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Model Characterization
Cdc20 is Essential for Progression through the Spindle Assembly Checkpoint to Anaphase

Network Dynamics with A) downregulated (Black) and B) upregulated (Yellow) Cdc20.

Modular Switch Networks Display Checkpoint 
Dynamics
Each Switch displays two point-attractors
as expected for checkpoint regulatory
dynamics.

Regulatory Factor Biological Role
SBF Protein complex responsible for activating transcription during the G1 

to S transition.
Cln2 G1 cyclin responsible for promoting Restriction/START checkpoint 

passage. Expression is dependent on SBF.
Clb5 B-type cyclin involved in DNA replication during S phase. Promotes 

DNA synthesis initiation. Aids formation of mitotic spindles. Most 
active during late G1 phase.

Clb2g Clb2 is a B-type cyclin involved in response to DNA damage. Promotes 
transition from G2 to M. In this model Clb2g and Clb2m are separate 
nodes to replicate the longer time scale in which Clb2 is active, with 
Clb2g being the initial phase of activity in G2 and Clb2m the secondary 
phase of activity during mitosis.

Clb2m

Cdh1 Activates anaphase-promoting complex/cyclosome (APC/C). Drives 
progression through spindle assembly checkpoint by directing 
ubiquitination of cyclins like Cdc20 causing mitotic exit.

Abstract
Dynamic Modularity is a proposed characteristic of biologically defined Boolean 

Regulatory Networks. The principle states that when modular networks regulating 
individual cell behaviors are connected according to biological interactions, the 
phenotypes of the newly formed network will be discrete combinations of each 
constituent switch’s phenotypes. This hypothesized phenomenon has only yet been 
studied in the regulatory networks of mammalian cell cycle and apoptosis. 

Here we introduce a Boolean regulatory network for cell cycle control in S. 
cerevisiae consisting of two modular networks. The two constituent switches represent 
the Restriction/START and Spindle Assembly Checkpoints of the cell cycle. This model 
is shown to reliably replicate the dynamics of the Restriction/START and Spindle 
Assembly Checkpoints in the cell cycle of S. cerevisiae. Notably, the model does not 
replicate the dynamics of the DNA damage checkpoint biologically observed in phase 
G2 of the cell cycle. Each constituent switch displays bistable dynamics consistent with 
their biological regulatory role. The modular nature of this model makes it a promising 
target for evaluating the presence of Dynamic Modularity in a novel model organism. 
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Dynamic Modularity
• Distinct Boolean Networks may be linked to form global 

networks with unique dynamics. In this case each subnetwork is 
a multistable switch. Dynamic Modularity is a proposed property 
of biologically defined modular Boolean networks with three 
principles.

• Modular Dynamics: The phenotypes of the global network are 
constructed of 
discrete 
combinations of the
constituent switch 
phenotypes.

• Phenotypic 
Conservation: 
Every phenotype of 
a  discrete network 
switch appears at 
least once in an 
attractor of the 
global system.

• Robust 
Coordination: 
Phenotypes of
biological networks 
are as unique as 
possible.
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appropriate modeling frameworks) of how these phenotypes are coordinated within single cells into a coherent 
global response.

Generating distinct phenotype combinations requires a regulatory system that maintains sharp distinctions 
between discrete cell states. For such sharp distinctions to exist, intermediary states between discrete phenotypes 
must be transient, and only occur during abrupt transitions between them. !ey thus require barriers between 
distinct phenotypes, or multistability (e.g., survival vs. apoptosis). Within the regulatory system, multistability 
arises from positive feedback among regulatory molecules (e.g., mutual inhibition between two self-activating 
transcription factors), o"en combined with epigenetic modi#cations which stabilize ON/OFF gene-states20,21. A 
growing number of single-cell studies indicate that multi-stable behavior is extremely common. Multistability of 
circuits responsible for cellular lineage speci#cation was #rst posited as a theoretical explanation for the existence 
of discrete cell types with identical genomes22. Later experiments identi#ed the bistable switches responsible for 
several lineage splits (reviewed in23,24). Even in fully di$erentiated cell types, bistabile circuits are responsible for 
irreversible phenotypic changes such as apoptosis13 or commitment to division25. Upon closer inspection, even 
cellular phenotypes that we expect to be tunable are o"en multistabile (e.g., signal-bound receptor endocytosis26, 
the onset of biomass production in bacteria27, or cell shape28; see Supplementary Note 1).

Embedded into the large, densely wired networks of the cell29,30, these multi-stable circuits nevertheless 
maintain a degree of dynamical autonomy as switches, in control of regulatory decisions among mutually exclu-
sive phenotypes (Fig. 1A). System-wide cellular interaction networks are known to have hierarchically mod-
ular organization; they are composed of nested sub-graphs with high intra-module link densities and sparser 
inter-module connections at multiple scales31–36. Here we posit that the key dynamical building blocks, or dynam-
ical modules of the regulatory system are robust regulatory switches. With this premise, we explore the dynamical 
properties of coupled switch-ensembles responsible for coordinating the combinatorial expression of distinct 
switch-phenotype combinations (Fig. 1B).

Results
Two multi-stable switches drive the mammalian cell cycle. !e mammalian cell cycle (Fig. 2A)37 
serves as an excellent case study for the coordination among tightly connected bistable circuits, as the three 
switches responsible for its abrupt phenotype-transitions are experimentally documented and extensively mod-
eled38–40. First, cells entering the cell cycle from a quiescent (G0) state pass a tipping point in late G1, a"er which 

Figure 1. Premise of dynamical modularity. (A) A regulatory switch (top) is a multi-stable subgraph of 
the cell-wide regulatory network. In isolation from the network, each switch can maintain multiple mutually 
exclusive stable states (or rhythmic behaviors), which correspond to discrete cellular functions (green/blue 
letters: phenotypes of the green/blue switch; red/green squares: ON/OFF expression/activity patterns of the 
subgraph in each phenotypic state). (B) Dynamical modularity: when coupled to each other to form a modular 
network, regulatory switches coordinate the expression of distinct switch-phenotype combinations (e.g., in the 
global state α, the green/blue/orange/purple switch expresses its phenotype a/c/g/i, respectively).
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• Boolean Networks are directed multigraphs 
which transition through states represented by 
binary strings. 

• These transitions are dictated 
by the regulatory logic and 
wiring scheme of the network. 

• The trajectories of state 
transitions lead to attractors, 
creating transition graphs 
which provide insight into the 
network’s dynamics.


