. In order to distinguish 

between these two cases, additional experimental kinetic data are required for p31comet reactions. In 

general we observe that p31comet is not sufficient for full MSAC regulation. This finding is particularly 

interesting, because it was shown in a very general model that amplification reactions might be 

necessary to promote the final signal from the last attaching kinetochore for anaphase onset [32,33]. In 

[32], p31comet is explicitly mentioned as a candidate for this information transmission. 

 

The switching parameter u represents the function of dynein which after microtubule attachment 

removes the Mad1:C-Mad2 2:2 complex from the kinetochore site. It might also represent potential 

additional functions which contribute to switching behaviour. When both, u and p31comet, are included 

in the reaction scheme, the general behaviour of the system is not improved over those systems 

including only u or only p31comet. We observed an improvement however, when the reaction Eq. (9) 

becomes controlled by u. Now, before attachment, low concentrations for Cdc20 were observed even 

for low values of γT, and after attachment Cdc20 recovers fast independent of γT values, showing an 

considerably improved regulation behaviour. However, we have no experimental indication for a 

mitotic control of reaction Eq. (9). 

 

Taken together we conclude, that the presented Exchange model is not describing checkpoint function. 

The Template model is clearly superior and shows robust switching behaviour. However, applying 

experimentally determined parameter values to this model, Cdc20 is not sequestered completely. 

Additional reaction partners would be required for total inhibition of free Cdc20. BubR1 would be a 

potential candidate for this function. Thus, as a next step, MCC formation including BubR1 and Cdc20 

will be included into the quantitative analysis. In addition, biochemical experiments are carried out 
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presently in our lab to reveal the location and time resolved dynamics of protein binding to the 

kinetochore. 
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Figure legends 

 

1. Schematic reaction networks of the Template model (a) and the Exchange model (b). 

 

2. The dynamical behaviour of the Template model (a-c) with different values of γ and ηT (time in s). 

Only ηT-values between 10-3 and 10-2 show acceptable switching behaviour. For comparison, the 

dynamical behaviour of the Exchange model ((d) for ηE=10-3) does not show any switching for 10-4 

<ηE<0.1. 

 

 

 

 

Tables 

Table 1. Initial concentrations for all species at start of simulation run (values taken from literature). 

All other initial concentrations are 0. 

 

Species Initial Concentration Reference 

[Cdc20] 2.2 × 10-7 M [29,16,34] 

[Mad1] 0.5 × 10-7 M [29,16,34] 

[O-Mad2] 1.5 × 10-7 M [29,16,34] 

[C-Mad2] 0.1875 × 10-7 M [29,16,34] 

[Mad1:C-Mad2] 0.5 × 10-7 M [29,16,34] 

[p31comet] 10.0 × 10-7 M [25,26] 
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Table 2. Kinetic parameters for the Template model and its variations. The values not taken from 

literature are designated ‘this study’ and were varied within the range indicated. 

 

Parameter Value Reference 

βT 0.2 s-1 [19] 

δT 1.7 × 106 M-1 s-1 [19] 

ζT 0.037  s-1 [19] 

k4 103 - 105 M-1 s-1 This study 

k-4 0.03  s-1 This study 

k5 103 - 105 M-1 s-1 This study 

γT 103 - 109 M-1 s-1 This study 

ηT 5×10-4 - 10-1  s-1 This study 

 

 

Table 3. Kinetic parameters for the Exchange model. The values not taken from literature are 

designated ‘this study’ and were varied within the range indicated. 

 

Parameter Value Reference 

k1 3 × 10-5  s-1 [11] 

k-1 5.2 × 10-6  s-1 [11] 

αE 4 × 103  M-1 s-1 [11] 

k-2 1.5 × 10-2  s-1 [11] 

k3 2.8 × 10-4  s-1 [11] 

k-3 23 M-1 s-1 [11] 

kE 105 - 109 M-1 s-1 This study 

ηE 3×10-5 - 10-2  s-1 This study 
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