
the dual-time switch provides the ability to tran-

sit rapidly from the off state to the on state

together with robust stability of the on state (10).

These computational studies help under-

stand the yeast phenotypes described above

and provide a rationale for the existence of dual-

time positive feedback systems in Ca2þ sig-

naling, oocyte maturation, and other biological

systems. In the case of Ca2þ signaling, the

dual-time system enables rapid Ca2þ responses

from IP3-induced Ca2þ release, while also en-

abling long-term robust Ca2þ signals once the

store-operated Ca2þ influx is triggered. Although

weak stimuli or noise have been shown to

trigger IP3-mediated Ca2þ spikes, more per-

sistent stimuli are needed to induce Ca2þ in-

flux and prolonged Ca2þ responses (7). These

long-term Ca2þ signals are required for T-cell

activation and differentiation and many other

cellular processes (7, 8). Xenopus oocyte matu-

ration includes a period termed interkinesis,

during which Cdc2 becomes partially deacti-

vated (11). We conjecture that the slow positive

feedback loop helps prevent a transition to the

off state during this critical interkinesis period.

Our study suggests that many biological

systems have evolved interlinked slow and fast

positive feedback loops to create reliable all-or-

none switches. These dual-time switches have

separately adjustable activation and deactivation

times. They combine the important features of a

rapid response to stimuli and a marked resistance

to noise in the upstream signaling pathway.
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Fig. 2. Calculated responses of
single and dual positive feedback
loop switches to stimuli. (A) A
one-loop switch. (B) A two-loop
switch. (C to G) Feedback loop
output (y axis) as a function of
time (x axis) for single-loop and
two-loop switches. (C) One
slow loop. (D) Two slow loops.
(E) One fast loop. (F) Two fast
loops. (G) One slow loop and
one fast loop. The curves on the
left assume a noise-free stimu-
lus; the curves on the right as-
sume a noisy stimulus.
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