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ABSTRACT: Biological switches must sense changes in signal concen-
tration and at the same time buffer against signal noise. While many

studies have focused on the response of switching systems to noise in the
ON state, how systems buffer noise at both ON and OFF states is poorly
understood. Through analytical and computational approaches, we find
that switching systems require different dynamics at the OFF state than at
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the ON state in order to have good noise buffering capability. Specifically,

we introduce a quantity called the input-associated Signed Activation Time

(iSAT) that concisely captures an intrinsic temporal property at either the

ON or OFF state. We discover a trade-off between achieving good noise

buffering in the ON versus the OFF states: a large iSAT corresponds to noise amplification in the OFF state in contrast to noise
buffering in the ON state. To search for biological circuits that can buffer noise in both ON and OFF states, we systematically
analyze all three-node circuits and identify mutual activation as a central motif. We also study connections among signal
sensitivity, iSAT, and noise amplification. We find that a large iSAT at the ON state maintains signaling sensitivity while
minimizing noise propagation. Taken together, the analysis of iSATs helps reveal the noise properties of biological networks and
should aid in the design of robust switches that can both repress noise at the OFF state and maintain a reliable ON state.

KEYWORDS: noise, signaling switch, SAT, feedbacks, sensitivity, network motif

egulatory processes in biology often require switch-like
behaviors that are resistant to noise. Although it has
become clear that feedback loops are critical for mediating
precise switching between mutually exclusive ON and OFF
states in regulatory networks (e.g, calcium siggnaling,l’2 pS3
regulation,3 galactose regulation,4 cell cycle,s_ and budding
yeast polarization® '?), their relationship to noise propagation
is less clear. For example, some have demonstrated that positive
feedback loops amg)lify noise and negative feedback loops
attenuate noise,'*'® while others have suggested that positive
teedback loops can also attenuate noise and that there is no
strong correlation between the si%n of feedback loops and their
noise propagation properties."’ " In a particularly insightful
study of the latter, Brandman et al. proposed that two
interlinked positive feedback loops with dual time scales (one
slow and one fast) could effectively reduce noise in signal
o.utplllt2 51112(1 at the same time respond promptly to an activating
Since the sign of feedback does not by itself explain the noise
propagation features of biological circuits, is there an intrinsic
quantity that does? To address this question, we previously
conducted a mathematical analysis and discovered that a critical
quantity, termed the signed activation time (SAT), succinctly
captures a system’s ability to maintain a robust ON state under
large disturbances.”® The SAT is defined as the difference
between a switch’s deactivation and activation times multiplied
by input noise frequency. We showed that systems with a small
SAT are easily susceptible to noise in the ON state (intuitively,
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this is because input fluctuations can turn the switch off more
quickly than they can turn the switch back on), whereas
systems with a large SAT buffer noise at the ON state (Figure
1). This means that noise attenuation can be achieved even in a
single positive loop system, as long as the dynamics satisfy a
high SAT.

While the focus of the previous study was on the ON state,
many biological systems require a robust switch that not only
prevents spurious deactivation at the ON state, but also
spurious activation at the OFF state. Given that a high SAT
buffers noise at the ON state, it stands to reason that a high
SAT amplifies noise at the OFF state. A trade-off therefore
emerges: how does a biological circuit prevent spurious
activation at the OFF state and, at the same time, deactivation
at the ON state? Here a common property of biological
switches, bistability, sheds light. In the hysteresis region of a
bistable switch, the ON and OFF states are both immune to
changes in input concentration, thereby displaying superior
noise buffering at both states.”” " If we ask what the SAT is in
this hysteresis region, we quickly realize that there are in fact
two SATSs, since the ON state does not deactivate and the OFF
state does not activate. That is, coming from a high input
concentration, the SAT at the ON state is infinity, and coming
from a low input concentration, the SAT at the OFF state is
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Figure 1. SAT and noise attenuation property at the ON state. (a) The single positive feedback module.”® (b) The definition of SAT. @ is the noise
frequency in the input. (c) Comparing outputs of systems with large SAT and small SAT when giving inputs without (left) and with noise (right).
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Figure 2. SAT and noise attenuation property at the OFF state. (a) Systems I and II have similar NAR, but system I stays closer to the OFF state
than system II. (b) Comparison of outputs of systems with large SAT and small SAT when given inputs without (left) and with (right) noise. (c)
NAR ¢ and SAT have a positive relationship in the single positive feedback module, the double positive feedback module, the polymyxin B resistance
model in enteric bacteria, and the yeast cell polarization system.

negative infinity. The SAT, therefore, is not a single constant noise management, we also analyze the relation of sensitivity
describing a circuit but is associated with the state of the circuit. (or susceptibility), noise amplification rate, and iSATs.

Since we are interested in the noise tolerance of the OFF and

ON states, we may introduce two SATSs, which we call input- B RESULTS AND DISCUSSION

associated SATs (iSATs), each of which corresponds to the
significantly different mean input concentration at the OFF and
the ON states.

With these new quantities, we hypothesize that systems
exhibiting superior resistance to input noise at both ON and

Low SAT Leads to a Stable OFF State. One commonly
used quantity to measure noise is the standard noise
amplification rate (NAR) defined as the ratio of the coefficient
of variation between the output and the input:*>?

OFF states are those exhibiting high iSATs at the ON state and std(c)/(c)

low iSATs at the OFF state. In this paper, we first extend our = m (1)
mathematical analysis of SATs to noise propagation in the OFF

state of switches, demonstrating that a low SAT indeed leads to where c is the output, u is the input, (-) represents the mean,
a stable OFF state. We then explore 33 three-node circuits to and std(-) denotes the standard deviation. Direct application of
find networks that can achieve high iSAT at the ON state and NAR to the OFF state, however, leads to loss of one critical
low iSAT at the OFF state. Though there is a general trade-off, piece of information for switches: the relative size of the mean
we identify five networks that readily satisfy this condition. output to the distance between ON and OFF states. To
Interestingly, we find that all five networks share the mutual illustrate this notion, in Figure 2a we present two systems with
activation motif, suggesting the advantage of positive feedback similar NAR. Yet system I is superior because the output stays
in buffering noise. More generally, we believe that analyzing a closer to the OFF state, as the distance between the ON and
network’s iSAT values can provide a concise description of how the OFF in system I is larger. This example suggests the need
a circuit may respond to input noise. To further understand for a measurement that not only takes into account variations in
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the output but also considers its deviation from the OFF state.
We therefore first introduce a more appropriate measurement
of noise in this context, defined as the deviation from the OFF
state, normalized by the distance between the steady state ON
and OFF values:

((c = F0)2> /(El - Eo)
std(u) /{(u) ()

Here, T, and T, are the steady state values of output
corresponding to static inputs at ON and OFF, respectively.
Using this new measurement, system I in Figure 2a has a
smaller NAR ¢ than system II, indicating a more desirable noise
property at the OFF state. Consequently, systems with a low
NAR ¢ are capable of attenuating local fluctuations at the OFF
state as well as staying away from the ON state. The NAR
defined in eq 1 will still be used to measure noise amplification
at the ON state and will be denoted by NAR_, thereafter.

Naturally, we ask what the relation between SAT and NAR
is and how SAT affects the noise property at the OFF state.
Intuitively, a system that responds slowly to a pulse signal and
falls back quickly after removal of the signal would tend to stay
close to the OFF state. It is therefore natural to speculate that a
strongly negative SAT (t;_, < to_1) leads a low NAR

This conjecture is immediately confirmed by numerical
simulations in a single positive feedback module: smaller SAT
corresponds to better noise attenuation at the OFF state
(Figure 2b and the first panel in Figure 2c). To further explore
the generality of this result, we simulated a double positive
feedback module,* a polymyxin B resistance model in enteric
bacteria,®* and a yeast cell polarization system® (Supporting
Information, Section A). In all simulations, selected parameters
were randomly varied following a log uniform distribution in
the 20-fold range of the base parameters in the original models
(Tables S1—4, Supporting Information, Section A). All
simulations consistently demonstrate a positive correlation
between the NAR ¢ and SAT (Figure 2c). We also investigated
the effect of using different frequencies and distributions in the
input noise. The overall positive relation between SAT and
NAR, remains true (Supporting Information, Section B.7).

Attenuating Noise at Both ON and OFF. With the
“design principles” for the OFF state in the previous section
and those concluded in ref 26 for the ON state, a natural
question arises: Can one find a system that attenuates noise at
both ON and OFF states? At the first thought, it seems
impossible. A system with large SAT amplifies noise at the OFF
state but attenuates noise at the ON state; however, a system
with small SAT attenuates noise at the OFF state but amplifies
noise at the ON state (Figure 1c and Figure 2b). The dilemma
resolves when a system can have different SAT's at the ON and
OFF states, which can be captured by the introduction of the
input-associated SATs (iSATs):

NAR ; =

iSAT = (thigh—>low - tlow—»high)‘a)

©)

Here, fiq,_pgn is defined as the response time to a signal
changing from wu,, to wyg, and fig 1, is defined as the
response time to a signal changing from Upigh 1O Uiy, (Figure 3a
green bars, and Supporting Information, Section A). As a result,
the SAT in ref 26 is a special case of when 1, = 0 and uyg, = 1.

Considering that the mean, variance, and frequency of the
inputs at the ON and the OFF states are usually significantly
different, the iSAT of a system should be allowed to vary
between the ON and OFF states. Figure 3a shows a case where
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Figure 3. Relation of iSAT and NAR in the single positive feedback
module. (a) Left: iSAT,, is positive (tlow—>high < thigh_,low) with respect
to the stochastic input varying between 0 and 1 (the light gray curve in
the background). Right: iSAT . is negative (tlow—>high > thigh—>low) with
respect to the stochastic input varying between 0 and 0.2 (the light
gray curve). (b) In the single positive feedback module, iSAT,, has a
negative relation with NAR_, and iSAT ¢ has a positive relation with
NAR ¢ The triangles point to desirable parameter sets that give rise to
high iSAT,, and low iSAT (c) A single positive feedback module
with small NAR s and NAR,, at the same time. Left: a noisy input
signal ranging uniformly from 0 to 0.1 at the OFF state and 0 to 0.5 at
the ON state. Right: the output corresponding to the positive feedback
system with k; = 7, k, = 1, ky = 0.001, k, = 0.01, and 7;, = 0.003.

the input varies in [0, 1] at the ON state (gray lines in Figure
3a left panel) and [0, 0.2] at the OFF state (gray lines in Figure
3a right panel). At the ON state the new iSAT remains the
same as SAT, whereas at the OFF state it is now defined to be
associated with the response time to pulses ranging from 0 to
0.2 and 0.2 to 0. In this particular case, the iSAT is positive at
the ON state and negative at the OFF state. For convenience,
we hereafter denote the iSAT at the ON state as iSAT,, and the
iSAT at the OFF state as iSAT g Compared with the original
definition of SAT in ref 26, iSAT exhibits a stronger
relationship with sensitivity of the system (introduced in the
following section), given the same noise attenuation level
(Figure S4b, Supporting Information).

Now if we examine the relation between iSAT and the noise
amplification rate for the single positive feedback module, it is
not hard to find a system with a good noise attenuation
property at both ON and OFF states. One such case illustrated
in Figure 3c has an iSAT,, = 28.8 and iSAT 4 = —10.1.

To search for general systems that attenuate noises at both
ON and OFF states, we systematically explore all three-node
circuits, composed of an input node (I), an output node (O),
and an intermediate node (A) (Figure 4a). The output and

dx.doi.org/10.1021/sb400044g | ACS Synth. Biol. 2013, 2, 587—593
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Figure 4. Three-node networks. (a) All possible three-node networks.
Red arrows denote positive regulations, and blue ones represent
inhibitions. I, the input; A the intermediate node; O, the output. (b)
Five network structures that result in large iSAT,, and small iSAT ¢

intermediate nodes can have incoming arrows, outgoing arrows,
or no arrow, but the input node is not allowed to have
incoming arrows, that is, the input is not subject to regulations
from the output or the intermediate node. Each arrow can be
either positive (activation) or negative (repression). Among all
81 possible configurations of the networks captured by this
formulation, 33 of them are capable of producing the desired
switching behaviors, that is, the output is high with a high input
and low with a low input (Figure S2, Supporting Information,
Section A.S).

Each network structure can give rise to a range of noise
properties when varying the values of parameters. To identify
networks that attenuate noise at both the ON and OFF states,
around 6 X 10* random parameter sets were generated for each
network, and the corresponding iSATs associated to the ON
signal and the OFF signal were calculated, respectively. Here
we define the “good iSAT region” as the top left corner in the
iSAT,,—iSAT ¢ plane (above the red dotted lines in Figure Sa
as defined in the Supporting Information, Section A.S).
Networks in this region can give rise to large (positive) iSAT,,
and small (negative) iSAT,; and are expected to attenuate

noise at both states. We identify five systems (Figure 4b) that
have parameter sets falling in this region (Figure Sa).
Interestingly, all five networks contain the mutual activation
motif. This is likely due to the fact that the positive feedback
slows down the temporal dynamics to provide a longer
averaging time beneficial to noise buffering.

Next, we confirm that these five mutual activation systems
show an advantage in noise management. The NAR,, and
NAR s can be computed by giving a noisy signal to the
networks defined by the 6 X 10* random parameters. The
density plot is shown in Figure 5b. The same group of five
networks is found to have better noise property at both states.

To quantitatively compare the noise properties among
different networks, we define the “low noise region” as the
bottom left corner in the NAR,,—NAR; plane (under the
green dotted lines in Figure Sb as defined in the Supporting
Information, Section A.S). Points in this region have low noise
level at both ON and the OFF states. In all 33 systems, on
average 0.4% of the points fall in the “low noise region”, while
for systems corresponding to the “good iSAT region”, this
average percentage increases to 77%. Moreover, all points in
the “low noise region” are contributed by the five mutual
activation systems.

Compared to the simplest two-node linear network (network
27) that directly transmits an input signal to the output node,
networks with extra regulation from the intermediate node
(e.g, networks 19, 20, and 23) generally show a wider range of
iSATs and hence have a better chance at noise attenuation.
Among them, the ones with the mutual activation motif (e.g,
network 19) are capable of reaching the “good iSAT region”,
which leads to the best noise attenuation at both ON and OFF
states (Figure 6).

Still, a trade-off between the NAR,, and NAR 4 exists for a
majority of the networks: Data lie on the diagonal region of the
NAR,,—NAR; plane, showing a negative correlation of the
noise amplification rates between the ON and OFF states
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Figure S. Temporal and noise properties for all 33 networks. (a) The density plot of iSAT,,, vs iSAT, The top left corner above the red dotted line
is the “good iSAT region”. Only networks 1, 10, 19, 28, and 31 have points in that region. (b) The density plot of NAR,, vs NAR 4 The bottom left
corner under the green dotted line is the "low noise region”. Only networks 1, 10, 19, 28, and 31 have points in that region.
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Figure 6. iSATs and noise properties for four sample networks. (a)
From left to right: linear cascade, mutual activation, interlinked
positive and negative feedback loop, and mutual inhibition. (b) iSAT ¢
vs iSAT,,.. (c) NAR,, vs NAR 4 Panels b and c share the same 5000
randomly chosen data sets. (d) Typical output from each network.
Dashed blue line: concentration of the output over time with a noise-
free input. Solid red line: concentration of the output over time with a
noisy input.

(Figure Sb). This implies that when a system is capable of
attenuating noise at the ON state, it often comes at the cost of
large noise amplification at the OFF state, and vice versa.

To further investigate the five mutual activation systems’
noise properties, we sampled a set of random parameters six
times larger than those in Figure 5. We evaluate a system’s
iSAT property by how close it is to the ideal case (the star
symbol in Figure 7a). The “good iSAT region” is further
divided into 4 groups (groups 2—S5). Systems with a larger
group number are closer to the ideal case and are defined to
have better iSAT property (larger iSAT,, and smaller iSAT ).

(

(=2
-

67.6% 67.7%

4.3%

Proportio of Small NAR

-40

-20 0
ISAT

20
SAT Group

Figure 7. iSAT as an indicator of noise properties in the five mutual
activation systems. (a) The randomly selected parameters used for the
simulation are grouped into five groups (regardless of the choice of the
five systems) according to their distance to the upper left corner (the
spot indicated by the star). (b) The systems with parameters
corresponding to better iSAT property (smaller iSAT s and larger
iSAT,,) consistently show larger proportion falling in the “low noise
region”.
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Group 1 consists of all other points falling outside the “good
iSAT region”. Figure 7 shows that for mutual activation
systems, the better their iSAT property is, the better chance
they have to achieve good noise attenuation (Figure 7b). In
particular, independent of the specific mutual activation system
chosen, the majority of the points lying in the second quadrant
of the iSAT 4—iSAT,, plane (Figure 7a) have values of NAR in
the “low noise region” for both ON and OFF states.

Finally, we studied the single positive feedback system using
different types of equations, specifically, mass-action kinetics
versus Michaelis—Menten kinetics, to explore the relationship
between SATs and NARs. We find consistent results among
different representations of the same regulatory system
(Supplementary Figure S8). In addition, we plot the relation-
ship in the 33 three-node networks. It is interesting to observe
that while the relationship between SATs and NARs shows a
clear trend, there seems to be more outliers in the OFF state
(Supplementary Figure S9). It is not surprising that NARs are
likely to depend on other factors, as seen in our analytical
studies of iSAT ¢ and NAR ¢ (e.g., eqs 19 and 22 in Supporting
Information, Sections B.4 and B.S).

Sensitivity, iSAT, and Noise Amplification Rate at the
ON State. Although it is important to control noise
amplification at both ON and OFF states, a useful system
must be able to respond to the input signal with sufficient
sensitivity. One way to estimate how sensitively a system
responds to an input at the ON state is by evaluating the
sensitivity (or susceptibility) of the output in response to an
infinitesimally small perturbation in the input: s(u) = d(In ¢)/
d(In u), in which u is evaluated at the ON state in the input and
¢ is the output. Naturally, the noise amplification rate and the
level of sensitivity of a system in the ON state exhibits a
positive correlation.*® But how do the noise amplification rate,
iSAT, and the sensitivity relate to each other?

We study these relationships by first analyzing the single
positive feedback module at the ON tate. The analytical
estimate of the simple system suggests an interesting role of
iSAT,, in connecting NAR,, and the sensitivity, denoted s,
(Supporting Information, Section B.3):

~ SOn
~ [iSAT,,

First, we notice a positive relationship between s,, and
NAR,, in eq 4. One challenge for noise management in a
switching system is simultaneously attaining low NAR,, and
high s, as sensitivity to signal change seems inevitably linked
to sensitivity to noises in the signal. Interestingly, our analysis
reveals that by increasing iSAT,, a low noise amplification rate
and large sensitivity can be achieved simultaneously. Direct
simulations of the single positive feedback module as well as the
other three more complex systems, including the double
positive feedback module, the polymyxin B resistance model in
enteric bacteria, and the yeast cell polarization system, support
and confirm this analytical relationship (Figure 8a).

Next, eq 4 indicates that the NAR,, and iSAT,, are
negatively correlated with a fixed s,;,, which is further confirmed
through direct simulations of the four systems (Figure 8b). The
result is consistent with the previous findings in ref 26 based on
SATs (Figure S4a, Supporting Information). As expected, from
eq 4, we observe a positive correlation between the noise
ampliﬁc1a7til<9)n rate and sensitivity, as demonstrated in previous
studies.

NAR

on

4)
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Figure 8. Direct simulations for iSAT, NAR, and sensitivity. (a) Noise amplification rate versus sensitivity. (b) Noise amplification rate versus
signed activation time. In each panel, results from four systems are shown (from left to right): single positive feedback module, double positive
feedback module, polymyxin B resistance model in enteric bacteria, and yeast cell polarization system.

Finally, these results are further validated by a two-sample ¢
test between the high iSAT,, group (highest quartile) and the
low iSAT,, group (lowest three quartiles). The mean ratio of
NAR,, and sensitivity in the high iSAT, group is significantly
larger than that of the low iSAT,, group, for all four models
studied. This demonstrates that when iSAT,, is small, the ratio
of sensitivity and NAR, are small, and when iSAT,, is large,
the ratio of sensitivity and NAR, are large.

Interestingly, at the OFF state, only a weak positive relation
between NAR ¢ and sensitivity can be observed for the single
positive feedback module according to our analysis (Supporting
Information, Section B.6). However, the trend is not observed
in more complex systems, and our numerical simulations do
not show a consistent monotonic correlation of the two
quantities. By scrutinizing the expression of NAR one
intuitive explanation is that increasing the sensitivity increases
both the denominator and the numerator. Thus, a monotonic
relation between s,¢ and NAR 4 should not be expected.

Finally, we would like to comment that the input noise used
here is monochromatic. When varying the input noise
frequency (Supplementary Figure S6) or replacing the
uniformly distributed noise by the white noise (Supplementary
Figure S7), the relations among NAR, iSAT, and sensitivity are
conserved in the single positive feedback module. When the
input noise is a superimposition of noises with different
frequencies, one may use Fourier Transform to decompose the
input into noises with frequency w; and amplitude a;. It is likely
that the one with the smallest frequency has more weight in the
overall SAT, as also indicated by the two-time-scale asymptotic
expansion of the solutions to the single positive feedback
system, which has shown that fast varying noises are filtered out
in such case.”

B METHOD

All simulations were performed in Mathematica 8.0.>” Data
analysis and visualization were generated by Matlab 2010b>*
and R 2.15.2.% Please see Supporting Information for more
details for the models, simulations, and mathematical analysis.

592

B ASSOCIATED CONTENT

© Supporting Information
This material is available free of charge via the Internet at
http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: qnie@math.uci.edu.

Author Contributions
L These authors contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by NSF grant DMS1161621 and NIH
grants ROIGM67247 and PSOGM76516.

B REFERENCES

(1) Berridge, M. J. (2001) The versatility and complexity of calcium
signalling, in Complexity in Biological Information Processing, pp 52—67,
John Wiley, Chichester.

(2) Lewis, R. S. (2001) Calcium signaling mechanisms in T
lymphocytes. Annu. Rev. Immunol. 19, 497—521.

(3) Harris, S. L., and Levine, A. J. (2005) The pS3 pathway: positive
and negative feedback loops. Oncogene 24, 2899—2908.

(4) Acar, M, Becskei, A, and van Oudenaarden, A. (2005)
Enhancement of cellular memory by reducing stochastic transitions.
Nature 435, 228—232.

(5) Hoffmann, L, Clarke, P. R, Marcote, M. J., Karsenti, E., and
Draetta, G. (1993) Phosphorylation and activation of human cdc25-C
by cdc2—cyclin B and its involvement in the selfamplification of MPF
at mitosis. EMBO J. 12, 53—63.

(6) Morgan, D. O. (2007) The Cell Cycle: Principles of Control, New
Science Press, London.

(7) Novak, B, and Tyson, J. J. (1993) Modeling the cell division
cycle: M-phase trigger, oscillations, and size control. J. Theor. Biol. 168,
101—-134.

(8) Solomon, M. J., Glotzer, M., Lee, T. H., Philippe, M., and
Kirschner, M. W. (1990) Cyclin activation of p34cdc2. Cell 63, 1013—
1024.

(9) Altschuler, S.J., Angenent, S. B,, Wang, Y., and Wu, L. F. (2008)
On the spontaneous emergence of cell polarity. Nature 454, 886—890.

dx.doi.org/10.1021/sb400044g | ACS Synth. Biol. 2013, 2, 587—593


http://pubs.acs.org
mailto:qnie@math.uci.edu

ACS Synthetic Biology

Research Article

(10) Butty, A. C., Perrinjaquet, N., Petit, A., Jaquenoud, M., Segall, J.
E., Hofmann, K, Zwahlen, C., and Peter, M. (2002) A positive
feedback loop stabilizes the guanine-nucleotide exchange factor Cdc24
at sites of polarization. EMBO J. 21, 1565—1576.

(11) Drubin, D. G, and Nelson, W. J. (1996) Origins of cell polarity.
Cell 84, 335—344.

(12) Wedlich-Soldner, R., Altschuler, S., Wy, L., and Li, R. (2003)
Spontaneous cell polarization through actomyosin-based delivery of
the Cdc42 GTPase. Science 299, 1231—1235.

(13) Wedlich-Soldner, R., Wai, S. C., Schmidt, T., and Li, R. (2004)
Robust cell polarity is a dynamic state established by coupling
transport and GTPase signaling. ]. Cell Biol. 166, 889—900.

(14) Alon, U. (2007) Network motifs: theory and experimental
approaches. Nat. Rev. Genet. 8, 450—461.

(15) Becskei, A., and Serrano, L. (2000) Engineering stability in gene
networks by autoregulation. Nature 405, 590—593.

(16) Austin, D., Allen, M., McCollum, J., Dar, R., Wilgus, J., Sayler,
G., Samatova, N., Cox, C.,, and Simpson, M. (2006) Gene network
shaping of inherent noise spectra. Nature 439, 608—611.

(17) Hornung, G. and Barkai, N. (2008) Noise propagation and
signaling sensitivity in biological networks: a role for positive feedback.
PLoS Comput. Biol. 4, e8.

(18) Hooshangi, S., and Weiss, R. (2006) The effect of negative
feedback on noise propagation in transcriptional gene networks. Chaos
16, 026108.

(19) Bruggeman, F. J., Bliithgen, N., and Westerhoff, H. V. (2009)
Noise management by molecular networks. PLoS Comput. Biol. S,
€1000506.

(20) Brandman, O., Ferrell, J. E, Li, R, and Meyer, T. (2005)
Interlinked fast and slow positive feedback loops drive reliable cell
decisions. Science 310, 496—498.

(21) Brandman, O., and Meyer, T. (2008) Feedback loops shape
cellular signals in space and time. Science 322, 390—395.

(22) Boulware, M., and Marchant, J. (2008) Timing in cellular Ca2+
signaling. Curr. Biol. 18, R769—R776.

(23) Freeman, M. (2000) Feedback control of intercellular signalling
in development. Nature 408, 313—319.

(24) Zhang, X. P., Cheng, Z,, Liy, F.,, and Wang, W. (2007) Linking
fast and slow positive feedback loops creates an optimal bistable switch
in cell signaling. Phys. Rev. E 76, 031924.

(25) Smolen, P., Baxter, D. A, and Byrne, J. H. (2009) Interlinked
dual-time feedback loops can enhance robustness to stochasticity and
persistence of memory. Phys. Rev. E 79, 031902.

(26) Wang, L., Xin, J., and Nie, Q. (2010) A critical quantity for noise
attenuation in feedback systems. PLoS Comput. Biol. 6, 52—67.

(27) Ferrell, J. (2002) Self-perpetuating states in signal transduction:
positive feedback, doublenegative feedback and bistability. Curr. Opin.
Cell Biol. 14, 140—148.

(28) Elf, J,, and Ehrenberg, M. (2004) Spontaneous separation of bi-
stable biochemical systems into spatial domains of opposite phases.
Syst. Biol. 1, 230—236.

(29) Kholodenko, B. N., Kiyatkin, A., Bruggeman, F. J,, Sontag, E.,
Westerhoff, H. V., and Hoek, J. B. (2002) Untangling the wires: a
strategy to trace functional interactions in signaling and gene networks.
Proc. Natl. Acad. Sci. U.S.A. 99, 12841.

(30) Das, J., Ho, M., Zikherman, J., Govern, C., Yang, M., Weiss, A,
Chakraborty, A. K, and Roose, J. P. (2009) Digital signaling and
hysteresis characterize ras activation in lymphoid cells. Cell 136, 337—
3S1.

(31) Kim, J-R, and Cho, K.-H. (2012) The regulatory circuits for
hysteretic switching in cellular signal transduction pathways. FEBS J.
279, 3329—-3337.

(32) Hornung, G, and Barkai, N. (2008) Noise propagation and
signaling sensitivity in biological networks: a role for positive feedback.
PLoS Comput. Biol. 4, e8.

(33) Paulsson, J. (2004) Summing up the noise in gene networks.
Nature 427, 415—418.

(34) Mitrophanov, A. Y., Jewett, M. W., Hadley, T. J., and Groisman,
E. A. (2008) Evolution and dynamics of regulatory architectures

593

controlling polymyxin B resistance in enteric bacteria. PLoS Genet. 4,
e€1000233.

(35) Chou, C. S, Nie, Q,, and Yi, T. (2008) Modeling robustness
tradeoffs in yeast cell polarization induced by spatial gradients. PLoS
One 3, €3103.

(36) Ratushny, A. V., Shmulevich, I, and Aitchison, J. D. (2011)
Trade-off between responsiveness and noise suppression in bio-
molecular system responses to environmental cues. PLoS Comput. Biol.
7, €1002091.

(37) Mathematica Version 8.0, Wolfram Research, Inc,, Champaign,
IL, 2010.

(38) MATLAB, version 7.10.0 (R2010a), The MathWorks Inc.,
Natick, MA, 2010.

(39) R: A Language and Environment for Statistical Computing, R
Foundation for Statistical Computing, Vienna, Austria, 2008.

dx.doi.org/10.1021/sb400044g | ACS Synth. Biol. 2013, 2, 587—593





