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Circadian clocks are biological systems that generate self-sustaining 24-hour rhythms. Mathematically, these 

rhythms behave as stable limit cycles, meaning they repeat the same pattern each day even when external 

conditions change. A key feature of circadian clocks is temperature compensation: while most biochemical 

reactions typically accelerate with temperature, the circadian period remains remarkably stable across a wide 

range. The clock is not completely temperature-insensitive, however. While the period remains stable, the 

oscillation amplitude changes with temperature, expanding the orbit size of the cycle (Figure 1). This suggests 

that the systems maintains a stable period by 

counterbalancing faster reaction rates with a greater 

distance to travel in each cycle.  

We reconstituted the circadian clock proteins from 

cyanobacteria and recreated the clock’s 24-hour 

rhythm in vitro by monitoring the regular 

phosphorylation cycles of the core protein, KaiC. To 

isolate the temperature-dependent effects on 

amplitude, we developed a simplified system in 

which KaiCs phosphorylation state is locked by 

mutation, but it’s interactions with the regulatory 

proteins KaiA and KaiB remain intact. In this reduced 

system, the amount of KaiA binding to KaiC depends 

on the order of addition, a hallmark of bistability, where a system can settle into one of two stable states 

(Figure 2). We found that this bistable region expands with temperature, and these shifts correlate closely 

with the increased oscillation amplitude observed in the full system.  

By measuring phosphorylation kinetics, we discovered 

that higher temperatures accelerate specific reaction 

rates but also strengthen the allosteric antagonism 

between KaiA and KaiB. This enhanced signaling 

expands the bistable region, producing a larger 

oscillation orbit that counteracts faster biochemical 

reactions and helps preserve a near-24-hour period. 

An ordinary differential equation (ODE) model 

incorporating these temperature dependent effects 

reproduces the observed amplitude scaling, supporting 

this mechanism. More broadly, the discovery of 

bistability reveals that classical views of circadian 

oscillators, as purely delayed negative feedback systems, are incomplete. Our findings therefore point to a 

more general principle for biological clocks, indicating that robust oscillations emerge from the integrated 

action of both positive and negative feedback loops.  
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Figure 1. Temperature-dependent orbits measured in the space of 

KaiC phosphorylation states. Right: cartoon showing 

compensation principle. As reaction rates increase, orbit size must 

increase to maintain a constant period. 

Figure 2. Bistability in protein-protein interaction with 

KaiC-EE (phosphomimetic). KaiA activity is measured by 

introducing test KaiC, and is a bistable function of total 

KaiA concentration. Right: cartoon showing role of 

bistability in the full system. 


