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Abstract—Some biological networks exhibit oscillations of
their components, to convert stimuli to time-dependent
responses. The eukaryotic cell cycle is such a case, being
governed by waves of cyclin-dependent kinase (cyclin/Cdk)
activities that rise and fall with specific timing and guarantee
its timely occurrence. Disruption of cyclin/Cdk oscillations
could result in dysfunction through reduced cell divisions.
Therefore, it is of interest to capture network designs that
exhibit robust oscillations. Here I show that a minimal cell
cycle network in budding yeast is able to autonomously
oscillate, and that cyclin/Cdk-centered regulations sustain their
oscillations. Moreover, I show that a novel and robust
molecular design incorporating these regulations synchronizes
Clb waves through transcription-mediated signaling.
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INTRODUCTION

The eukaryotic cell cycle is robustly designed, with
molecules interacting and organized within definite network
topologies. A transcriptional oscillator interlocks with waves
of cyclin-dependent kinases (cyclin/Cdk) to guarantee
execution of a timely cell cycle progression [1]. Although
details about transcription of cyclins, the regulatory subunits
of these kinases, are available [2], a lack of understanding
exists about network motifs responsible for the precise
timing of cyclin/Cdk oscillations. Here we investigate the
robustness of molecular designs interlocking the
transcriptional and cyclin/Cdk1 oscillators in budding yeast.
We have recently identified a transcriptional cascade that
regulates the relative timing of waves of mitotic (Clb) cyclin
expression. It involves the Forkhead (Fkh) transcription
factors (TF), which synchronize Clb appearance [3]. Here we
aim to unravel the network motif(s) responsible for timely
Clb/Cdk1 oscillations that interlock Clb waves through Fkh-
mediated signaling.

METHODS AND ALGORITHMS

An integrated computational and experimental
framework is presented. A kinetic, ODE model of a minimal
CIb/Cdk1 network, capturing the sequential activation and
inactivation of waves of Clb/Cdkl complexes and their
inhibitor Sicl, is simulated under a quasi-steady state
assumption, which implies a fast equilibrium of Clb/Cdk1-
Sicl complex formation. The resulting model has a reduced
number of parameters, allowing it to be manageable for
comprehensive parameter scans. We apply the System
Design Space (SDS) methodology [4,5] that scans through

the parameter space to detect limit cycles. We then analyze
the ability of our minimal cell cycle model to generate
sustained oscillations in the form of limit cycles, on which
sensitivity analysis is conducted. Subsequently, stochastic
and deterministic robustness analyses of the network are
performed, by testing 1024 possible (combinations of
activatory and inhibitory) network motifs for their ability to
generate mitotic cyclin (Clb) oscillations. Finally, the model
is fitted to in vivo quantitative, time course data of Clb
dynamics (Figure 1a). Robustness analyses are performed by
testing the 1024 network motifs for their ability to fit Clb
oscillations.

RESULTS

The CIb/Cdkl network is robust with respect to the
formation of Clb waves. Autonomous oscillations, also
referred to as limit cycles, are achieved by definite molecular
designs. Specifically, a positive feedback loop (PFL) by
CIb3/Cdkl on CLB3 synthesis (CIb3 PFL) is found to
improve the ability of the minimal cell cycle model to
produce sustained CIb/Cdkl oscillations. In addition, a
positive feedback loop by Clb2/Cdkl on CLB2 synthesis
(CIb2 PFL) is found to take over this key role when the
model takes into account the inhibition of G1/S cyclins by
CIb2/Cdkl. Furthermore, two regulatory activations, i.e.
CIbS — CIb3 and CIb3 — Clb2, forming a transcription
factor-mediated linear CLB cascade that we have recently
discovered [3], are more frequently dominant in Clb/Cdkl
oscillations as compared to the feed-forward ClbS — Clb2
regulation described earlier [6] (Figure 1b). Overall, a novel
design is unraveled, that timely synchronize Clb oscillations.
This design uniquely describes a molecular timer (TF) that
relies on separate inputs (multiple Clb/Cdk kinase
complexes) converging on a common target (TF itself).
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Figure 1. a) Fitting of the Clb/Cdk1 model to CIb time
course data. b) Network motifs resulting in a limit cycle.



Within the design, a progressive TF activation may be
realized by the sequential activation of multiple Clb/Cdk1
complexes. The ODE model predicts a definite Fkh
activation pattern underlying the design motif. Experimental
validation supports computational analyses, with the
CIb/Cdk1-Fkh axis being pivotal for timely transcriptional
dynamics. Specifically, dedicated kinase assays reveal that a
progressive increase in the extent of TF phosphorylation,
mediated by CIb/Cdkl complexes, may be responsible for a
timely occurrence of Clb waves.

CONCLUSIONS

Altogether, our integrative approach pinpoints how
robustness of cell cycle control is realized in budding yeast,
by revealing a novel and conserved principle of design that
ensures a timely interlock of transcriptional and cyclin/Cdk
oscillations. Given the evolutionary conservation of the cell
cycle network across eukaryotes, the cyclin/Cdk network can
be used as a core building block of multi-scale models that
integrate regulatory modules to address cellular physiology.
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